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Foreword to First Edition

I am delighted to write a foreword to this work, Inorganic Experiments. While many 
chemists may prefer to spend most of their time tapping on keyboards, I have always 
thought that making new compounds provides the real fun and enjoyment in chem
istry.

While the experiments set out utilize known chemistry, any students who do even 
a modest selection of them should be given confidence to go into the laboratory not 
only to make starting materials but to do some original reactions with them as well.

Professor Woollins and the distinguished international group of contributors have 
provided a stimulating and instru ctive selection of experiments that should prove in
valuable in teaching institutions.

Professor Sir Geoffrey Wilkinson
Imperial College, London
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3

1.1
Introduction
J. Derek Woollins

Chemistry remains a practical subject and for many of us the topics we recollect 
most sharply (and understand most thoroughly) are often derived from our own ex
periences in the laboratory. Meaningful experiments which develop laboratory skills, 
introduce interesting chemistry' and are reliable are not always easy to find. This text 
seeks to address the problem for inorganic chemists. The following compilation of 
experiments in no way attempts to cover all of inorganic chemistry. However, I hope 
that there is sufficient range to demonstrate the majority of the important techni
ques in the context of some interesting and stimulating chemical examples. The ex
periments have generally come from laboratory courses where they have been tried 
and tested or they have been checked so we can optimistically assume that they 
‘work. For convenience, the experiments have been classified (by me — not the 
authors) into ‘introductory, ‘intermediate’ and ‘advanced’. Clearly, laboratory course 
organisers must make their own assessment as to the level of difficulty of individual 
experiments in the context of their laboratory facilities, experience of the students, 
etc. In general, we have not described measurement methodology in great detail, 
again on the assumption that facilities differ from one laboratory' to the next. 
Furthermore, some experimental arrangements differ depending on the origin of 
the submission. This is the case in research and in industry and I have made no 
effort to impose any house style, there is much to be learnt from the differences!

The experiments are usually prefaced by a section detailing any special safety pre
cautions. Although this is an aid for the user, it should not be assumed that all as
pects of safety have been dealt with — the laboratory course supervisor and the stu
dent performing the experiment must make their own assessment as to the hazards 
which the chemicals and procedures represent. Although we have made every rea
sonable effort to test experiments and to provide appropriate safety data and instruc
tions, the authors and the editor do not assume any responsibilty or liability for any 
mishaps or accidents that may occur in the use of any part of this text as a laboratory 
manual.

In this revised edition, I have added 18 additional experiments, bringing the to
tal available to just under 100. I am grateful to Petr Kilian, who has provided a 
brief chapter dealing with reporting of data. I have taken the opportunity to reor
ganise the order of the experiments into coherent groupings. Alert readers will

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32472-9
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also notice that there are possibilities to link together experiments, e.g. the syn
thesised Ph3PO from Experiment 2.20 can be utilised in a coordination chemistry 
Experiment 2.14.

I wish to express my gratitude to all the authors who have so readily contributed 
experiments to this third edition.
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1.2
General Spectroscopic Techniques and Report Writing
Petr Kilian

The following sections are derived from ‘good practice’ at St Andrews. They do not 
represent the only way to collect and report spectroscopic data, but it is hoped that 
they will serve as indications of good practice.

1.2.1
General Spectroscopic Techniques

1.2.1.1
Preparation of Samples for Infrared Spectroscopy

A) Use of NaCI (or KBr) Sample Plates

Note: Alkali metal halide plates used in IR spectroscopy must be handled only by 
their edges, never by their polished faces. They dissolve on contact with water!

The sample plates are mounted in a plate holder and placed in the sample beam 
of the spectrometer. After use, the plates are wiped clean -with a tissue dampened 
with dichloromethane and stored in a tube containing silica gel.

a) Liquid Samples

For liquids, it is normally appropriate to measure IR spectra as thin films. A small 
drop of the substance is placed on a polished face of a sodium chloride plate. A sec
ond plate is placed on top and the two plates are squeezed firmly together. Any ex
cess sample squeezed out is wdped off with a clean tissue.

b) Solid Samples

Solids may be run as a KBr disc or a paste in Nujor (Nujol mull).

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3 527-32472-9
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B) Nujol Mull Preparation

Nujol is a mixture of alkanes and therefore contains only C-C and C-H bonds; 
hence it has a comparatively simple spectrum (see Fig. 1.2-1), the principal absorp
tions of which are associated with C-H vibrations. These absorptions should be sub
tracted from the final spectrum to obtain the spectrum of the solid.

1. A small amount of the solid is placed in the agate mortar and ground thoroughly 
to a very fine powder.

2. A small drop of Nujol is added and the mixture ground again to give a thick paste.
3. The paste is placed on the polished face of a sodium chloride plate.
4. A second plate is placed on the first and the mull is squeezed between the plates 

until it appears to be a thin translucent smear between the plates.

Fig. 1.2-1 IR spectrum of Nujol.

C) Use of a Mini-Press for KBr Pellet Preparation

a) Sample Grinding

Dried spectroquality potassium bromide (KBr) is used as the matrix. Thoroughly 
grind approximately 2-3 mg of solid sample (with experience you will see that this 
is enough to cover the tip of a microspatula) with 100 mg of KBr in a dry agate mor
tar and pestle. Grind thoroughly for 3-5 minutes, until the resulting powder is like 
talc.
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b) Forming the Pellet

Place one dry bolt into the dry barrel and advance five full turns. Deposit ground 
matrix and sample on the surface of the bolt inside the barrel. Tap the unit gently 
to spread the sample uniformly over the lower bolt. Insert second bolt and advance 
until finger tight. Using two ring spanners, gradually exert pressure on each bolt. 
To operate more easily, the lower bolt may be placed in a bench vice and the top 
tightened with a wrench. Apply pressure for about 1 minute, then remove bolts. If 
one bolt holds tight in the barrel, use a vice on the flats of the barrel with wrench 
on the bolt.

c) Clean-Up

The pellet is best removed, and the barrel and bolts cleaned, using hot water fol
lowed by rinsing with acetone, blotting with a tissue, then oven drying for a few min
utes. Note: Do not attempt to punch out the pellet or to drive it out with one of the 
bolts - this may damage the barrel or the polished die surface. Take care in the oven 
not to scratch the polished bolts. Ensure that the KBr is removed completely, then re
turn the barrel and bolts to the desiccator. Ensure the clean-up is performed for the 
benefit of the next user!

The quality of spectrum is affected by the grinding and by the amount of sample 
in the matrix; see the example spectra in Figures 1.2-2 and 1.2-3.

Fig. 1.2-2 Good-quality IR spectrum.
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Fig. 1.2-3 Spectrum with too much sample in the pellet.

Further Reading (including help with assignments)

K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination Compounds, John Wiley & 
Sons, Inc., New York, 1978.

1.2.1.2
Preparation of Samples for Raman Spectroscopy

Use of glass sampling accessories (e.g. melting point capillary) is possible in Raman 
spectroscopy, as the spectrum is usually obtained using a near-infrared laser beam 
which is not absorbed by ordinary glass. Seal one end of a melting point capillary 
using a Bunsen burner. Fill the capillary to ca. 10 mm height with your sample by 
scooping it from a sample vial and compact by gentle tapping. The open end of the 
capillary can be sealed using Blu-Tack.

1.2.1.3
Preparation of Samples for UV-Vis Spectroscopy

The sample concentration should be chosen such that the maximum absorbance of 
the band of interest does not exceed 2 and is preferably close to 1. Remember that 
the absorbance is usually proportional to concentration (Beer’s law: A = ecl, where e 
(epsilon) is the extinction coefficient in units of dm3 moU1 cm4, c is concentration 
in mol dm-3 and I is the pathlength in cm.
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1.2.1.4
Preparation of Samples for ’H NMR Spectroscopy

To run an NMR experiment, the sample compound must be dissolved in a deuter
ated solvent (normally CDC13) and transferred to an NMR tube. It is important to fil
ter the sample prior to running the experiment since small solid particles can lead to 
a distorted NMR spectrum. The NMR tube must first be cleaned and thoroughly 
dried. You will soon find out that acetone is not as volatile as you think; it is the 
most common contaminant in NMR spectra. Wash tubes with water, then rinse with 
acetone and finally with dichloromethane.

For each1H spectrum, ca. 10 mg of sample is required. N ote that it is not advantageous 
to put in more than this as this will reduce the resolution of the spectrum. The sample is 
dissolved in ca. 0.7 cm3 of the appropriate deuterated solvent, usually deuterated chloro
form (CDCI3) unless otherwise instructed in the experimental procedure. If there is any 
undissolved material in the sample, then the solution MUST be filtered (through e.g. 
a cotton-wool plug in a disposable pipette) before it is placed in the NMR tube. The depth 
of sample is also very important; it has to be between 50 and 60 mm. It is also very impor
tant that the outside of the tube is clean, so give it a wipe with some tissue.

Make up your sample as instructed above and write a legible sample code on the side 
of the NMR tube (e. g. for J. A. Smith the code might be JAS001) and place the tube in 
the appropriate sample rack for your NMR queue. Add your name and details of the 
sample to the list. These details will be necessary for subsequent identification of your 
spectrum.

Remember when analysing tire spectrum obtained from your sample to watch for the 
signal due to the solvent. The signal for residual CFK13 present in CDC13 is at 7.27 ppm. 
Further common contaminants include the solvent used in the reaction and work-up 
(e.g. hexane), water and vacuum grease. To help you identify these, a table of chemical 
shifts of residual protons in common deuterated solvents is given in Table 1.2-1.1*

Table 1.2-1 Chemical shifts of residual protons in common deuterated solvents.

Proton Multiplicity cdci3 (CD3)2CO c6d6 D2O

Solvent residual peak 7.26 2.05 7.16 4.79
H2O OH s 1.56 2.84 0.4
Acetone ch3 s 2.17 2.09 1.55 2.22
Benzene CH s 7.36 7.36 7.15
Chloroform CH s 7.26 8.02 6.15
Dichloromethane ch2 s 5.30 5.63 4.27
Diethyl ether ch3 t 1.2.1 1.11 1.11 1.17

ch2 q 3.48 3.41 3.26 3.56
Ethanol ch3 t 1.25 1.12 0.96 1.17

ch2 q 3.72 3.57 3.34 3.65
OHa) s 1.32 3.39

1) H. E. Gottlieb,V. Kotlyar, A, Nudelman, J. Org. Chem. 1997, 62, 7512-7515.
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Table 1.2-1 (continued)

Proton Multiplicity CDCI3 (CD3)2CO c6d6 D2O

Ethyl acetate CH3CO s 2.05 1.97 1.65 2.07
CH2CH3 q 4.12 4.05 3.89 4.14
ch2ch3 t 1.26 1.20 0.92 1.24

Grease ch3 m 0.86 0.87 0.92
ch2 br s 1.26 1.29 1.36

n-Hexane ch3 t 0.88 0.88 0.89
ch2 m 1.26 1.28 1.24

Methanol ch3 m 3.49 3.31 3.07 3.34
OH br s 1.09 3.12

Silicone grease s 0.07 0.13 0.29
Toluene ch3 s 2.36 2.32 2.11

CH(o, p) m 7.17 7.1-7.2 7.02
CH(m) m 7.25 7.1-7.2 7.13

a) The signals from exchangeable protons are not always identified.

1.2.1.5
Preparation of Samples for 13C NMR Spectroscopy

The same rules apply for preparation of samples for 13C NMR as for 1H NMR analysis, 
the only difference being the concentration of the sample needed. As the sensitivity of 
13C NMR is two orders of magnitude lower than that of 3H NMR, very concentrated 
sample is needed (the recommended amount to obtain a good spectrum is 100 mg). 
13C chemical shifts of common solvents as trace impurities are shown in Table 1.2-2.2)

Table 1.2-2 13C chemical shifts of common solvents as trace impurities.

Carbon CDCI3 Carbon CDCI3

Solvent residual peak 77.16 Grease CH2 29.8
Acetone CO 207.1 n-Hexane CH3 14.1

ch3 30.9 CH2(2 22.7
Benzene 128.4 CH2(3) 31.6
Dichloromethane 53.5 Methanol CH3 50.4
Diethyl ether ch3 15.2 Silicone grease 1.0

ch2 65.9 Toluene CH 3 21.5
Ethanol ch3 18.4 C(i) 137.9

ch2 58.3 CH(o) 129.1
Ethyl acetate CH3CO 21.0 CH(m) 128.3co 171.4 CH(p) 125.3

ch2 60.5
ch3 14.2

2) The signals from exchangeable protons are not always identified.
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1.2.1.6
Conductivity

In brief, with the exception of H* or OH-, which have hydrogen-bonding chain 
conduction mechanisms, most singly-charged ions have a molar conductivity of 
roughly 60 Q-1 cm2 mol-1 and thus a 1:1 electrolyte MX has a conductivity of 
around 120 Q-1 crn2 mol-1. Comparisons with molar conductances of known ionic 
substances allow one to determine the number of ions present in a given salt. Slow- 
moving large or highly charged ions will give lower values; for complex ions this can 
reach the point where the determination becomes uncertain. Typically, 10-3 mol dm-3 
solutions are used for measurements.

3) Source: S. Girolami, T. E. Rauchfuss, R. J. Angelici, Synthesis and Techniques in Inorganic Chemistry, 
2nd edn, Saunders, Philadelphia, 1997.

Typical molar conductances (Q-1 cm2 mol-1) in water for various ion conductors 
are as follows:3'

1:1 1:2 1:3 1:4
Am 96-150 225-273 380-435 -540

1.2.1.7
Magnetic Susceptibility

Background

Magnetic susceptibility is a measure of the tendency of molecular magnets to align 
themselves with an applied field, and from the degree of paramagnetism observed 
we can assess the number of unpaired electrons in a sample. The effect is tempera
ture dependent, since thermal vibration causes some magnetic randomisation and a 
number of other magnetic influences cannot be compensated for. Hence the result 
is approximate although generally unambiguous.

In the traditional Gouy method (after French physicist Louis Gouy), a cylindrical 
sample is suspended from a traditional balance, weighed, then partially immersed in 
a strong magnetic field by introducing a powerful magnet around it. The consequent 
displacement of the sample is registered on the balance: diamagnetic materials are 
forced away from the field and appear to become lighter; paramagnetic materials are 
pulled in and appear to become heavier.

In the Johnson Matthey apparatus or Evans’ balance as it is sometimes called (Fig. 
1.2-4), the same principles apply but, instead of the sample, the magnet is attached to 
one arm of a balance much more sensitive than the analytical balance. Introducing a 
sample causes a displacement of the magnet, which is restored to its original position 
by altering the current flowing through electromagnet acting on the opposite arm of 
the balance. The reading displayed digitally on the front of the instrument is propor
tional to the apparent change in weight that would have been observed using the 
Gouy method; that is, net diamagnetic materials repel the magnet, giving a negative 
reading, and net paramagnetic materials attract it, giving a positive reading.
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Pair of permanent 
magnets attached 
to balance beam

Fig. 1.2-4 Johnson Matthey/Evans’ apparatus.

/ Pair of permanent
Guide tube ' magnets attached

to balance beam

It is important that part of the sample remains outside the magnetic field - there 
is no net effect when it is fully immersed in the field. Since you cannot alter the posi
tion of the magnet in the Johnson Matthey apparatus, you must instead insert a sam
ple of adequate height.

Further details of the Johnson Matthey balance, the method and the underlying 
theory are provided in manual available with the balance. Please note in particular:

• The balance is very sensitive! Moving the balance even slightly will alter the zero 
position and sudden movements may cause damage.

• The magnet is very strong! Ferromagnetic materials (including spatulas) should 
be kept away from the balance and must never be inserted.

Measurements

The method provided below applies for the magnetic susceptibility balance manufac
tured by Johnson Matthey, Catalytic Systems Division, UK. Although the following 
notes apply to all similar instruments, particular details may differ and should be 
checked against the manual supplied with your instrument.

The balances should be level and have been switched on for 10 minutes before 
any measurements are made.

1. With the sensitivity knob on the Johnson Matthey magnetic balance set at “xl”, 
adjust the “ZERO” knob until the digital display reads “000”.

2. Carefully insert a clean sample tube, then note the reading, Ro, which should be 
negative since the glass is diamagnetic. Keep the tube vertical to avoid damaging 
the very thin internal guide and draught shield. The rubber ring on the sample 
tube ensures the same height of sample is immersed every time in the magnetic 
field — check that the ring is 48.0 mm from the bottom of your sample.

3. Zero the analytical balance, then weigh the empty sample tube to 0.1 mg.
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4. The greatest experimental error in this method arises from uneven packing. 
Grind your sample briefly (mortar and pestle) to obtain a small and regular grain 
size, but avoid creating a very fine powder, which tends to form clumps.

5. Fill the sample tube a few mm at a time to a depth of at least 1.5 cm and ideally 
2.5-3.5 cm, compacting the powder by gently tapping the tube on the bench be
tween additions. Note the room temperature.

6. Zero the magnetic balance, then insert the filled sample tube. Note the reading, 
R, carefully remove the tube, gently tap it on the bench a few times, then re-in
sert it. Repeat until consistent results are obtained.

7. Carefully remove the tube without disturbing the sample then measure the 
length, I, of the sample column to the nearest 0.5 mm.

8. Zero the analytical balance, then weigh the filled sample tube to 0.1 mg. Find, 
by difference, the mass of the sample, m.

9. 'lap out the powder then repeat from step 4 or 5 to calculate an average R.
10. Clean the sample tube by tapping out the powder followed by careful use of 

water and a length of pipe cleaner. Rinse the tube with distilled water, followed 
by acetone, then blot dry internally with a clean length of pipe cleaner. Con
tinue from step 4 with your next sample or return the clean tube and collar to 
the box.

Calculations

First, the calibration constant, K, for your instrument has to be determined by mea
surement of a sample with known magnetic properties. The K for your instrument 
is given by

fl x m x 109
K= Ix(R — Rq)

where
I = length of the sample (cm)
R = the reading when a sample is introduced
Ro = the reading for the empty sample tube
m = mass of the sample (g)

A standard, such as HgCo(SCN)4 (a deep blue powder)m needs to be provided in or
der to determine K of your instrument. Compact the standard, then measure its Ro, 
m, I and R. The literature value of fl for HgCo(SCN)4 is 

4981 x 10~6
283 + T

= 16.44 x 10 6cgs

at 20 C, where Tis temperature in °C.
In the second step, proceed with measurements of your sample with unknown 

magnetic properties. Record its Ro, R, I and m in order to determine the gram mag
netic susceptibility, xg:
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K x I x (R — Rq) 
m x 109

The molar susceptibility of an unknown sample is obtained by multiplying %g by the 
molecular weight:

Xm = Xg x M

Now correct for the diamagnetism of the sample by using the appropriate values of 
diamagnetic molar susceptibilities from the literature (a few examples are given in 
Table 1.2-3) ,4)

Table 1,2-3 Diamagnetic molar susceptibilities (/D x 10 6 cgs units) for selected ions, molecules 
and atoms.

Co3+ 12.56 nh3 22.62 HZO 16.34
0 (ether) 5.79 0 (ketone) 2.17 SO42’ 50.39
H 3.68 NO3“ 23.75

Remember that diamagnetic corrections are added. This gives the corrected molar 
susceptibility, /M:

Xm = Xm + Xd

For a sample of known the magnetic moment, /z, is given by the Curie law:

(3RTx'My/2

where NA is Avogadro’s number (6.023 x 1023 mol-1). This equation (after substitut
ing for the value of R converted to cgs units) gives p in cgs units. A more convenient 
unit for /z is the Bohr magneton, the magnetic moment of a single electron, which 
has a value of /z = eh/4nme = 9.273 x 10-24 A m2, so that /z//zB represents the mag
netic moment in Bohr magnetons (also known as /zeff). Thus the previous equation 
eventually gives

A/Ab = 2.8287^?

where T is in kelvin. This is then related, by the “spin only” approximation, to the 
number of unpaired electrons, n, per formula unit:

M/Mb = n(« + 2)

4) For extensive tables of molar susceptibilities of molecules, ions and atoms, see R. C. Weast (Ed.), 
Handbook of Chemistry and Physics, 53rd ed, CRC Press, Cleveland, OH, 1972, p. E-108.
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This can be solved as a quadratic equation, where the positive (real) solution is

n=+i)-1

The value of n is often non-integral. Nonetheless, the experimentally obtained /.zeft- 
value serves as a practical means of determining the number of unpaired electrons 
in a complex.

1.2.1.8
Cyclic Voltammetry (CV)

The CV technique is useful for surveying the position (volts) of the redox potentials 
of molecules in solution and also gives a measure of the relative stability of the differ
ent oxidation states. The potential of an electrode is swept over as wide a range as 
possible while the current at the electrode is simultaneously monitored. A positive 
current flow indicates that the molecule is being oxidised, while a negative current 
flow indicates reduction.

The theoretical cyclic voltammogram for a single one-electron oxidation process is 
shown in Figure 1.2-5. The first process seen is an upward peak (e. g. oxidation of Fc 
to Fc+) and a reverse peak (e. g. due to reduction of the Fc+). The upward peak arises 
because diffusion is slow on the electrochemical time-scale and during the scan the 
product Fc+ builds up near the electrode, blocking the diffusion of unoxidised Fc to 
the electrode, leading to a fall in current. The standard sweep rate is 100 mV s-1, 
although faster/slower scans can be used when we wish to investigate the kinetic sta
bility of the Fc+.

Many laboratory classes record the cyclic voltammograms of ferrocene and its deri
vatives. Detailed instructions on actual measurement are specific to the potentiostat. 
Usually nowadays the measurement is fully automated and driven by a PC. The soft
ware will determine the quantities Ep, ip, Ep and ip and calculate the redox potential

Fig. 1.2-5 Theoretical cyclic voltammogram for a single one-electron oxidation process.
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(E) by taking the average of the peak voltages. Calculate the difference in peak posi
tions Ep - Ep, which should be 59/n mV, where n is the number of electrons trans
ferred in the redox process. Your measured Ep - Ep will be somewhat larger than ex
pected for a one-electron process (this is due to resistance effects).

1.2.1.9
Polarimetry

Optical rotation, a, is usually measured using the sodium emission wavelength 
(589 nm). Solutions of two concentrations (e.g. 0.01 and 0.025 mol dm-3 solutions) 
are measured and the average value of optical purity from the two measurements is 
taken. Read the instructions provided with your instrument and obtain a values for 
both solutions.

Calculate the specific rotation of your complex at 589 nm [</>] from

[0]s89 —

where I = pathlength of sample in decimetres and c = concentration in g cm-3.
Knowing the specific rotation of pure enantiomer [</>]pure (e.g. +60°), it is possible 

to estimate the optical purity (= enantiomeric excess, ee) for your product as an aver
age of the two values obtained from the two solutions of differing concentrations:

optical purity (%) = 100[</>]obs/[</>]pure

Knowing optical purity, calculate how much of each isomer (A and A) is in your 
product (in %).

1.2.2
Laboratory Reports

All reports should be concise, organised and tidy. They may be typed (strongly pre
ferred) or hand-written, with (preferred) or without the use of chemical structure 
drawing software, such as ChemBioDraw or IsisDraw.

The following information should be included in a typical report:

1. Name of the experiment (as heading) and date.
2. Short abstract of the experiment. The abstract should include a brief description of 

syntheses performed and summarise characterisation methods and the most impor
tant findings (possibly including brief answers to questions posed in the manual).

3. A fully balanced equation for each reaction should be included for every experi
ment.

4. Detailed experimental procedure: write what you actually did and do not simply 
copy the procedure out of the manual. Details of the equipment used and of stan
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dard procedures, such as sublimation, are not required (see below); the degree of 
detail provided should be such that an experienced experimentalist will be able 
to reproduce the experiment based on your description. Note that for quantities 
of reagents and starting materials employed in a procedure both the mass (or 
volume) and the number of moles must be quoted, e.g. (0.25 g, 10 mmol).

5. Yield of product, i. e. actual weight and percentage yield. Calculation of the yield 
should be based on limiting component, which should be indicated.

6. Physical properties of product:
• colour, state;
• melting point (m.p.); or
• boiling point (b.p.)/pressure.

7. Spectral and chromatographic data (e. g. IR, NMR and GC) with assignments and 
interpretation, The NMR and IR data should be given in the format which is dis
cussed in more detail later. Spectra should be clearly labelled and attached to the 
report.

8. A short discussion of the spectral data (if there are some interesting trends, any 
unusual patterns in spectra, how the signals were assigned, etc.) and answers to 
any questions posed in the manual.

Generally, a good report will not be longer than three pages (12 point font size, 
2.5 cm margins each side). The number of additional pages with spectra and other 
attachments is not limited.

Samples of each product must also be submitted with every report. They should 
be packed in sample tubes and clearly labelled with the following information:

• name of the student,
• experiment number,
• name or structure of the compound.

A more detailed example of a report is given below (covering points 1, 2 and 4-7) 
(remember to also include points 3 and 8). The idea of using this format is to give 
you practice in the way in which chemists write up their work for publication in the 
chemical literature.

Note that reports should be CONCISE and NOT of excessive length.

1.2.2.1
Example Report

Preparation of Ferrocene

Abstract

Ferrocene was prepared by the reaction of iron(II) chloride with cyclopentadiene in 
the presence of base (KOH). Crude ferrocene was purified by sublimation and was 
characterised by m.p., IR, UV-Vis, and 13C NMR spectroscopy. Ferrocene was re
acted with acetic anhydride in the presence of phosphoric acid to afford acetylferro
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cene. Acetylferrocene was purified by column chromatography on alumina and by 
recrystallisation from cyclohexane; it was characterised by m.p., IR, UV-Vis, XH and 
13C{1 H} NMR spectroscopy and by cyclic voltammetry. The presence of the electron- 
withdrawing/donating acetyl group on one of the cyclopentadienyl rings of ferrocene 
resulted in the shift of E by xx V. In contrast to ferrocene, acetylferrocene was not 
oxidised to the corresponding ferricenium (Fe111 ion) on addition of concentrated sul
furic acid as determined by UV-Vis spectroscopy.

Experimental Procedure

Ferrocene
A three-necked flask equipped with magnetic stirrer, reflux condenser, dropping fun
nel and nitrogen inlet was charged with 1,2-dimethoxyethane (30 cm3) and flake po
tassium hydroxide (15 g, 0.27 mol). Cyclopentadiene (2.75 cm3, 34 mmol), prepared 
by cracking of its dimer, was added with vigorous stirring. Stirring was maintained 
as a solution of finely powdered iron(II) chloride tetrahydrate (3.25 g, 16.3 mmol) in 
degassed dimethyl sulfoxide (25 cm3) was added dropwise over 30 min. The exother
mic reaction resulted in gentle boiling. The reaction mixture was stirred for an addi
tional 30 minutes, after which time it was neutralised with HC1 (6 M, 45 cm3) and 
ice (50 g). Ferrocene, as an orange precipitate, was collected by filtration, washed 
with water and dried in air (5.3 g, 25%). Purification by sublimation yielded 
orange crystalline material, which was used for spectroscopic characterisation, m.p. 
174-176 °C.

Spectral Data

Ferrocene
IR: vmax (Nujol mull)/cm-1 3050m (uCH), 1118s, 1002s, 835vs.
3H NMR: 5h (300.0 MHz, CDC13, Me4Si) 4.18 (10H, s, CH).
13C NMR: 5C (67.8 MHz, CDC13, Me4Si) 123.3 (s, CH).
MS (exact mass): mfz (El) 186.0134 (M+); C10H10Fe requires 186.0132.

1.2.2.2
Writing Up Spectral Data

A more detailed explanation of the format to be used for reporting the spectroscopic 
data is given in this section. The spectroscopic data can be listed in several ways, but 
here the standard format is that required for publication in Dalton Transactions. An 
important part of this laboratory class is to learn how to do this in the correct way. If 
unsure, consult Guidelines for Layout of Articles for Submission at RSC webpage 
(www.rsc.org).

Below is an example of data in the correct format.

http://www.rsc.org
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Infrared Data

vmax (Nujol mull)/cm-1 3350 m (O-H stretch), 1670 s (C=O stretch), 1000 s, 850 m 
(aromatic C-H deformation).

Notes: List the peaks in decreasing order. List only major or significant peaks (typi
cally this will be 3-10 peaks). You must record how the spectrum was run, most 
commonly as a Nujol mull or KBr disc (for solids) or a thin film (for oils and li
quids). One of the main points is not to go overboard with assignments. The most 
important functional groups observed by IR are OH and NH, carbonyl groups 
(where we can often tell the type of carbonyl compound from the position), C-0 
bond and whether the compound is aromatic from strong peaks at the lower end of 
the spectrum (850-700 cm-1) due to aromatic C-H deformations. C-H stretches for 
aromatics are at >3000 cm-1, whereas for aliphatics they appear at <3000 cm-1. The 
type of signal (s, m, w, vs, br) should be indicated by appended letters (e.g. 1670 s). 
Do NOT give IR data with excessive accuracy. Peaks should only be reported to the 
nearest whole number.

Raman Data

The same format as for IR can be used to list Raman data.

’H NMR Data

SH (300.1 MHz, CDC13, Me4Si) 7.50-7.30 (2 H, m, Ar-H), 7.23-7.12 (2 H, m, Ar-H), 
7.16 (2 H, d, J 5.0 Hz, H-5), 6.58 (1 H, s, =CH), 4.30-4.10 (2 H, m, CHS), 4.05-3.97 
(2 H, m, CHS), 3.84 (2 H, s), 3.82 (12 H, s), 3.43 (1 H, q, 3J 2.5 Hz, H-3), 3.38 (1 H, 
br s, N-H), 2.68 (1 H, d oft, 3J 10.2, 4J 2.6 Hz, H-7) and 1.86-1.72 (1 H, m, H-6).

Notes: We start by giving the frequency at which the spectrum was run, the solvent 
employed and reference compound. Then list the chemical shifts of the peaks in nu
merical order starting from one end of the spectrum. For JH NMR, an accuracy of 
two decimal places is normal for 5 and one decimal place for J. In parentheses after 
each, first put the number of protons (from the integral trace) then the form of the 
peak (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), then 
if possible the coupling constant J in Hz and finally the assignment. A ppm range 
must be given for a complex multiplet arising from more than one proton, whereas 
only the centre value is given for a simple signal.

uCfH} NMR Data

5C (75.5 MHz, CDCI3, Me4Si) 164.4 (s, C=O), 144.9 (s, 4ry, C-l), 127.3 (s, CH, C-3,5), 
127.2 (s, CH, C-4), 124.2 (d, 3Jcp 2.5 Hz, CH, C-2,6), 79.1 (d, 3JCP 60.5 Hz, 4ry, C-7), 
65.2 (s, CH, C-9), 54.8 (s, CH2, C-10) and 52.4 (s, CH3, 9-OMe).
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Notes: As for 3H NMR spectra, we start by giving the frequency at which the spec
trum was run, the solvent employed and reference compound. Then list the chemi
cal shifts of the peaks in numerical order starting from one end of the spectrum. For 
13C NMR, an accuracy of one decimal place is normal for both 8 and J. In parenth
eses after each put the assignment. The form of the peaks (s, d, t, etc.) can be 
omitted if all peaks appear as singlets (e. g. no heteronuclear coupling such as from 
P or B is present). The number of carbon atoms cannot be determined from integral 
trace in 13C{1H} NMR spectra and therefore is usually not listed.

5) In contrast to Me4Si, often used as an internal standard in ‘H and 13C NMR, 85% H3PO4 is rarely
used as an internal standard. Instead, a sample with reference compound is measured in a separate
experiment (hence external standard).

31P{3H}and 31P NMR Data

8P (121.5 MHz, CDC13, 85% H3PO4) 25.3 (s). In the non-decoupled 31P NMR spec
trum the signal was split into a doublet, 3JpH 121.0 Hz.

Notes: As for 3H NMR spectra, we start by giving the frequency at which the spec
trum was run, the solvent employed and reference compound.5 * *' Then list the chemi
cal shifts of the peaks in numerical order starting from one end of the spectrum. For 
31P NMR, an accuracy of one decimal place is normal for both 8 and J. The non-de
coupled experiment provides information on PH coupling constants; the number of 
bonds between the two coupled atoms should be indicated if known (e. g. ’/ph, 
2Jph)-

2D NMR Spectra

The 2D correlations are supplied to help you with the assignment of the peaks ob
served in ID spectra; there is no need to list peaks found in these in your report.

Mass Spectrum (Normal Resolution)

m/z (El) 670 (M+, 47%), 655 (M+ - Me, 4), 488 (23), 368 (21), 306 (10), 279 (12), 248 
(80), 222 (100), 220 (88) and 149 (62).

Notes: Remember to give the ionisation technique used (El, ES) and mode in case of 
ES (positive or negative). List the peaks in decreasing order. For the molecular ion 
peak, put in parentheses M+ and the relative intensity (100% is defined as the largest 
or base peak - in our example m/z 222). List the other main peaks up to a maximum 
of 8-10 with their intensities and, where known, assignments. Remember in ES, 
not only (M + H+) but also other clusters such as (M + Na+) and/or (M + K+) are of
ten observed.
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Mass Spectrum (Exact Mass Measurement)

Exact mass measurement can be reported as follows:

m/z (El) 186.0134 (M+), C10H10Fe requires 186.0132

For your own PC, a very useful piece of freeware, Molecular Weight Calculator, is 
available from http://ncrr.pnl.gov/software/. It is very convenient for calculations of 
molecular weights, including isotopic weights (for exact mass measurement). Mole
cular weight, exact mass and isotopic patterns can also be calculated conveniently 
using the ‘Analysis' tools in ChemBioDraw software.

http://ncrr.pnl.gov/software/
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2.1
Preparation and Investigation of Some Coordination 
Compounds
Manfred Bachmann

Special Safety Precautions

1. Ammonia solutions are irritating to skin and eyes, and the vapour must not 
be inhaled. Wear rubber gloves and safety spectacles when handling ammonia 
solutions and work in a fume cupboard. If ammonia is splashed on your skin, 
wash it off with plenty of water. Provided you do this immediately there is no 
cause for alarm.

2. Oxalic acid and oxalates are toxic and must not be ingested.

3. Hydrogen peroxide can cause burns, and skin contact must be avoided. Wear 
rubber gloves.

Note on the concentration of hydrogen peroxide. Bottles of hydrogen peroxide are tra
ditionally labelled “20 vol”, “100 vol”, etc., mea ning that one litre of the solution, 
when decomposed according to the equation 2H2O2=2H2O + O2, yields 20 (etc.) 
litres of oxygen gas, at standard temperature and pressure. “20 volume” hydrogen 
peroxide contains ca. 6% H2O~ by weight.

If you are supplied with hydrogen peroxide labelled in this way, be sure to se
lect the correct bottle. In your notebook, take care to record the concentration in 
the form specified on the label. In your report, however, be sure to mention the 
molar concentration as well as the “vols”.

2.1.1
Experimental

2.1.1.1
Instructions for Course Organisers

1. Do not use “100 vol” hydrogen peroxide, 10 or 20 vol is sufficient.
2. Laboratory Technical staff need instructions to make saturated oxalic acid.
3. Supply references to the standard inorganic text book used in your course.
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a) Hexaamminenickel(ll) Tetrafluoroborate [Ni(NH3)6](BF4)2

Dissolve about 3 g of hydrated nickel chloride, NiCl2 • 6H2O, in 5 ml of warm water, 
and filter if necessary to remove any insoluble matter. Then slowly add 5 to 6 ml of 
concentrated aqueous ammonia (specific gravity 0.88 g cm-3), stirring until all the 
initial green precipitate of nickel hydroxide has dissolved. The clear deep blue liquid 
now contains a copious crystalline deposit of the violet nickel hexaammine chloride. 
If this does not appear, leave it to stand for 5 minutes in a beaker of ice. If the solu
tion is not clear blue add another 1 ml of 0.88 ammonia.

Redissolve the crystals by careful addition of a minimum (less than 8 ml) of cold 
water, added in 0.5 ml portions with continuous stirring. Take care not to hydrolyse 
the complex with excess water. Finally, filter off any small insoluble residue.

Dissolve approximately 2.5 g of ammonium tetrafluoroborate in dilute aqueous 
ammonia (ca. 2 mol dm-3) and add this to the solution of the nickel ammine chlor
ide. The sparingly soluble hexaaminenickel tetrafluoroborate is immediately formed 
as a crystalline precipitate. Filter by suction and wash the precipitate with aqueous 
ammonia until the filtrate (solution) is colourless. Finally, wash with acetone. Allow 
the mauve crystals to dry in a desiccator. Record the yield in your notebook.

b) Potassium Tris(oxalato)ferrate(lll)

Dissolve 15 g of ammonium ferrous sulfate (NH4)2Fe(SO4)2 • 6H2O in 50 ml of hot 
water acidified with dilute sulfuric acid. Add a hot solution of 7.5 g of oxalic acid in 
50 ml of water. Cautiously heat the mixture to boiling and then allow the yellow pre
cipitate of iron(II) oxalate, FeC2O4 • 2 H2O, to settle. Cool the solution. Wash the pre
cipitate with 30 ml water by decantation. Repeat the washing two to three times.

Now add a warm solution of 10 g of potassium oxalate monohydrate K2C2O4 • H2O 
in 30 ml of water. Add slowly, with a teat pipette, 25 ml of‘20 volume’ hydrogen per
oxide (see Special Safety Precautions), stirring the solution continuously and keeping 
the temperature below 40 °C. Any effervescence indicates that the solution is too hot. 
Then heat the mixture, which now contains some ferric hydroxide, to nearly boiling. 
The precipitate is now brown. Add a saturated solution of oxalic acid until the preci
pitate just redissolves. Filter the solution whilst still hot and finally add 30 ml of 
methylated spirits. Leave to crystallise in the dark.

When green crystals of the complex have appeared (probably the next day) filter 
the solution and wash the crystals in acetone. Allow them to dry at room tempera
ture in the dark. Store the product in a glass specimen tube, wrapped in aluminium 
foil.

N.B.: Be sure to attach the label to the glass, and not to the foil!
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2.1.2
Chemical Properties

The object of the following tests is to give you experience in observing and identify
ing the products from reactions of transition metal complexes. Make notes in your 
laboratory notebook of your observations, as you make them. In your report, sum
marise your observations and try to write equations and explanations for the reac
tions.

Thermal decomposition of hexaamminenickel(II) tetrafluoroborate. Heat 0.3 g of 
your product carefully in a large dry test tube and record your observations (colour 
changes, gas evolution, etc.). Test both the residues and the sublimates for both 
boron and fluorine. Suitable tests can be found in Vogel’s Qualitative Analysis. 
(6th ed., revised by G. Svehla. Longman Scientific). Note that any test which might 
involve the evolution of HF must be carried out on a small scale and in a fume cup
board. Account for your results. Write an equation that satisfactorily describes the 
decomposition.

The following test is designed to compare the lability of the ammonia in the hex- 
aamminenickel(II) and hexaamminecobalt(III) and cobalt(II) complexes. Obtain a 
sample of [CoNH3)6]C13 from the chemical shelf. Add some sodium hydroxide solu
tion to a little of the nickel(II) and cobalt(III) complexes in test tubes and cover each 
with a piece of moistened indicator paper. Observe what happens over several min
utes and then reduce the cobalt(III) complex to cobalt(II) by adding a little alumi
nium powder to the alkaline solution. In which complex is the ammonia least la
bile?

Investigate the equilibria which are present in a solution of potassium ferrioxalate 
by testing separate portions with potassium thiocyanate for ferric ion and barium 
chloride for oxalate. What happens when an excess of a sodium oxalate or an ammo
nium fluoride solution is added to the ferrioxalate solution containing thiocyanate? 
Note your observations carefully and write equations to describe the equilibria you 
have found. Is ferrioxalate a labile complex?
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2.2
Gravimetric Analysis of Hexaamminenickel(ll) 
Tetrafluoroborate [Ni(NH3)6](BF4)2
Manfred Bachmann

The quantitative determination of a material by precipitation followed by isolation 
and weighing a precipitate of known composition is called gravimetric analysis.

The success of the method depends upon several factors, especially the complete
ness of precipitation of the elements being analysed and the selectivity of the precipi
tation process. In addition, the precipitate should be readily collected and easily fil
tered. The conditions required for producing a pure precipitate of large granular parti
cles which are easy to filter have been well investigated (see Van Weimann, Chem. Rev. 
1925, 2,207 and A. I. Vogel, Quantitative Inorganic Analysis, 3rd ed., Longman, 1966).

It is essential that the precipitate obtained be pure, otherwise an accurate determi
nation is not possible. If the precipitate is composed of very small crystals, the sur
face area of the precipitate may introduce appreciable errors. Furthermore, occlusion 
of ‘foreign’ ions during the process of crystal growth may occur, particularly if the 
precipitate is formed rapidly. The contamination of the precipitate by substances nor
mally soluble in the mother liquor is termed co-precipitation. Because the size of the 
crystallites is, in general, larger the smaller the rate of precipitation, it is apparent 
that the effects of co-precipitation can be reduced by a slow rate of precipitation. As 
an added bonus, precipitates composed of larger crystallites are usually much more 
easily filtered than precipitates composed of fine particles. It is for these reasons that 
it is common practice to add a dilute solution of precipitating agent slowly, with 
stirring — the rate of precipitation depending on the amount by which the material 
to be precipitated exceeds the saturation value. The process of digestion (heating the 
precipitate and mother liquor on a steam bath for several hours) often decreases the 
effect of co-precipitation and gives more readily filterable precipitates, though it has 
little effect upon amorphous or gelatinous precipitates. An elegant method of main
taining only a small degree of supersaturation (giving large crystallite size) is precipi
tation from homogeneous solution, in which the precipitant is not added as such, but is 
slowly generated by a homogeneous chemical reaction within the solution. It is this 
technique which is to be used in the following experiments. The slow hydrolysis of 
urea that occurs in boiling aqueous solution will be used to slowly raise the pH of 
the solution by the generation of ammonia (Eq. 1).

CO(NH2)2 + H2O CO2 + 2NH3 (1)
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Ni2’ + 2

B is(dimethylglyoximato)nickel

Nickel(II) will be precipitated quantitatively by the organic reagent dimethylglyox
ime. The nickel ion is chelated by 2 molecules of demethylglyoxime, the overall reac
tion being given in Eq. (2) Protons are released and the stability of the complex is 
such that at low pH, the equilibrium is displaced to the left while at pH above 5, it is 
displaced to the right. If the two reactants are mixed at pH 3, no precipitation takes 
place. Addition of urea and slow heating will raise the pH of the solution slowly, by 
virtue of Eq. (1), and the nickel dimethylglyoxime complex will slowly form. A beau
tifully crystalline precipitate can be obtained in this way.

2.2.1
Experimental

2.2.1.1
Weighing Bottle

Prepare the weighing bottle by removing all dirt and grease, then wash it with tap 
water and distilled water, dry it in the oven (130 °C) and cool it for 10 minutes. Che
micals should be removed from a weighing bottle by careful tipping, the use of a spa
tula is undesirable as this is another source of error and possible contamination. 
Where several weighings are to be carried out, weighing by difference means that for 
n samples, only n + 1 weighings are required. It is useful to know the approximate 
weight of the empty bottle. Never stopper a hot weighting hottie since after cooling, it 
will be found to be difficult to open without causing breakage.

2.2.1.2
Gravimetric Analysis

Use a sample of [Ni(NH3)6](BF4)2 prepared in Experiment 2.1. Ee sure to write down 
in your notebook what you do, and all your weighings, at the time of the experi
ments.

Wash your weighing bottle with distilled water and dry in the oven for 10 minutes. 
Weigh accurately (to 4 decimal places) two samples of the nickel ammine salt (about 
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0.08 g) and dissolve each in 30 ml of distilled water. Adjust the pH to 2 or 3 by drop
wise addition of 1 to 15 drops of cone. (12 M) HC1. Check the pH between drops 
with pH paper. Prepare 100 ml of a 1% solution of dimethylglyoxime solution in 
1-propanol. Take 10 ml of this solution and heat it to 80 °C on a hotplate.

Add 4 g of urea to the Ni sample and place the solution on a hotplate at 80 to 
85 °C. Check that the pH remains below 3. Slowly add the dimethylglyoxime solu
tion to the nickel solution making sure that the pH remains below 3. If it rises, add 
12 M HC1, dropwise. Cover the beaker with a watch-glass and heat for one hour at 
80 to 85 °C. A red precipitate will form. Whilst waiting for this precipitation to occur, 
prepare the sinters for weighing (see below). After this period, check the pH to see 
whether it is above 7. If not, add a drop of ammonium hydroxide and check again. 
Having obtained a precipitate, remove the beaker from the hotplate and cool to room 
temperature by standing it in cold water. If a white precipitate appears here, it will 
be dimethylglyoxime. Dissolve it by adding 4 ml of 1-propanol and heating to 60 °C.

2.2.1.3
The Sintered Class Crucible

While the above reaction is in progress, start preparing the crucible as follows. Insert 
the sinter into the adaptor supplied, push the adapter through a rubber bung, and in
sert the rubber bung into the top of a 400 ml Buchner flask.

With the filter pump, suck a little concentrated nitric acid through the sinter. Turn 
off the pump and allow the acid to sit in the sinter. Suck plenty of distilled water 
through the system, followed by a little concentrated aqueous ammonia. (NB: Re
move nitric acid from the Buchner flask first). A glass siphon with a small rubber 
bung should than be fitted into the top of the filter crucibles, as indicated in the dia
gram. Wash again with distilled water.

Remove the sinter with a pair of tongs and heat in an oven at 130 °C to constant 
weight. (Place the sinter in a large boiling tube, which has been labelled with your 
name, and place the tube in one of the test tube racks in the oven set at 130 °C). The
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hot crucible must be allowed to cool for 10 minutes before weighing is begun. Two 
consecutive weighings must agree within 0.2 mg.

Filter the solution oi t the prepared crucible using the siphon. Wash all the precipi
tate over with distilled water. If necessary, use a ‘policeman’ to dislodge particles ad
hering to the beaker. Remove the crucible with tongs, place in a boiling tube which 
carries your name on the test tube rack and dry for 1 hour at 130 °C. Allow to cool 
for 10 minutes and weigh. Repeat weighings until constant.

2.2.2
Calculation

Collect your results into a table as shown in Table 2.2-1. Calculate the percentage of 
nickel in nickel dimethylglyoxime, assuming the formula Ni(C4H7O2N2)2, and 
thence calculate the percentage of nickel in your complex, following the procedure 
indicated in Table 2.2-2.

Table 2.2-1 Gravimetric determination.

First determination Second determination

Weight of clean dry weighing bottle
Weight of bottle + complex
Weight of complex

Weight of sinter
(i)
(ii)
(iii)
(iv)

Final weight

Weight of sinter complex
(i)
(ii)
(iii)
(iv)

Final weight

Weight of complex

Table 2.2-2 Calculations.

First sample Second sample

Weight of Ni(dmgH)2 obtained 
Weight of Ni in the Ni(dmgH)2 
Weight of ammine sample used 
Percentage of Ni in ammine sample
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Summarise your experimental procedure and make clear any difficulties. Set out 
your results and calculations concisely, in tabular form.

Estimate sources of error and give your final recommended value of the percen
tage of Ni in the ammine salt. Compare this with the theoretical percentage based 
on the formula given above.
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2.3
Analysis of an Iron(lll) Oxalate Complex
Manfred Bochmann

Iron(III) is nearly always determined by reduction to the divalent state followed by ti
tration with permanganate or dichromate. Oxalate, however, would interfere and 
must be determined first. After titration of the oxalate with permanganate, two meth
ods are available for the determination of the iron. The solution may be reduced with 
zinc amalgam in the presence of sulfuric acid, and the iron(II) titrated with permanga
nate; or the reduction may be effected by tin(II) chloride (‘stannous chloride’) and hy
drochloric acid, and the iron(ii) determined with dichromate. (Reduction of Fe111 by 
Sn11 is rapid only in hot solution in the presence of hydrochloric acid). Permanganate, 
a more powerful oxidising agent than dichromate, cannot be used, even in the cold, in 
such solutions owing to oxidation of the chloride to chlorine (a process which is cata
lysed by iron compounds). The stannous chloride method will be employed here.

Special Safety Precautions

1. Wear eye protection at all times. Concentrated hydrochloric acid is highly cor
rosive and causes severe burns to skin and eyes. Wear rubber gloves when 
handling it and work in a fume cupboard.

2. Potassium permanganate soluton is a powerful oxidant and the dilute solution 
is a disinfectant. Avoid skin contact, but if you do spill it on youiself, simply 
wash with cold water. Any remaining brown stain will soon disappear.

3. Meicury(II) chloride is highly toxic, as are mercury compounds in general. 
Mercury waste must be collected in specially labelled bottles as hazardous < 
heavy metal residues.

4. Oxalic acid and oxalates are toxic and must not be ingested.
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2.3.1
Experimental

2.3.1.1
Notes for Course Organisers

The potentiometric titration apparatus consists of a standard calomel electrode (com
mercial) and a bright platinum electrode made from a small (1 cm2) piece of Pt foil 
joined to a short length of Pt wire which, in turn, is fused into a glass tube. The po
tentiometer is a digital voltmeter capable of reading to 20.1 mV. The “equipment” 
for photolysis is an ordinary ‘Anglepoise’ lamp!

2.3.1.2
Determination of Oxalate

The complex was prepared in Experiment 2.1. Weigh accurately about 0.35 g of the 
complex and dissolve it in dilute sulfuric acid. Heat the solution to about 60 C and 
titrate when hot with the approximately 0.02 M solution of permanganate provided. 
Preserve the resulting liquid for the determination of iron.

The permanganate solution should be standardized against sodium oxalate in the 
following manner. Weigh accurately two portions of about 0.2 g of ‘AnalaR’ sodium 
oxalate into conical flasks. Dissolve each in water, acidify the solutions with suphuric 
acid and titrate with permanganate as above, at 60 °C.

Calculation

The half-reactions are

MVII + 5e" = Mn"
2CO2 +2e“= [C2O4]2'

Hence the overall reaction may be written

Mnvn + 2.5 [C2O4]2- = Mn“ + 5 CO2

Set out your calculations in tabular form as indicated below.

Standardisation

Run 1 2
Weight of sodium oxalate taken g
Amount of sodium oxalate taken mol
Amount of [MnO4]“ required mol
Volume of [MnO4]~ solution used ml
Concentration of [MnO4]“ mol dm-3
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Determination

Run 1 2
Volume of [MnO4]“ solution used ml
Amount of [MnO4]~ consumed mol
Amount of [C2O4]2- in sample mol
Weight of [C2O4]2- in sample g
Weight of sample g
% of [C2O4]2’ °/o

2.3.1.3
Determination of Iron by Potentiometric Titration

To the solution obtained above, add 15 ml of concentrated hydrochloric acid. Heat 
the solution to the boiling point and add some stannous chloride solution dropwise 
until the yellow colour of the iron(III) complex is discharged; then add 2 to 3 drops 
of the reductant in excess. Cool the solution to room temperature and add quickly, in 
one portion, 10 ml of mercuric chloride solution. (The resulting precipitate of mer- 
cury(I) chloride should be pure white in colour). After use, all solutions containing 
Hg should be returned to the mercury waste bottle.

The potentiometric titration apparatus should already be set up in the laboratory. 
Wash the iron solution into a 400 ml beaker, put in a magnetic stirrer bar and place 
the beaker on the magnetic stirrer. Lower the standard calomel electrode and plati
num disc electrode into the solution. (NB: Rinse the electrodes with distilled water 
after removing them form their storage solutions). Record the potential using the di
gital voltmeter. Now add 10 ml of 40% phosphoric acid while stirring and record the 
potential again. In your report, comment on any difference between the two poten
tials you have recorded.

Add 10 drops of sodium diphenylamine sulfonate indicator and titrate with the 
standard dichromate solution provided. Record both the potential and the colour of 
the solution in a table after the addition of each aliquot (0.5 to 1 ml) of dichromate. 
Plot a graph of potential against volume of titrant, while the experiment is in progress. 
Use the plot to decide the size of each successive aliquot to be added. As you ap
proach the endpoint, you will get an early warning as the graph will begin to curve 
upwards. Take particular care in the region of the endpoint, where a large swing in 
potential will occur. Continue taking readings until the potential has levelled off ap
preciably beyond the equivalence point. Determine the equivalence point from the 
graph, and also from the colour change of the indicator.

NB: It is essential to plot the graph, point by point, at the time you take the readings. Do 
not just list the numbers and plot them all up afterwards. If you do, you will almost cer
tainly miss the endpoint.
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Calculation

The half reactions are

CrVI + 3e” = Crm 
Fe111 + e" = Fe11

Hence the overall reaction may be written

CrVI + 3Fen = Cr111 + 3Fein

Set your calculations in tabular form as indicated below. Do not forget that one mole 
of dichromate contains two moles of CrVI!

2.3.1.4
Determination of Iron by Colorimetry

Using end point 
from graph

Using end point from 
colour change

Volume of CrVI solution required ml
Amount of CrV! used mol
Amount of Fe reacted mol
Weight of Fe g
Weight of sample used in titration g
Percentage of Fe in sample %

Mean and error

Colorimetry may be used to directly estimate the amount of ferric ion in the com
plex. The salt is first photoreduced to form ferrous ions; then a reagent (1,10-phe- 
nanthroline, another chelating ligand) is added which will bind to the metal, form
ing an intense red colour. The intensity is compared with those of solutions of 
known concentrations of iron.

iron(il) tris(phenanthroline) complex

Accurately weigh a portion of about 0.120 g of potassium ferrioxalate. Dissolve it 
in distilled water and make up to 250 ml. Label this solution ‘A’. Take 2 ml of solu
tion A and add 5 ml of 0.5% phenanthroline solution, plus 5 ml of pH 4 buffer.
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Make this up to 20 ml with distilled water and label this solution ‘B’. Mix solution B 
well and transfer a portion to the colorimetry tube provided. Photoreduce the 
iron(III) by exposing to normal light for at least 1 hour. The equipment for this is set 
up in the laboratory. Prepare the five ferrous standards as follows. Take 2 ml of 
0.0005 M FeSO4, add 5 ml of the phenanthroline solution and 5 ml of the buffer so
lution. Make up to 20 ml with distilled water. Repeat this using 2, 3, 4, 5 and 6 ml of 
0.0005 M FeSO4. Label these solutions ‘C2’, ‘C3’, ‘C4’, ‘C5’, and ‘C6’ respectively.

Compare the colour intensities of all the solutions using the colorimeter. For each 
solution, first set the absorbance reading to zero with the tube out of the light beam, 
then read the value with the tube in the light beam. Move the tube out of the beam 
and reset the absorbance to zero if necessary. In this way, measure three readings of 
absorbance for each sample. Tabulate the results in your notebook as you go along 
and calculate the average absorbance of each solution. Plot a graph of absorbance, A, 
against iron concentration, [Fe], for the five solutions C2 to C6. Be sure to plot this 
graph while the experiment is in progress. It is expected to be a straight line, or at any 
rate a smooth curve. If some points deviate significantly, you may consider it advisa
ble to either repeat the measurement or make up fresh solutions.

Calculation

From your graph, read off the concentration of solution B. Hence, calculate the con
centration of solution A, the amount of iron in solution A, the weight of iron and the 
percentage of iron in the complex.

Summarise your procedures and indicate any difficulties, set out your results 
neatly in tables and discuss the sources of error. Compare your final values for per
centage of Fe with each other. Calculate the mole ratio of oxalate to iron in the com
plex. Calculate the percentage by weight of potassium in the complex by a) assuming 
the mole ratio K/Fe = 3 and b) assuming K/C2O4 = 1. Do the totals of Fe, C2O4 and K 
add up to 100%?
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2.4
Characterisation of a Copper Oxalate Complex
KaCub (C2O4)cdH2O
Andrew W. C. Platt

The copper(II) ion is mildly oxidising and can be used as the starting material for 
the synthesis of complexes of copper(I) as well as copper(II). Since the chemistry of 
the copper ion is modified by the presence of the surrounding ligands, in this experi
ment, you will prepare and characterise the complex and investigate the effect of the 
oxalate ligands on the chemistry of the copper ion.

2.4.1
Experimental

Dissolve 6 g of copper(II) sulfate pentahydrate in 15 cm3 of hot water and add to this 
a solution of 17.6 g of potassium oxalate hydrate in 100 cm3 hot water. Allow to cool 
to room temperature and finally to about 10 °C in ice. Filter the product by suction 
and dry thoroughly in air. Record the weight obtained.

2.4.1.1
Determination of the Oxalate Content

Weigh accurately about 0.25 g of your product into a conical flask and add 50 cm3 of 
dilute sulfuric acid. Heat to boiling and tritrate with 0.02 mol dm-3 potassium per
manganate solution. Note that during the initial stages of the titration the solution is 
cloudy due to undissolved complex. This clears during the titration. Ensure that the 
solution is still hot as the endpoint is approached. Heat to boiling if the reaction ap
pears to be slow. Take care not to overshoot the endpoint as the presence of a large 
excess of permanganate makes the copper determination difficult.

2.4.1.2
Determination of the Copper Content

Ensure that the solution obtained above contains no excess permanganate by boiling 
until the purple colour is discharged. To the cooled solution, add 2 g of potassium 
iodide and titrate the liberated iodine with 0.05 mol dm”3 sodium thiosulfate. When 
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the colour of the resulting suspension is pale yellow, add a few drops of starch and 
continue titrating until the blue colour begins to fade. Add 0.5 g of potassium thio
cyanate and swirl the contents. The blue colour should intensify as iodine, adhering 
to the solid Cui, is liberated. Continue the titration until a white suspension is ob
tained. Note that the addition of the potassium thiocyanate should be carried out 
very near to the endpoint.

Repeat both determinations until consistent titres per gram are obtained and 
hence calculate the copper to oxalate ratio in the complex. From these results deduce 
the likely values of a, b, c and d. You will have to deduce the oxidation state of the 
copper to do this. You have seen several indications of this already, but the qualitative 
tests below, and a determination of whether the complex is paramagnetic or diamag
netic will help to confirm this.

Use the equations below to help in the calculations.

2.4.1.3
Qualitative Work

2Cu2+ + 21" + 2e -> 2 Cui
2 [S2O3]2- + 2e“ —> [s4o6]2-
2CO2 + 2e“ -> [c2o4]2-
b + 2e“ -> 2r
[MnO4]- + 8H+ + 5e“ -> Mn2+ + 4H2O

Prepare a solution of the product in distilled water and add a few drops of potassium 
iodide solution. Test for the presence of iodine by adding a little chloroform and 
shaking the tube. Acidify with dilute sulfuric acid and shake the tube.

Compare the above with the reaction of a dilute solution of copper sulfate. 
Account for the differences in terms of the structure of the complex ion.
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2t5
Synthesis of [NH4][BF4] and Synthesis and Titrimetric Analysis 
of [Zn(NH3)4][BF4]2
Michael A. Beckett

The boron trihalides BX3 (X = F, Cl, Br, I), well-known for their Lewis acidic proper
ties, readily form adducts of general formula BX3 • L with a variety of neutral Lewis 
bases (L). Halide anions also react with boron trihalides to give tetrahaloborate an
ions [BX4]-. The halides BC13, BBr3, and BI3 and the corresponding tetrahalide an
ions are all rapidly hydrolysed by water. However, BF3 and [BF4]- are much more 
stable, BF3 forms isolable adducts with water and [BF4]" and can even be prepared in 
aqueous solution from boric acid, B(OH)3 (vide infra). The hydrolytic stablity of 
[BF4]’ has led to its widespread role as an inert, non-coordinating counterion in 
many inorganic systems. Metal cations generally exist in aqueous solution as their 
aquo complexes e.g. [M(H2O)n]m+. Reaction of these aquo complexes with aqueous 
concentrated NH3 solutions results in ammine complexes in which aquo ligands 
have been displaced by NH3. In this experiment you will prepare [NH4][BF4] and a 
cationic zinc(II) coordination complex [Zn(NH3)4]2+. Addition of [BF4]- (aq.) to a so
lution of this cation results in an immediate precipitate of [Zn(NH3)4][BF4]2 which 
you will be able to isolate by filtration. You will then determine the amount of NH3 
(% mass) in your product by a titrimetric method.

' -4 S. i '• s' / i j.

Special Safety Precautions

Chemicals: cone. H2SO4 - highly corrosive and causes severe burns, vapour extre
mely irritating to eyes and lungs. If swallowed causes severe internal damage. 
cone. NH3 (aq.) - highly corrosive and causes severe burns with vapour irritating 
to eyes and lungs. If swallowed causes severe internal damage. B(OH)3- irritat
ing dust, may be harmful if ingested in quantity. NH4F - dust can irritate skin, 
eyes, and lungs, and poisonous by inhalation and ingestion. ZnSO4 • 7H2O - 
harmful if ingested in quantity, irritating to eyes. HCl (aq.) (0.1 M) - corrosive. 
NaOH (aq.) (0.1 M) - corrosive. NH3 (aq.) (2M) - corrosive with vapour irritat
ing to eyes and lungs. Acetone, CH3COCH3 - highly flammable, vapour/air mix
ture explosive. Keep away from naked flames. Degreases skin and may cause der
matitis. [NH4][BF4] - corrosive and harmful by ingestion. [Zn(NH3)4][BF4]2 - 
toxic.
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Risk Control: Wear eye protection at all times. The syntheses of the two [BF4]~ 
compounds should be undertaken using a well-ventilated fume-hood and gloves 
should also be worn. The NH3 analysis of the Zn complex may be safely per
formed on the open bench. Wash your hands after completing the experiment.

2.5.1
Experimental

a) Preparation of[NH4][BF4]

Carry out this preparation protected by a w’ell-ventilated fume-hood. In a small bea
ker (100 cm3) containing H2O (20 cm3) CAUTIOUSLY add cone. H2SO4 (10 cm3). To 
this acidic solution add powdered (mortar and pestle) B(OH)3 (3.00 g). Dissolve as 
much of the boric acid as is possible (-90% should dissolve) by heating the acidic so
lution on a boiling water-bath. Allow this acidic suspension/solution to cool slightly 
but whilst it is still hot add [NH4]F (7.50 g) in small (~1 g) portions. Swirl the reac
tion mixture in the beaker between each addition of [NH4]F. The remaining sus
pended B(OH)3 should dissolve and a clear solution should result. Allow the reaction 
to complete by heating the mixture on a water-bath for a further 20 min. Ensure that 
the liquid level does not drop during this period by replacing, if necessary, any evapo
rated solvent with H2O. Cool the reaction solution under cold running water, and 
then in an ice-bath to precipitate out the product as white crystals. Filter the product 
by suction, wash it with acetone (15 cm3), and finally dry it in air. Record the weight 
of your product and using Eq. (1) calculate your percentage yield.

B(OH)3 + 4[NH4]F + 3H2SO4 -> [NH4][BF4] + 3[NH4][HSO4] + 3H2O (1)

b) Preparation of [Zn(NH3)4][BF4]2

Carry out this preparation protected by a well-ventilated fume-hood. Dissolve 
ZnSO4 • 7H2O (1.00 g) in the minimum amount of water (1-2 cm3) and then add 
DROPWISE cone. NH3 (aq.) until the white preciptate which initially formed redis
solves - this should take a total of -25 drops. Take some of your [NH4][BF4] (1.50 g) 
and dissolve it in dilute (2 M) NH3 (aq.) (10 cm3). Add the tetrafluoroboate/ammonia 
solution to the zinc(II)/ammonia solution and allow the mixture to stand (10 min) 
for complete precipitation of the product to occur. The precipitated colourless pro
duct is difficult to observe in the reaction mixture as its refractive index is almost 
identical to that of the solution. Filter the product by suction, wash it with a small vo
lume of acetone (5 cm3) and dry it thoroughly in air. Record the weight of your pro
duct and calculate your percentage yield based on Eq. (2).

Zn2+ (aq) + cone. NH3 (aq.) + 2[BF4] (aq) -> [Zn(NH3)4][BF4]2 (s) (2)
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c) Analysis of [Zn(NH3)4][BF4]2

An analysis of the NH3 content of your complex may be undertaken at your bench in 
the following way. Weigh out accurately (four decimal places) about 0.25 g of your 
dried product and place it in a conical flask (250 cm3) and dissolve it in EXACTLY 
(use a pipette) 50.00 cm3 of 0.1M HC1 (aq.). You may need to warm the solution 
slightly to ensure that all the complex dissolves reasonably rapidly. The acid will react 
with all the ammonia present in the complex to form ammonium ions. Titrate the 
residual acid with 0.1 M NaOH (aq.) using methyl red as the indicator. You should 
have prepared enough of your complex to repeat this analysis. From your results cal
culate the percentage ammonia (by weight) in the complex.

2.5.2
Additional Exercises

1. Why are BF3 and [BF4]“ so much more stable towards hydrolysis than the other 
boron trihalides and tetrahaloborates ?

2. Explain the chemistry associated with how boric acid functions as an acid in aqu
eous solution.

3. What is the precipitate which is initially formed upon addition of aqueous con
centrated NH3 to Zn2" (aq.) and why does this redissolve upon continued addition 
of the aqueous concentrated NH3 solution. Write balanced chemical equations 
for these reactions.

4. Calculate a theoretical value for the NH3 content (% mass) of [Zn(NH3)4][BF4]2. 
Compare your experimental analytical results with this calculated value. Com
ment on your results.

Further Reading

Boron, in: Chemistry of the Elements, N.N. Greenwood and A. Earnshaw, 1st ed., Chapter 6, Section 
6.7 (Boron Halides), pp. 220-225; Section 6.8 (Boron-Oxygen Compounds), pp. 228-231; Perga- 
mon Press, Oxford, UK, 1984.

Introduction to ligands and complexes, in: Advanced Inorganic Chemistry, F.A. Cotton and G. Wil
kinson, 5th ed., Chapter 2, Section 2.2 (Aqua Ions), pp. 39-41; Section 2.3 (Formation Constants 
of Complexes); pp. 41-45, J. Wiley and Sons, 1988.

Reactions of zinc(II) ions, in: Vogel’s Qualitative Inorganic Analysis, revised by G. Svehla, 7th ed., 
Section 3.29, pp. 139-140, Longman, 1996.
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2.6
Iron (I I) and Lead (I I) Formates
Francisco J. Arndiz, Marfa R. Pedrosa, and Rafael Aguado

Metal formates are important compounds in inorganic and organometallic chemis
try as sources for finely divided metals, oxides or carbonates, and in processes invol
ving CO and CO2 (1,2). They are usually prepared by crystallising the aqueous solu
tion obtained from formic acid and the appropriate metal oxide or carbonate, or 
from metathetic reactions involving other formates. More recently the preparation 
from formic acid and the metal acetates has been reported (3). Here we describe the 
synthesis of the iron(II) and lead(II) formates, to illustrate how the basic chemical 
principles can be managed to devise simple synthetic strategies.

The reaction between iron and formic acid provides a pure iron(II) solution from 
which the formate can be crystallised, as previously reported (4). The method here 
proposed takes advantage from the low solubility of the iron(II) formate in ethanol 
to precipitate the product before significant oxidation takes place.

Lead(II) formate can be conveniently prepared by the usual procedures. However, 
we propose the synthesis from Pb3O4 and formic acid. The method is based in the 
oxidising power of lead(IV) and the facile oxidation of formic acid to carbon dioxide 
and water, as well as solubility variations of numerous lead salts as a function of the 
temperature.

Special Safety Precautions

1. Formic acid is corrosive, volatile and toxic. Use safety gloves and goggles, avoid 
inhalations of vapours and conduct the synthesis in a well-ventilated hood.

2. Lead compounds are toxic. Avoid inhalation of dust.
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2.6.1
Experimental

2.6.1.1
Iron(ll) Formate Dihydrate

In a 25-ml conical flask place: a stirring bar, ca. 0.25 g (4.48 mmol) of finely pow
dered iron, 10 g of water and 1 g (21.51 mmol) of 99% formic acid. Heat the mixture, 
with gentle stirring, progressively (to control frothing) below the boiling point until 
just a trace of iron powder remains undissolved. Place 25 ml of 95 % ethanol and a 
stirring bar in a 50-ml conical flask immersed in an ice cold bath. Decant (filtration 
is rarely required) the green, warm solution of iron(II) formate (the use of an exter
nal magnet helps to hold the stirring bar and the iron traces inside the flask) on the 
cold ethanol while stirring. Stir gently the resulting mixture for 5 minutes. Separate 
the faintly green (apparently white) precipitate from the orange-yellow solution by 
filtration, wash with two 10 ml portions of 95% ethanol and dry in air. Calculate the 
yield and test for the presence of Fe(III) in the product with 0.1 M solutions of NCS~ 
and/or [Fe(CN)6]4^ (use drops of these reactants on small samples of product, instead 
of a solution of iron(II) formate). The test should be negative, even a few days after 
the preparation. In a typical run with 252 mg of pure iron powder (from the thermal 
decomposition of the carbonyl) 15 minutes were sufficient to dissolve the metal and 
0.662 g (90% yield) of Fe(HCO2)2 ’ 2H2O were obtained.

Further Suggestions

1. Calculate the volume of hydrogen produced at STP. (Capping the conical flask 
with a clean balloon during the dissolution process is advisable to avoid escapes 
by overheating or frothing).

2. Perform a simultaneous titration of iron(II) and formate with standardised KMnO4.
3. Recover the ethanol from the mother liquor and washings by simple distillation, 

(the presence of some ethyl formate in the distillate does not cause problems 
when this ethanol is re-used for subsequent preparations).

2.6.1.2
Lead(ll) Formate

In a 25-ml conical flask place: a stirring bar, ca. 1 g (1.46 mmol) of finely powdered 
Pb3O4, 15 g of water and 2 g (43.02 mmol) of 99% formic acid. Heat the mixture 
with stirring and boil it gently for 3-5 min, until the brown solution becomes colour
less. Immerse the flask in an ice bath and stir until the solution cools to ambient 
temperature. Recover the solid produced by filtration, wash it with 25 ml of acetone 
and dry in air or in an oven at 60 °C for 15 minutes (in this case it is advisable to 
cover the solid with a piece of filter paper to avoid eventual spilling of the solid). 
Weigh the product and determine the yield. In a typical run 997 mg of minium af
forded 1.048 g of Pb(HCO2)2, 80% yield. A second crop of product was obtained
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(0.210 g, 16% yield) as a white microcrystalline precipitate when the acetone wash
ings were mixed with the filtrate. Perform qualitative tests for lead(II) using a few 
mg of product and drops of 0.1 M Na2S, Na2CrO4 and H2SO4 solutions.

Further Suggestions

1. Analysing the product: (i) Spread 100-200 mg of product, weighed to the nearest 
mg, on a watch glass, heat in an air-circulating furnace to 300 °C for 1 hr and re
weigh (note how the grey lead powder initially formed oxidises to red litharge, 
PbO). (ii) Meanwhile, perform a volumetric analysis for lead (e. g.: in a 250 ml con
ical flask place 50-60 mg of product weighed to the nearest 0.1 mg, approx. 100 
ml of water, 2 g of Na-K tartrate, a Eriochrome T tablet and 1 ml of 24% NH3; ti
trate with 0.1 M EDTA, in a 5-mL microburette, from red wine to green; 1-ml 
EDTA accounts for 20.7 mg of Pb). Compare the results. It should be noted that if 
the air circulation in the furnace is very low, or the formate is not finely powdered, 
1 hour might be insufficient for the complete conversion of Pb(HCO2)2 into PbO. 
Note also the difficulty to conclude from weigh difference that the red product is 
litharge instead of minium (Pb3O4), and devise simple discriminatory tests.

2. Recovery of the products: Most of the acetone from washings can be recovered by 
distillation. Among the ways to recover lead we suggest: (i) direct conversion of 
the remaining formate to PbO or Pb3O4 by heating in air, (ii) precipitation from 
solution with a saturated solution of sodium carbonate, since the resulting 
PbCO3.xPb(OH)2 is a convenient source for many lead compounds, and (iii) reco
vering the metal as large floating lead globules (5).

2.6.2
Exercises

Iron(ll) Formate Dihydrate

1. Explain why a diluted solution of formic acid is used instead of the pure acid. Cal
culate the excess of formic acid used in the preparation. Predict the effect on the 
reaction time of using the stoichiometric amount of formic acid and iron turn
ings.

2. Explain why the formate is precipitated from the solution just before the last trace 
of iron is consumed. Explain also the colour of the mother liquor and predict the 
result if a deaireated peroxide-free ethanol is used. Do you think easy to isolate 
iron(III) formate? Draw the structure of a typical basic carboxilate species of a 
first-transition trivalent metal.

3. Write the balanced equation of iron(II) formate with KMnO4 in diluted H2SO4 
acid. Assuming that a 200 mg sample of Fe(HCO2)2.xH2O consumes 11.1 ml of 
0.1 M KMnO4 calculate the value for x.
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Lead (I I) Formate

1. Write the balanced equation between Pb3O4 and HCO2H. Predict the effect of 
using PbO2 instead of Pb3O4 in the preparation. Explain why no formic acid es
capes during the boiling of the solution (see azeotropes). Mention other lead salts 
for which solubility in water changes markedly with temperature.

2. The quantitative conversion of minium into lead(II) acetate with acetic acid is dif
ficult. Explain why by comparing formic and acetic acid.

3. EDTA is used to treat saturnism (lead poisoning). Explain how it works and dis
cuss the benefits of using a Ca-EDTA complex instead of Na-EDTA salts.

References

1 R. C. Merhota, R. Bohra, Metal Carboxylates, Academic Press, London, 1983.
2 S. J. Lippard, Angew. Chem., Int. Ed. Engl. 1988, 27, 334.
3 F. J. Arnaiz, J. Chem. Educ. 1995, 72, A200.
4 R. N. Rhoda, A. V. Fraioli, Inorg. Synth. 1953, 4, 159.
5 F. J. Arnaiz, M. R. Pedrosa, J. Chem. Educ. 1998, 75,1431.
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2.7
Ammonium Dichromate, Chromium(lll) Oxide,
Potassium Chromate and Potassium Tetraperoxochromate(V)
Antonin Ruzicka and Zdirad Zak

Conversion (double displacement) reactions are among the most common of the 
simple chemical reactions and bear a special importance in the preparation of inor
ganic salts. The method depends on the fact that not only do the solubilities of the 
salts change with temperature, they also change at different rates for different salts. 
In a solution, inorganic salts are always present in the form of simple ions. When the 
conditions of a solution containing two or more salts are changed (e.g. lowering the 
temperature, evaporating the solvent), the salt with the cation/anion combination 
which is the least soluble at the given conditions can be crystallised. It is therefore 
possible to find such conditions of temperature, concentration and solvent that allow, 
from a solution of two salts, the respective salts with mutually exchanged ions to be 
crystallised. The most simple examples of double displacement reactions are precipi
tations that lead to substances which are practically insoluble in a given solvent.

In the following experiment, we shall prepare ammonium dichromate by this con
version procedure. Ammonium dichromate decomposes to N2 and Cr2O3 at tem
peratures above 185 °C and thus small quantities of pure chromium(III) oxide can 
be prepared. We shall demonstrate the formation of substances in an oxidising flux 
by the preparation of potassium chromate from Cr2O3. From K2CrO4, we shall 
further prepare a relatively stable compound of Cr(V): red-brown potassium tetraper
oxochromate (V), K3[Cr(O2)4],

Special Safety Precautions

1. Chromates and dichromates are highly toxic and possibly mutagenic. Do not 
inhale the dust from these compounds, avoid the contamination of skin with 
their solutions.

2. Ammonium dichromate decomposes on heating.

3. Concentrated hydrogen peroxide is corrosive and can cause unpleasant bums. 
Always use rubber gloves.
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2.7.1
Experimental

a) (NH4)2Cr2O7

The conversion process can be expressed by Eq. (1).

Na2Cr2O7 + 2NH4C1 (NH4)2Cr2O7 + 2NaCl (1)

From the solubility curves of sodium dichromate and ammonium chloride in Figure 
2.6-1, it follows that on cooling a suitably concentrated solution of Na2Cr2O7 and 
NH4C1 (molar ratio 1:2) to 20 °C, only (NH4)2Cr2O7 can crystallise from the solution.

Dissolve the appropriate amounts of Na2Cr2O7 • 2H2O and NH4C1 required for 
the preparation of 20 g of (NH4)2Cr2O7 as determined from the solubility curves + 
15 ml of water at 60 °C (see Note 1). Filter the solution through a heated filtration 
funnel (see Note 2) and cool the filtrate in an ice bath 0-2 °C. Filter the crystalline 
mass of (NH4)2Cr2O7 using a sintered glass funnel and a vacuum filter flask. Wash 
the product with 10 ml of ice water and suck the mother liquid well off. Dry in an 
oven at 100 °C.

Notes:

1. From the two salts, Na2Cr2O7-2H2O and NH4C1, the latter is less soluble. There
fore, the necessary amount of water is that as read from the solubility curve for 
NH4C1 at 60 °C.

2. Make the heated funnel ready before you prepare the solution of Na2Cr2O7 • 2 H2O 
and NH4C1. Be sure that both salts are completely dissolved.

3. Due to the toxicity of chromates, do not pour the mother liquid in a water sink. 
Dispose of as instructed by the supervisor.
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Test for Cl~ ions: transfer a spatula tip of dry (NH4)2Cr2O7 to a test tube and dis
solve it in 2 ml of water. Add a few drops of 5% solution of AgNO3. By adding a few 
ml of diluted HNO3 (cone. HNO3:H2O = 1:3), dissolve the brown precipitate of 
Ag2Cr2O7. If Cl- ions are present in the sample, you will see a white precipitate of 
AgCl in a yellow solution.

b) Cr2O3

(NH4)2Cr2O7 -> Cr2O3 + N2 + 4H2O (2)

Transfer 5 g of dry ammonium dichromate to a 500 ml Erlenmeyer flask. Cover 
the opening of the flask with a piece of Al foil and punch in it few small holes with a 
needle. This prevents finely dispersed Cr2O3 from being blown out of the flask by 
the stream of nitrogen and water vapours. Clamp the flask securely about the neck 
in a horizontal position so that all the dichromate is at the loweset part of the flask. 
Gently heat the part of the flask where the dichromate is collected with a gas burner. 
Keep the burner in your hand and remove it when the decomposition starts. After 
the flask has cooled down, add 300 ml of water, stir and allow to settle. Decant the 
supernatant, transfer the suspension of Cr2O3 to a Buchner funnel, wash on the fil
ter with water and remove the liquid by suction. Dry in an oven at 100 °C. Although 
it takes up to several hours to dry Cr2O3 completely (why?), a still slightly damp oxide 
can be used for the preparation of K2CrO4.

c) K2CrO4

One of the methods for the preparation of alkaline chromates is an oxidation of chro- 
mium(III) oxide in a melt of alkaline nitrate or chlorate(V) and hydroxide or carbo
nate according to the Eqs. (3) and (4). In the laboratory, we can prepare a small 
amount of K2CrO4 by an oxidation of finely dispersed Cr2O3, prepared by the decom
position of (NH4)2Cr2O7 by air in a melt of KOH (Eq. 5).

Cr2O3 + 4KOH+ 3KNO3 -> 2K2CrO4 + 3KNO2 + 2H2O (3)

Cr2O3 + 2 K2CO3 + KC1O3 -> 2 K2CrO4 + KC1 + 2 CO2 (4)

2Cr2O3 + 8KOH + 3O2 -> 4K2CrO4 + 4H2O (5)

Transfer all of the prepared Cr2O3 to an iron or nickel crucible, add a stoichiometric 
amount of KOH (on the assumption that the decomposition of ammonium dichro
mate gives oxide with a 100% yield), place the crucible on a clay triangle and heat in
tensively with a gas burner. Stir the melt frequently with an iron or nickel wire and 
heat for a further 30 minutes. The bottom of the crucible should be heated to a dull 
red colour during this period. Allow to cool, dissolve the product in 25-30 ml of water 
and filter into a beaker filled with 100-150 ml of ethanol. Filter precipitated K2CrO4 
using a sintered glass funnel in vacuo, wash with ethanol (15 ml) and dry at 100 °C.
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Iodometric titration: use standard procedure and calculate the percentage of the 
salt.

d) K3[Cr(O2)4]

Potassium tetraperoxochromate(V) is formed by the action of hydrogen peroxide on 
potassium chromate(VI) in a strongly alkaline solution (Eq. 6).

2K2CrO4 + 9H2O2 + 2KOH -> 2K3[Cr(O2)4] + O2 + 10H2O (6)

Dissolve 2.0 g of K2CrO4 and 2.0 g of KOH in 25 ml of water in a 100 ml Erlen- 
meyer flask. Immerse the flask in a ice/salt cooling mixture (or dry-ice/alcohol mix
ture) and wait until the contents solidify into a slush. Without disrupting the cooling, 
add 13 ml of a 30% solution of H2O2 dropwise under intensive stirring. Allow to 
stand in the cooling bath for a further hour, stirring from time to time. After this 
time, remove the flask from the bath and allow to warm up until the contents melt. 
Using a sintered glass funnel, vacuum filter the precipitated red-brown salt, wash 
with ethanol (15 ml) and dry in air.

Qualitative determination of O2“ ions: hydrogen peroxide forms with chromates(vi) 
in an acid solution giving a blue colouration (“chromium blue”) which can be ex
tracted in ether. Perform the following experiment.

Transfer 5 small crystals of K2CrO4 to a test tube, dissolve them in 2 ml of water, 
add a few drops of diluted H2O2 (3 %), 2 ml of diethyl ether and a few drops of dilute 
sulfuric acid (3 ml water + 1 ml cone. acid). Shake the test tube and watch the blue 
colouration of the ether layer.

Perform the same reaction with the prepared K3[Cr(O2)4], but without hydrogen 
peroxide.

Further Reading

I. Gerassimov, Z. Anorg. Allg. Chem. 1930, 187, 321.
H. Hecht, Preparative Anorganische Chemie, Springer-Verlag, Berlin, 1951.
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2.8
Vanadium Alum: An Experiment in Electrosynthesis
David T. Richens

Vanadium alum, NH4V(SO4)2 • 12H2O, is a member of an extensive senes of isomor
phous complexes. Unlike most compounds of V(III), it is fairly resistant towards oxi
dation in the crystalline state.

The preparation involves two separate reductions: from V(V) to V(IV) using SO2 
and from V(IV) to V(III) in an electrochemical reduction apparatus. These steps are 
accompanied by characteristic colour changes.

2.8.1
Experimental

Required materials: NH4VO3, cone. H2SO4, SO2 cylinder, magnetic stirrer, electroche
mical reduction apparatus, 12 V d.c. battery charger, mercury (designated fume cup
board should be available).

Cautiously mix 8 cm3 of concentrated sulfuric acid with water contained in a 
250 cm3 conical flask and dilute to about 60 cm3. In the fume cupboard, clamp the 
flask and insert a broad tube delivering SO2 from the cylinder so that the end of the 
tube is close to the surface of the liquid, i.e. just dipping below it. Consult a demon
strator about the operation of the SO2 cylinder. Warm the solution to about 50 °C 
then add 12 g of ammonium metavanadate, NH4VO3, in small portions while con
stantly stirring using a magnetic stirrer. Allow each portion of the initally formed 
brick-red divanadium pentoxide to dissolve by reaction with SO2 before further addi
tion. When all the solid has been added, boil the deep blue solution of vanadyl sul
fate, (VO(H2O)5]SO4, to expel excess SO2.

To set up the electrochemical reduction, begin by carefully pouring mercury into 
the base of the apparatus (with the tap shut!) to form the cathode (Fig. 2.8-1). The 
mercury pool should cover the bottom. Transfer the vanadyl sulfate solution to the 
reduction vessel and introduce the glass cooling coil within which is placed the 
anode. The anode is a piece of lead sheet dipping into dilute sulfuric acid in a porous 
pot. Run tap water through the cooling coil during the reduction and stir the solu
tion occasionally. The electrolysis is carried out at a steady current density of about 
0.1 A cm-2 Hg until the solution is deep green with no remaining tint of blue. Main-
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Fig. 2.8-1 Electrochemical reduction.

tain the bath temperature at 30 °C throughout. (A major cause of failure is 
incomplete electrochemical reduction - monitor by running a visible spectrum 
every 20 minutes on a sample of the reaction solution between 850 and 300 nm or 
until the absorption band of V(IV) at 750 nm has disappeared).

The mercury is then drawn off through the tap and put aside to be rinsed and re
turned to the prep room. The vanadium(III) solution is passed through a funnel con
taining a plug of glass wool and collected in a flask that can be stoppered. Making 
sure that no mercury droplets contaminate the solution, add 10 cm3 of a saturated 
solution of ammonium sulfate and place the labelled flask in the refrigerator for a 
few hours (see a demonstrator) or preferably overnight. Seeding the crystallisation 
with a friend’s sample sometimes helps.

The blue-violet crystals which separate are filtered at the water-pump and col
lected. The crystals are best dried on a piece of filter paper since desiccation over 
silica gel for more than 10 minutes can cause loss of lattice water and resulting ef- 
fluorescence. Note the characteristic rhombic geometry of the alum crystals. The 
sample is to be submitted with your report when the magnetic and spectroscopic stu
dies are completed. Record the yield and store in a well stoppered vial, but not a de
siccator.

Magnetic susceptibility. Determine the magnetic moment of your sample as a fine 
powder.

Visible reflectance spectrum. Record the visible ‘d-d’ spectrum of vanadium alum 
using a finely powdered sample in the form of a Nujol mull. Correlate the blue-violet 
colour of the alum with the reflectance spectrum you have recorded.

Report the yield and value of /zeff and interpret the UV-visible and magnetic data 
in relation to the oxidation state and stereochemistry of the vanadium(III) ion.

1) Take out 1 cm3 of solution and make up to 10 cm3 with water (volumetric flask) before recording 
UV-visible spectra.
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2.8.2
Questions

1. Why is SO2 a particularly convenient reducing agent in the present synthesis?
2. What is the coordination environment of V3+ in the alum? Compare with the en

vironment existing for V3+ in crystalline VC13 • 6H2O.
3. Why is a solid state UV-visible spectrum recorded using the crystalline alum, 

rather than the usual absorption spectrum measured in solution ?

Further Reading

General vanadium chemistry: F. A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, 5th ed., 
1988, pp. 665-681.

Structure of alums: A. G. Wells, Structural Inorganic Chemistry.
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2.9
Linkage Isomerism: An Infra-Red Study
David T. Richens and Christopher Glidewell

A number of ligands are ambidentate, that is, they can coordinate to a central ion in 
more than one way. Some examples are NCS-, which can coordinate via N or S; 
NO2, which can coordinate via N or O; and acac"((CH3CO)2CH-), which can coordi
nate via C or O. In this experiment, the ligand NO2 is investigated and a pair of link
age isomers having this ligand bonded to cobalt via both N and O is prepared and 
distinguished.

2.9.1
Experimental

Required materials: Cobalt(II) carbonate, ammonia solution, ammonium carbonate, 
ammonium chloride, HC1, sodium nitrite, diethyl ether, ethanol, pH meter plus elec
trode, dry KBr.

a) [Co(NH3)5CI]CI2

Dissolve 5 g of cobalt(II) carbonate in 8 cm3 of hot concentrated hydrochloric acid, 
filter, cool and add to a mixture of 60 cm3 of 10% ammonia and 12 g of ammonium 
carbonate in 60 cm3 of cold water. Draw a rapid stream of air1) through the solution 
for three hours, then add 38 g of ammonium chloride and evaporate the mixture on 
the rotary evaporator until a fairly thick sludge is obtained. Acidify the product with 
dilute hydrochloric acid, using a pH meter and a glass electrode, stirring constantly 
until carbon dioxide evolution has ceased. Neutralise with ammonia and add an ex
cess (2 cm3) of cone, ammonia solution. Warm the solution on the water bath for 
about half an hour, dilute to 100 cm3 and add 75 cm3of concentrated hydrochloric 
acid. Heat the resultant mixture on the water bath for 30-45 minutes and cool when 
the product separates. Filter off the product and wash with dilute hydrochloric acid 
and then with alcohol. Dry over silica gel in a desiccator and record the yield. Check 

1) N.B.: The solution must be basic before bubbling air through; add more ammonia if necessary.
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the UV-visible spectrum in water against that of an authentic sample provided by the 
demonstrator.

b) The Two Linkage Isomers of [Co(NH3)5NO2]Cl2 (in Fume Cupboard)

Isomer I
Dissolve 1.5 g of [Co(NH3)5C1]C12 in 15 cm3 of H2O to which 5 cm3 of 6 mol dm-3 
ammonia has been added. Warm on water bath until salt dissolvesfilter, cool and 
acidify with dilute HC1. Add 2 g of NaNO2 and heat gently until the red precipitate 
first formed has dissolved. Cool and add 20 cm3 of cone. HC1 carefully since there is 
considerable effervescence. Cool the solution in ice, filter off the brown-orange crys
tals, wash them with alcohol and finally with ether. Dry in a desiccator over silica gel.

1) N.B.: It may be necessary to boil to ensure complete dissolution of the starting material.
2) It is important that this solution is not alkaline.

Isomer II
Dissolve 1.5 g of [Co(NH3)sCl]Cl2 in 25 cm3 of water to which 5 cm3 of concentrated 
ammonia has been added, warming gently if necessary. Filter and add 6 mol dm-3 
HC1 dropwise until the solution is just neutral to universal indicator paper1 2) (about 
15 cm3 is needed). Add 1.5 g of NaNO2 to the cold solution plus 1.5 cm3 of 6 mol 
dm-3 HC1 and allow to stand for 1-2 hours in ice. Cool in ice, filter off the salmon
pink product as rapidly as possible, wash with ice water and alcohol and finally with 
ether, and then dry in a desiccator.

Record the IR spectra of both isomers immediately after preparation, and also of 
[Co(NH3)5C1]C12 using KBr discs. Do not grind the sample for too long a time — 
grind the KBr alone first, then add the sample and grind just long enough to mix 
thoroughly. Then expose small samples of each to (i) heat (oven), and (ii) bright day
light (sunlight if possible or use a UV lamp) for a few days. Record the spectrum of 
each after treatment.

Report the yields of all of your products and assign the IR bands as far as possible 
to vibrations involving the NH3 and NO2 ligands. Identify the two isomers, deter
mine which is the more stable thermodynamically, and explain the changes occur
ring. Propose a mechanism for the isomerisation.

Further Reading

W. G. Jackson, G. A. Lawrencer, P. A. Lay and A. M. Sargesen, J. Chem. Soc., Chem. Commun. 
1982, 70. This experiment is loosely based on W. H. Hohmann, J. Chem. Educ. 1974, 51, 553 and 
W. M. Philips, S. Choi, J. A. Larrabee, J. Chem. Educ. 1990, 67, 267.
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2.10
Preparation of Copper(l) Iodide
F.J. Arndiz, M. R. Pedrosa, and S. Arndiz

Copper(I) iodide is an important starting material for the preparation of organocup- 
rates (1). It can be prepared by a variety of methods; most of them based on the treat
ment of aqueous solutions of cupric salts with an alkali metal iodide in the presence 
of a reducing agent (2, 3). One of the simplest procedures makes use of the reaction 
of CuSO4 with KI and Na2S2O3 (3, 4). In view that a growing effort is being made to 
devise, and to introduce in the chemistry curricula, procedures to minimise the pro
duction of wastes, here we propose a simple synthesis for Cui that fits these require
ments when a freshly product is wanted. The procedure is based on the great differ
ence in solubility of Cui in aqueous solutions as a function of iodide concentration, 
and it has been proposed for Cui purification (5). It is appropriate for the basic Inor
ganic Chemistry Lab since it allows the discussion of a number of basic principles 
(limiting reactant, solubility, acid-base, redox and formation of complexes). Ideally, 
no waste is produced as both the excess of copper and the alkali metal iodide are re
covered quantitatively and can be reused for several times.

Special Safety Precautions

Iodine is a toxic, volatile and corrosive solid that attacks mucous membranes and 
adsorbs strongly to skin. Avoid prolonged exposure to its vapours and use rubber 
gloves. Spills are conveniently treated with some drops of a concentrated solution
of sodium thiosulfate until discoloration, followed by water.

2.10.1
Experimental

In a 15 x 100 mm test tube place a small stirring bar, 0.5 g (197 mmol) of dry I2, 5 g 
(33.4 mmol) of Nal, 5 g of H2O and a drop of 4 M acetic acid. Take a copper wire 
(about 20-30 cm long, 1-mm diameter, such as those from waste electrical devices) 
and roll it 10-15 cm on one end. Weigh the wire to the nearest mg and hang it 
(assisted by a folding at the appropriate distance) on the edge of the tube with the 
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rolling immersed in the Nal-I2 solution, approx. 1 cm above the bottom of the tube 
(to allow for efficient stirring). Heat the tube at 80-100 °C with stirring (e.g. in a 
boiling water bath) until a colourless solution results (this takes about 15-20 min). 
Remove the copper wire and pour the warm solution in a 50 mL erlenmeyer flask 
containing 25 g of ice cold water. Precipitation of Cui is immediate. Stir the mixture 
for 10 min, filter the white precipitate, wash with water and dry in an oven a 110 °C 
for 30 min (alternatively, wash with acetone or ethanol and dry in air at room tem
perature). Wash and dry similarly the copper wire and re-weigh it.

In a typical run, using 502 mg of iodine and a 2.253 g copper wire, 678 mg of 
white (slightly grey) Cui is obtained (90% yield based on iodine). The weigh loss for 
copper amounted to 250 mg (calculated 251 mg). Characteristic tests can be per
formed by drop reactions on small samples of the solid: concentrated HNO3 leads to 
the formation of a brown-black solid (iodine), evolution of NO2 and formation of a 
blue solution of copper (II) nitrate (difficult to observe in the presence of iodine); 
concentrated ammonia in air dissolves Cui leading to a blue solution (formation of 
(Cu(NH3)4]2+); heated to 350 °C in a capillary tube it turns yellow brown (thermo- 
chromic effect) without noticeable symptoms of decomposition.

2.10.2
Exercises

1. Explain the effect of adding a drop of acetic acid. Write the balanced equation of 
CuO, as well as that of CuCO3 • Cu(OH)2, with the acid. Calculate how much CuO 
can be removed from a slightly oxidised copper wire with a 0.050 mL drop of 4 M 
acetic acid. Write the balanced equation between copper(II) acetate, sodium iodide 
and copper.

2. Explain why no iodine escapes, nor condenses in the upper cold part of the tube, 
while heating the mixture I2-NaI-H2O-Cu. Explain also why Cui is noticeably so
luble in concentrated iodide solutions.

3. When the resulting ‘diluted’ Nal solution is concentrated and re-used for a further 
preparation of Cui, the yield eventually might go (apparently) beyond 100%. Explain 
why (remember that the yield in the procedure as described moves around 90%).

4. Explain why copper(ll) and iodide are incompatible in acid media and compatible 
in ammonia media.

5. Predict the effect of adding PPh3 to a suspension of Cui in CH2C12.

References

1 See, e. g.: R.J. K. Taylor (Ed.), Organocopper Reagents: A Practical Approach, Oxford University 
Press, New York, 1994.

2 G. Brauer, Handbuch der Praparativen Anorganischen Chemie, Ferdinand Enke (Ed.), Stuttgart, 
1954.

3 G. B. Kauffman, R. P. Pinnell, Inorg. Synth. 1960, 6, 3.
4 G. B. Kauffman, Inorg. Synth. 1983, 22, 101.
5 G. B. Kauffman, L. Y. Fang, Inorg. Synth. 1968, 11, 215.



58

2.11
Deduction of the Coordination Mode of BH4 in
Bis(triphenylphosphine) Copper(l) Borohydride (Ph3P)2CuBH4
Andrew W. C. Platt

This experiment involves the preparation and thermal decomposition of a copper 
borohydride complex, and infrared analysis of the complex and its decomposition 
products.

In principle the borohydride ion could be uncoordinated to the copper, i. e. have an 
undistorted tetrahedral structure or coordinate as a monodentate or bidentate ligand 
as shown below, or even as a tridentate ligand. Analysis of the infrared spectra of the 
compounds allows some deductions to be made about the coordination geometry.

Special Safety Precautions

Note that this experiment involves the use ol flammable organic solvents. Ensure 
that all heating operations are carried out on a water bath and NOT over a naked 
flame. Dichloromethane is highly volatile and must only be used in the fumecup
board. Note also sodium borohydride is extremely toxic and liberates hydrogen 
on contact with acids. Avoid all contact and clean up any spillages immediately 
with a damp sponge.

2.11.1
Experimental

Mix 1 g of finely powdered hydrated copper sulfate and 5 g of triphenylphosphine in 
a beaker with about 80 cm3 of methylated spirits. Heat and stir until all the triphe
nylphosphine and most of the copper sulfate has dissolved. It may be difficult to get 
all the copper sulfate into solution. Remove from the heat and cautiously add 1 g of
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sodium borohydride a little at a time. Sodium borohydride is best weighed out into a 
dry sample tube. Allow the effervescence to subside before each successive addition. 
Filter under suction and collect the crude solid product. Dissolve the crude solid in 
about 30 cm3 of dichloromethane and filter by gravity through a fluted filter paper 
into a 100 cm3 beaker. Rinse the filter with a little more dichloromethane. Heat the 
combined dichloromethane extracts on a steam bath in the fumecupboard and 
whilst this is evaporating slowly add 50 cm3 of methylated spirits. When the total 
volume is about 60 cm3 allow the mixture to cool. Filter the crystals and wash with a 
little ethanol and finally with a little ether and dry at the pump. Record the weight of 
the dry solid and calculate the percentage yield.

Record the infrared spectra of triphenylphosphine and of your product as KBr 
discs.

2.11.1.1
Thermal Decomposition

The thermal decomposition of the product proceeds according to the equation below:

(Ph3P)2CuBH4 -+ Ph3PBH3 + Cu + Ph3P + H2 (not balanced)

Place approximately half your sample in an sample tube and heat in an oven at 
about 200 °C for a few minutes. Do not leave the sample in the oven unattended. 
Take care when removing the reaction from the oven, use heat resistant gloves. Rub
ber gloves are not adequate. Extract the resulting solid with two 5 cm3 portions of to
luene. Filter the combined extracts directly into a small evaporating basin. On such a 
small scale this is best done by allowing the solution to run through a Pasteur pipette 
containing a small plug of cotton wool pressed firmly into the stem of the pipette. 
Once the solution has been filtered run a little more toluene through the pipette. 
Evaporate the toluene on a steam bath in the fumecupboard. Extract the remaining 
solid with 2x5 cm3 of meths and filter by gravity into a small beaker, retaining both 
the filtrate and the undissolved solid.

To the Filtrate
Evaporate to dryness on a steam bath to obtain a solid material (solid (I)). You only 
require sufficient material for an infrared spectrum which should be recorded as a 
KBr disc.

To the Residual Solid
Wash with a little ether and dry at the pump to give solid (II). Record its infrared 
spectrum as a KBr disc.
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2.11.2
Complementary Work

1. Compare the infrared spectra of triphenylphosphine with that of the copper com
plex and assign the bands due to the BH4 group. You may assume that any vibra
tions due to Cu-P are below 400 cm-1.

2. By considering the local symmetries possible for the BH4 group carry out a frag
ment analysis to deduce how many bands would be expected for each coordina
tion mode, and hence assign a structure to the complex.

3. By analysing the infrared spectra of solids (I) and (II) deduce the identity of each, 
giving full explanations of your reasoning, this should include assignment of in
tense or characteristic bands in the spectrum where appropriate. What further ex
periments) could you carry out in the lab to confirm your deductions.

4. Describe the processes which are occurring in the thermal decomposition reac
tion. In particular consider the oxidation state of the metal and discuss how any 
changes in this have occurred. Balance the equation for the decomposition.

5. What are the two functions of the borohydride ion in the formation of the initial 
product?
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2.12
Preparation and Identification of a Copper(l) Complex
Andrew W. C. Platt

The sulfate ion has a regular tetrahedral geometry. Its local symmetry is lowered on 
coordination to metals and thus analysis of the vibrational spectra can provide an 
easy means of identifying the different coordination modes. Some of the possible 
modes of bonding are illustrated below.
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Special Safety Precautions

The preparation uses acetonitrile and diethyl ether which are volatile and flam
mable. All manipulations using these solvents should be carried out in an effi
cient fume cupboard. Concentrated sulfuric acid is extremely corrosive and must 
be used only in the manner described. Avoid all contact with the skin by wearing 
rubber gloves and wash any spillages with aqueous sodium carbonate solution. 
Copper compounds are generally considered to be toxic. Avoid all contact with 
the skin and wash any contamination immediately with plenty of running water. 
The compounds are all of low volatility and pose little hazard providing normal 
chemical precautions are taken.
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2.12.1
Experimental

2.12.1.1
Preparation

Dissolve 5.6 g triphenylphosphine in about 30 cm3 acetonitrile with gentle warming 
on a steam bath. Suspend 0.5 g copper(I) oxide in 10 cm3 acetonitrile in a wide test 
tube and add concentrated sulfuric acid dropwise with constant swirling until the 
red colour has discharged and most of the solid has dissolved. You should need no 
more than about 0.5 cm3 for this. Add the copper solution to the triphenylphosphine 
solution and filter the mixture by gravity. Evaporate the filtrate to about 20 cm3 on a 
steam bath in the fume cupboard and allow to cool to room temperature. Precipitate 
the product by adding diethyl ether slowly with constant stirring, about 50 cm3 
should suffice. Filter the product, dry at the pump and record the weight obtained.

Record the infrared spectrum of the compound as a KBr disc.

2.12.1.2
Analysis

Carry out fragment analysis using the S-0 bonds as the basis set to deduce the num
ber of S-0 stretches expected in the infrared and Raman spectra of sulfate ion in 
the three coordination modes illustrated above. Compare these predictions with the 
infrared (and Raman if available) spectra of the complex and hence deduce the coor
dination mode of the sulfate ion. You will first need to assign the appropriate bands 
in your spectra and may find it helpful to run a spectrum of triphenylphosphine for 
comparison.

Deduce the composition of the compound using the following information. The 
compound is diamagnetic and has the elemental analysis C 72.19%, H 5.12%, Cu 
7.06%.

Sketch a plausible structure for the complex and write equations for the reactions 
involved in its formation.

Compare the reaction of copper(I) oxide with sulfuric acid using water as the sol
vent instead of acetonitrile. This is conveniently done by adding a little copper(I) 
oxide to 2 M sulfuric acid and gently warming the tube. Account for any differences 
in the reaction compared with that observed in the first stage of the preparation.

Further Reading

D. M. Adams, Metal Ligand and Related Vibrations.
F. A. Cotton and G. Wilkinson: Advanced Inorganic Chemistry.
K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination Compounds, Sth ed., 

Wiley, 1997.
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2.13
Synthesis and Characterisation of a Metal Hydride Complex
Andrew W. C. Platt

Covalently bonded metal hydride complexes are known for all the transition metals. 
The complexes often contain the metal in a low oxidation state with phosphines, car
bon monoxide, or cyclopentadiene groups as auxiliary ligands. Metal hydride com
plexes are important as intermediates in many catalytic processes such as alkene oli
gomerisation and hydrogenation.

In this experiment you will prepare a cobalt hydrido complex and deduce its com
position from its nmr spectrum.

Special Safety Precautions

General good laboratory practice will ensure the safe completion of this experi
ment. Care should be exercised when using sodium borohydride which liberates 
hydrogen on contact with acids and water. Ensure that all apparatus, including 
the weighing bottle is dry before use. Note also that dichloromethane is highly 
volatile and must be used in the fume cupboard.

2.13.1
Experimental

A solution of sodium borohydride (0.5 g) in ethanol (10 cm3) is added dropwise via 
pasteurre pipette, to a stirred solution of cobalt(II) nitrate hydrate (1.5 g) and triphe
nylphosphite (8.0 g) in ethanol (30 cm3) at 25 °C. After 15 minutes the yellow solid is 
filtered, washed with ethanol, water and finally methanol and dried at the pump. Re
crystallise the product by dissolving in dichloromethane as far as possible (about 
30 cm3). At this stage there will probably be some undissolved material which can be 
difficult to filter. Filter by gravity through a fluted filter paper. If difficulty is encoun
tered in obtaining a clear filtrate, the solution can be filtered through a pipette con
taining a small plug of cotton wool. Once a clear dichloromethane solution has been 
obtained slowly add alcohol to precipitate the product. Record the yield and melting 
point.
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Fig. 2.13-1

2.13.2
Questions

1. Fully interpret the proton nmr spectrum of the complex, and from this deduce its 
formula.

2. What is the likely structure of the complex?
3. What are the possible oxidation states of the cobalt in the complex? Give full 

explanations of your answer.
4. Deduce whether or not the compound is an eighteen electron complex.
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2.14
Reactivity of Triphenylphosphine and Its Oxide Towards CuCI2
Paul F. Kelly and Martin B. Smith

Two important classes of compounds that contain phosphorus are the tertiary phos
phines (PR3) and tertiary phosphine oxides (OPR3). Both compounds are two-elec
tron Lewis bases that bind to metals. In this experiment you will explore the reactiv
ity of both the parent phosphine and its oxide towards copper(II) metal ions.

Special Safety Precautions

Triphenylphosphine, triphenylphosphine oxide and copper(II) chloride should all 
be treated as toxic. Ethanol and diethyl ether are toxic and extremely flammable.

2.14.1
Experimental

2.14.1.1
Reaction ofPh3PO with CuCI2

Anhydrous CuCl2 (0.12 g; note that this material should be brown - if it appears 
green due to partial hydration it should be dried in a hot oven for a few minutes until 
the green colour reverts to brown) is dissolved in absolute ethanol (5 cm3) in a small 
beaker (use a stirrer bar/hotplate stirrer) and solid Ph3PO (0.5 g) is added in one por
tion. The resulting mixture is stirred vigorously for 2 minutes, during which time 
the oxide should appear to mostly dissolve and a solid product appears. More abso
lute ethanol is added dropwise until just enough is present to solubilise the mixture 
fully and give a green solution (the total volume of ethanol present to achieve this 
should be a maximum of 10 cm3 - do not add more than you need). After stirring 
this solution for a further 5 minutes, it is transferred into a round-bottomed flask 
and the solvent removed on a rotary evaporator. NB: This should be done with as 
little heating as possible - use only just enough heat to remove the ethanol in a sen
sible time-scale as too much heating may cause decomposition. The operation 
should be continued until some yellow solid is present (the residue does not have to 
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be totally solid - some green oil will also be apparent), at which point diethyl ether 
(20 cm3) is added and the mixture is stirred to give a finely divided yellow precipitate 
(if no solid but just a green solution is present after addition of the ether, this means 
that here is too much ethanol still there and you will have to evaporate down 
again) .The yellow solid is collected by filtration, washed with ether (20 cm3) and 
dried in air before storage in a sample vial (samples must be stored in a closed 
sample vial to prevent decomposition which occurs on longer exposure to air).

Measure the yield, melting point and IR spectrum of your product.

2.14.1.2
Reaction of Ph3P with CuCI2(1)

Ethanol (50 cm3) and a stirrer-bar are placed in a three-necked 250 cm3 round-bot
tomed flask; one of the side-arms is fitted with a glass stopper and nitrogen is then 
bubbled through the solution via the other side-arm for 5-10 minutes to deoxygen
ate the solvent (use a glass pipette connected to the nitrogen tap via a length of rub
ber tubing). While keeping a flow of nitrogen going, solid CuC12-2H2O (1.7 g; 
make sure you use the hydrated and not the anhydrous material) and PPh3 (4 g) are 
added to the flask, which is then fitted with a condenser, the side-arm is stoppered 
and a nitrogen bubbler is fitted to the top of the condenser with a slow stream of 
nitrogen passing through it. The mixture is heated until the ethanol begins to reflux 
- very vigorous stirring should be maintained during this period. Reflux is continued 
until the colour of the solution is discharged and a mass of white precipitate appears 
- this should take 20 minutes or less of refluxing. The resulting mixture is cooled 
and the precipitate collected by filtration, washed with ethanol (2 x 20 cm3) and then 
diethyl ether (10 cm3), and finally dried in air before being transferred to a sample 
vial (samples should be well sealed as prolonged exposure to air can result in decom
position).

Record the yield, melting point and IR spectrum of your product.
A sample of this product (0.5 g) is placed back into ethanol (50 cm3, deoxygenated 

as before), PPh3 (0.73 g) is added and the resulting mixture is refluxed under nitro
gen with very vigorous stirring. Heating should eventually result in complete disso
lution of all the solid to give a solution (which should be colourless, although it may 
be very pale green); once this has formed, it is heated for a further 5 minutes then 
cooled in an ice bath (NB: solid formation is often spontaneous before cooling, and 
indeed in some cases the fully dissolved solution phase does not last long, so careful 
attention must be paid). The resulting solid is collected by filtration, washed with 
cold ethanol (20 cm3) and then diethyl ether (10 cm3), and dried in air before being 
transferred to a sample vial (again, samples should be well sealed as prolonged expo
sure to air can result in decomposition).

Record the melting point of your product.
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2.14.2
Observations and Discussion

Compare the IR spectra of PPh3 and its oxide and account for any differences.
A full analysis of the product of the reaction of Ph3PO with CuCl2 reveals that the 

composition by weight is C 62.6, H 4.4, P 9.0, O 4.6, Cu 9.2, Cl 10.3%. Typically, a 
magnetic moment of ~2 BM is measured from samples produced in this experi
ment. Use these data and all your observations to assign a structure. What is the oxi
dation state of the copper?

A full analysis of the product of the reaction of Ph3P with CuCl2 reveals that the 
composition by weight is C 59.8, H 4.2, P 8.6, Cu 17.6, Cl 9.8%; mass spectrometry 
reveals a highest peak at m/z 1444 and magnetic measurements reveal it to be dia
magnetic. Use these results and all your observations and measurements to assign a 
structure [1, 2], What is the oxidation state of the copper in this case?

When this first material is then treated with further PPh3, the resulting product 
shows a highest peak of m/z 885. What structure may we assign to this material? 
How might the geometry at the copper centre be confirmed by using 31P NMR spec
troscopy?

Account for the difference in reactivity of Ph3P and its oxide towards CuCl2 in 
terms of the products generated.

References

1 F. H. Jardine et al., J. Chem. Soc. A, 1970, 238.
2 M. R. Churchill et al., Inorg.Chem. 1974, 13,1065.
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2.15
Synthesis of a Thermochromic Copper Complex
lain A. Smellie

A substance is said to be thermochromic if it undergoes a colour change when the 
ambient temperature is raised or lowered. In this experiment, a tetrachlorocupra- 
te(11) complex will be prepared before investigating its thermochromic properties.

CuClj + 2(Et2NH2)Cl -> [Et2NH2]2[CuCl4]

Special Safety Precautions

2-Propanol, ethanol and ethyl acetate are volatile and highly flammable solvents.
Copper(II) chloride hydrate (CuC12-2H2O) and diethylammonium chloride 
should be considered toxic.

2.15.1
Experimental

Place 2.20 g of diethylammonium chloride in a dry 100 cm3 conical flask. Add, from 
a dry measuring cylinder, 15 cm3 of 2-propanol. Similarly, weigh 1.72 g of copper(II) 
chloride hydrate into a 100 cm3 conical flask and add 3 cm3 of ethanol. Warm the 
solutions (gently, e.g. on a steam bath) until the solids dissolve completely (keep 
swirling the solution).

Prepare a 20 % v/v solution of 2-propanol in ethyl acetate by mixing 2 cm3 of 2- 
propanol and 8 cm3 of ethyl acetate in a beaker. Add the diethylammonium solution 
to the copper chloride solution and heat the mixture on a steam bath for 3-4 min
utes. Immediately add the 2-propanol-ethyl acetate mixture to the flask and allow 
the contents to cool to room temperature. Cool the mixture in an ice bath; green 
crystals should begin to form. If the crystals do not form, scratching the flask with a 
glass rod or the use of ‘seed' crystals should initiate crystallisation of the product. 
After 10-15 minutes of cooling in ice, filter off the crystals using a Buchner funnel, 
wash any residual crystals out of the flask with -10 cm3 of ethyl acetate and suck the 
crystals dry for 10 minutes. Calculate a percentage yield for the reaction.
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Place a small amount of the product in a melting-point tube, use a hot-air blower 
to heat the bottom of the tube and note any colour changes. Place a second sample 
of the product in a melting-point tube and, using a melting-point apparatus, deter
mine the temperature at which any colour changes take place. Determine the melt
ing point of the product.

Further Reading

This section is based on S. Choi and ]. A. Larrabee, J. Chem. Educ. 1989, 66, 774-776, which 
contains significant additional spectroscopic characterisation, making the experiment suitable for 
more advanced classes.
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2.16
Preparation and Complexation of
Tris(3,5-dimethylpyrazoyl)hydroborate
Manfred Bochmann

Binary boron hydrides are an extremely interesting class of compounds and form a 
multitude of structures. However, they are very difficult to handle. The simplest, 
BH3, behaves as a Lewis acid and forms, for example, an adduct with THF. It also 
adds a hydride anion to give BHL- In this anion the hydrogen has hydridic character, 
i.e. it reacts with a proton source to liberate H2. This reaction principle is utilised in 
part a).

Special Safety Precautions

In this experiment hydrogen is liberated and carbon monoxide is used. All parts 
to this experiment should be performed in a fume cupboard.

2.16.1
Experimental

a) Potassium Tris(3,5-dimethylpyrazolyl)hydroborate

The tetrahydroborate anion reacts with the acidic hydrogen of pyrazole and its deri
vatives with liberation of H2 and formation of B-N bonds. Bis-, tris- and tetra-pyrazo- 
lyl borates can be made which act as versatile anionic chelate ligands towards transi
tion-metal ions. With 3,5-dimethylpyrazole, which we use here, steric crowding only 
allows substitution of a maximum of three hydrides (Eq. 1).

K+BH; + 3C5H8N2 K+[HB(C5H7N2)3r + 3 H2
(C5H8N2 = 3,5-dimethylpyrazole)

(1)

The reaction is monitored by measuring the amount of H2 evolved. Assemble the 
apparatus as in the following figure, consisting of a 100 ml flask with magnetic stir
ring bar, connected via a wash bottle (as a suck-back trap) to a water-filled 2 litre 
measuring cylinder in a half-filled bowl for the determination of the volume of
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hydrogen gas evolved. Fill the bowl to between 1/3 and 1/2 full and the cylinder com
pletely with water, cover the cylinder top with tight plastic or cling-wrap and quickly 
stand it upside-down in the bowl. Have suitable clamps ready beforehand. Now re
move the plastic without letting air in. Mark the level of any air in the cylinder so 
that it can be subtracted later.

Caution: Hydrogen can be explosive — make sure no naked flame or sparks are 
in the neighbourhood. Work in an efficient fume cupboard. Is the safety bottle con
nected the right way around ?

Quantities:

Potassium tetrahydroborate (Mr = ) 18.5 mmol = g
3,5-Dimethylpyrazole (Mr = ) 73 mmol = g
ml H2 expected: = mmol H2
ml H2 found: = mmol H2

Place powdered potassium tetrahydroborate (18.5 mmol) and 3,5-dimethylpyra- 
zole (73 mmol) in the flask, connect to the wash bottle and heat on a silicone oil bath 
at 230 °C. The whole reaction should be completed within 1 to 1.5 hours. The stirred 
mixture melts at 130-140 °C oil bath temperature, and hydrogen evolves. Determine 
how many equivalents of H2 you expect and how much you collect, ensure there are 
no leaks! Towards the end of the reaction, the product will solidify. Allow to cool to 
ca. 100 °C and add 50 ml toluene. Filter off while hot and wash the white crystalline 
residue with more toluene (2 x 50 ml) and finally with petrol (b.p.: 40-60 °C) to re
move excess pyrazole. Dry in vacuo for 10-20 minutes (rotary oil pump).

Record the TH NMR spectrum (in D2O) and the IR spectrum (Nujol mull). Assign 
the NMR spectrum and the significant bands of the IR spectrum.

Pyrazolylborates act as excellent chelating, mono-anionic ligands towards transi
tion metals, and many complexes are known. In some cases, unusual complexes can 
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be stabilised in this way. The complex prepared in part b) is such an example. Gener
ally, complexes of Cu(I) with carbon monoxide are very unstable.

b) A Copper Carbonyl Complex of Tris(3,5-dimethylpyrazolyl)hydroborate

Caution: CO is highly poisonous. Work in an efficient fume cupboard.
Stir 2 mmol of finely powdered copper(I) iodide in 50 ml acetone on an ice bath. 

Stopper the flask with a “suba-seal” and bubble CO through the inlet and outlet nee
dles at a moderate rate for at least 5 minutes. It is important to keep the flask under 
CO and exclude air as much as possible during the reaction. Then quickly add 
2 mmol of the K[HB(Me2pyr)3] and continue CO treatment. The suspension soon be
comes clear. Stop stirring, continue to bubble CO through until the mixture turns 
cloudy and crystals begin to form. Stop the CO stream, but leave the flask under a 
CO atmosphere on the ice bath for ca. 1 hour. Filter off the colourless crystals, wash 
with a little acetone and dry in vacuo.

Measure the JH NMR spectrum (in CDC13) and the IR spectrum. Assign the spec
tra and compare with the data obtained for K[HB(3,5-Me2pyr)3],

Further Reading

S. Trofimenko, Chem. Rev. 1972, 72, 497.
M. I. Bruce, A. P. P. Ostazewski, J. Chem. Soc., Dalton Trans. 1973, 2433.
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2.17
Tetraiodotin(IV) and its Triphenylphosphine Oxide Complex
lain A. Smellie and J. Derek Woollins

Most of the heavier main group (p-block) elements have the capacity to expand their 
coordination number beyond that of their normal covalency by forming complexes 
with neutral ligands. The triorganophosphines (R3P) are an important class of coor
dinating ligands, especially in the chemistry of the more electron-rich (‘softer”) me
tals. It is often found that complexation by a phosphine will decrease the reactivity of 
the metal species towards, for example, hydrolytic decomposition, as is the case 
here. The preparation features a convenient non-aqueous solvent procedure.

Special Safety Precautions

Un compounds, iodine, phosphines and chloroform are all extremely harmful, 
and acetic acid and its anhydride are very corrosive. Do not inhale them or allow 
them to contact the skin. Perform all operations in a fume cupboard.

2.17.1
Experimental

a) Tetraiodotin(IV), Snl4 (Stannic Iodide)

Weigh, using a top-pan balance, 1.0 g of tin metal and 2.5 g of iodine into a 100 cm3 
Quickfit round-bottomed flask. Add 10 cm3 of toluene from a measuring cylinder 
and then add two or three anti-bumping granules. Connect a reflux condenser to the 
water supply (ensure there are no leaks). Place the flask in a heating mantle, secure 
it in place with a clamp and equip with a reflux condenser.

Heat the solution to the point where a violet vapour begins to condense in the re
flux condenser. Immediately reduce the power setting by half and allow the solution 
to heat for ca. 30 minutes. The solution should initially be a violet colour and be
come orange as the reaction proceeds. When the heating period is complete, switch 
off the mantle and allow to the flask to cool to the point where the solvent stops con
densing. Decant the hot solution into a 100 cm3 conical flask (Care! Use a clamp to 
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manipulate the flask), leaving the residual tin in the reaction flask. Add 10 cm1 2 3 4 of 
40/60 petroleum spirit to the conical flask and allow it to cool to room temperature. 
Wash the residual tin metal in the reaction flask with acetone (dispose of the wash
ings in the appropriate waste bottle!) and leave it to dry on a watch-glass. Weigh the 
dried tin metal.

1. Write equations for the formation of Snl4 and (Ph3PO)2SnI4. Calculate your 
yields.

2. Rationalise your observations for the tests in a).
3. Draw the isomeric forms of (Ph3PO)2SnI4. Suggest how you might differentiate 

between the different isomers.
4. Why are stannic halides rendered more inert by complexation?

Orange crystals should begin to form as the contents of the conical flask cool. To 
maximise crystallisation, the flask should be cooled in an ice bath for a few min
utes. Filter off the crystals using a Buchner funnel and wash them with 10 cm3 of 
cold 40/60 petroleum spirit. Weigh your dried crystals. Record the melting point of 
your purified material.

Tests

To investigate the chemical properties of your product, you should perform the fol
lowing tests and note down your observations:

1. Place a microspatula tip of product that you have obtained in the bottom of a test
tube. Add 2 cm  of water and gently shake the mixture.3

2. Place a microspatula tip of the product that you have obtained in the bottom of 
a test-tube. Add 1 cm  of 0.1 M AgNO3 solution and gently shake the mixture. 
Dispose of all test residues into the appropriate waste bottle.

3

3. Measure the melting point of your product.
4. Measure the mass of product and of the unreacted tin metal.

b) Tetraiodobis(triphenylphosphine oxide)tin(IV), (Ph3PO)2Snl4

Snl4 (1.0 g, 1.6 mmol) and Ph3PO 0.95 g, 3.4 mmol are each dissolved in separate 
portions of dry chloroform (10 cm3). The two solutions are then mixed and allowed 
to stand in a stoppered flask for about 25 minutes. The dark orange crystalline pro
duct is filtered off and dried in a vacuum desiccator.

2.17.2
Exercises
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2.18
Silicon Oxygen Compounds and Siloxane Polymers
Paul D. Lickiss

Since the 1940’s, the interest in non-silicate silicon oxygen compounds (siloxanes 
and silanols) has grown enormously and they have been transformed from being 
laboratory curiosities to the products of a billion dollar a year industry. The interest 
in this type of compound stems from their useful combination of properties. The 
polysiloxanes, usually known as silicones (as their structure was initially thought to 
be R2Si = O, i.e. analogous to ketones), may be prepared on a large scale and they 
are generally chemically and biologically inert, thermally stable, and have useful 
surface and electrical properties. These properties also vary by a relatively small 
amount with temperature, which allows them to be used over a wide temperature 
range. Although silanols are not bulk industrial products, the study of them is im
portant as they are the intermediates from which polysiloxanes are made. The pre
parations below show how steric effects are important in the stabilization of sila
nols towards condensation and how rings and polymers containing Si-0 bonds 
may be made.

Special Safety Precautions

1. Chlorosilanes R„SiCL|_n (R = alkyl, aryl, etc.; n = 1-4) hydrolyse readily in the 
atmosphere to give HC1 which is highly corrosive. Hydrolytic reactions should, 
therefore, be carried out in a fame cupboard. This also applies to the opening 
of commercial bottles of chlorosilanes, which often have a simple screwcap 
lid. Spillages of chlorosilanes should be treated with sodium carbonate.

2. Dimethyldichlorosilane, diphenyldichlorosilane and the organic solvents di
ethyl ether, ethanol, hexane, toluene, ethyl acetate and t-butanol are all volatile 
and highly flammable and should be treated with appropriate care.

3. An oil bath at 200 °C is potentially dangerous. Check that the oil in the bath is 
suitable for using at such high temperatures for several hours without smok
ing. The smoke from such a bath may be toxic and should not be inhaled. A si
licone oil bath is best for such heating, which is best carried out in a fume cup
board.
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4. Concentrated hydrochloric acid and sodium hydroxide solutions are both very 
corrosive and contact with skin, eyes, etc. should be avoided.

2.18.1
Experimental

a) Hydrolysis of Me2SiCl2

Prepare (in a fume cupboard) a solution of dimethyldichlorosilane (10 cm3) in 
diethyl ether (20 cm3) in a 100 cm3 conical flask. Cool the solution in an ice-water 
bath and add water (20 cm3) dropwise using a pipette or burette taking care to swirl 
the solution as the addition is carried out. Do not allow the solution to get warm. 
After the addition is complete, separate the two layers using a separatory funnel and 
then put the aqueous layer back into the separatory funnel and extract it with hexane 
or 60-80 petroleum ether (15 cm3). Combine the two organic layers and neutralise 
the HC1 in them with sodium bicarbonate solution. Then separate off the organic 
layer and dry it over MgSO4. The drying agent should then be removed by filtration 
and the organic solution placed in a clean, dry and pre-weighed round bottomed 
flask for use on the rotary evaporator. Remove the volatile materials under reduced 
pressure and reweigh the flask to obtain the yield of the oily siloxane product.

Calculate the yield of oil and record its IR spectrum. Although the Si-Cl bond is 
strong, silyl chlorides are much more readily hydrolysed than alkyl chlorides. Why is 
this?

b) A High Molecular Weight Siloxane

Transfer the oil obtained in the experiment above to a 50 or a 100 cm3 round-bot 
tomed flask with a B24 neck (if it is not already in one) and add about 7% by weight 
of boric oxide and mix thoroughly for 2-3 minutes. Fit an air condenser or a water 
condenser with no water flowing through it to the flask and place the flask in a pre
heated oil bath at 200 °C for 3 hours. Allow the product to cool and then pour it out 
onto a preweighed watchglass, you may need to scrape the material out with a spa
tula.

Calculate the yield of the product. Roll the product into a ball and record its per
centage bounce. Leave the material to stand (for several days preferably) and see 
what effect this has on its appearance and on the percentage bounce. What gives the 
polysiloxane its unusual properties ?

c) Diphenylsilanediol

Prepare a mixture of toluene (2 cm3), t-butanol (4 cm3) and water (16 cm3) in a 
50 cm3 round-bottomed flask and place it in a water bath at room temperature. Stir 
the mixture for 5 min, allowing it come to room temperature. Add a solution of to-
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luene (2 cm3) and diphenyldichlorosilane (4 cm3) to the stirred aqueous mixture 
with a pipette at such a rate as to keep the reaction mixture below 25 °C. When the 
addition is complete, stir the reaction mixture for a further 5 minutes. Remove the 
white solid formed by filtration and wash it with water (3 cm3) and diethyl ether 
(3 cm3). Air dry the product.

Record the yield and melting point of the silanediol and record its IR spectrum for 
comparison with the product obtained from the hydrolysis of dimethyldichlorosi
lane. Diphenylsilanediol is an example of an organometallic compound that has 
some beneficial biological effects. It has been found to have anticonvulsant proper
ties and it is an efficient antiepileptic agent. It does, however, like many drugs, have 
toxic side effects.

d) Octaphenylcyclotetrasiloxane

Add two drops of a 4 M aqueous sodium hydroxide solution to a solution of diphe
nylsilanediol (1 g) in absolute ethanol (10 cm3). Boil the resulting mixture under re
flux for 20 minutes during which time a white precipitate should form. Cool the 
flask to room temperature and remove the solid product by filtration. Crystallise the 
product using a minimum of warm ethyl acetate. Cooling the ethyl acetate solution 
with an ice-water/salt bath after removal of the first crop of crystals should afford a 
second crop of product.

Record the yield and melting point of siloxane and record its IR spectrum for com
parison with the silanediol starting material.

e) Hexaphenylcydotrisiloxane

Prepare a mixture of diphenylsilanediol (1 g), diethyl ether (15 cm3) and concen
trated hydrochloric acid (0.5 cm3) and boil under reflux for three hours. Cool the re
action mixture to room temperature and remove the ether layer carefully with a Pas
teur pipette and dry it over MgSO4. Remove the drying agent by filtration and then 
remove the volatile materials from the remaining diethyl ether solution using a ro
tary evaporator to leave an oily white solid. Dissolve the product in a minimum of 
ethyl acetate and cool the product in an ice-water/salt bath to obtain crystals of the 
trisiloxane product.

Record the yield, melting point and IR spectrum of the product for comparison 
with the other materials made.

Further Reading

For a review of the preparations, properties and uses of silicones see F. O. Stark, J. R. Fallender, 
A. P. Wright, in Comprehensive Organometallic Chemistry, Vol. 2 (Eds.: G. Wilkinson, F. G. A. 
Stone, E. W. Abel), Pergamon, Oxford, 1982, p. 305.

For IR analysis of organosilicon compounds, see D. R. Anderson, in Analysis of Silicones (Ed.: 
A. Lee Smith), Wiley-Interscience, New York, 1974, Chap. 10; L. J. Bellamy The Infra-red Spectra 
of Complex Molecules, 3rd ed., Chapman and Hall, London, 1975, Chap. 20.
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For the X-ray crystal structure of Ph2Si(OH)2 see, J. K. Fawcett, N. Camerman, A. Camerman, 
Can. J. Chem. 1977, 55, 3631.

For a discussion of the biological effects of organosilicon compounds including Ph2Si(OH)2 
see, R. Tacke, H. Linoh, in The Chemistry of Organic Silicon Compounds, Part 2 (Eds.: S. Patai, 
Z. Rappoport),Wiley-Interscience, Chichester, 1989, Chap. 18.

For a discussion of the structure of (Ph2SiO)4 see, J. F. Hyde, L. K. Frevel, H. S. Nutting,
P. S. Petrie, M. A. Purcell, J. Amer. Chem. Soc. 1947, 69, 488.

For the X-ray crystal structure of (Ph2SiO)3 see, N. G. Bokii, G. N. Zakharova, Yu. T. Struchkov, 
J. Struct. Chem., 1972, 13, 267 (English translation of Zhur. Strukt. Khim. 1972, 13, 291).
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2.19
Preparation and NMR Identification of Two Phosphorus Esters
Christopher Glidewell

Phosphorus forms many oxo-acids, most of which form many esters. In this experi
ment, two esters are prepared and identified.

Phosporus(III) chloride reacts with alcohols in the presence of base to form 
trialkyl phosphites (Eq. 1). In the absence of base, the reaction between ROH and 
PC13 takes a different course. You are asked to identify the product formed (com
pound A) under these conditions when R = CH3, and also to identify the reaction 
product of A with benzylamine and carbon tetrachloride (compound B).

PC13 + 3R0H + 3B -> P(OR)3 + 3B-HC1 (1)

Special Safety Precautions

1. Phosphorus trichloride (PC13) is very moisture sensitive and is toxic by inhala
tion. Handle it only in a fume cupboard.

2. Carbon tetrachloride is toxic by inhalation or contact.

3. Carbon tetrachloride should be recovered and recycled by distillation.

2.19.1
Experimental

a) Preparation of A

Set up, in a fume cupboard, a 250 cm3 3-necked flask equipped with a magnetic stir
rer, ice bath, dropping funnel and condenser. Attach a tube from the top of the con
denser to the water pump and fit a CaCl2 tube to the dropping funnel.

Put 100 cm3 CCI4 and 9.6 g MeOH into the flask, and 13.7 g PC13 into the dropping 
funnel. Turn on the water pump with the release tap open. Add the PC13 dropwise 
with stirring. When addition is complete, continue stirring with the water pump still 
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on for a further hour. Remove the solvent on the rotary evaporator. Distill under oil
pump vacuum to obtain A. Record the distillation conditions and the yield.

b) Preparation of B

Into a conical flask containing 100 cm3 CC14, place 1.1 g of A, then 2.2 g of 
PhCH2NH2. Mix well and leave to stand overnight. Filter off the -white solid (this is 
hygroscopic, so do not pump for too long), dry a small sample in a vacuum desicca
tor and record its melting point and infrared spectrum (Nujol). Attempt to identify 
it. Meanwhile, evaporate the filtrate to obtain B and record the yield. Check the pur
ity of both A and B by GLC.

c) Spectroscopy of A and B

For each of your products A and B, as well as for an authentic sample of (MeO)3P, re
cord an infrared spectrum, a 3H NMR spectrum in the range -2 -+ +13 ppm, and 
31P NMR spectra (with and without proton decoupling) in the range 0 —► +200 ppm. 
Assign all the NMR absorptions and identify A and B. Suggest a mechanism for the 
formation of A and B (the identity of the white solid discarded during the preparation 
of B may be helpful here).

Predict mechanistically the products of the reaction between MeBr and P(OMe)3. 
There are two phosphorus containing products formed in the reaction between 
PhCOCH2X (X = halogen) and P(OMe)3: predict mechanistically what these might 
be.
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2.20
Synthesis of Triphenylphosphine Oxide and
Triphenylphosphine Sulfide
lain A. Smellie

In this experiment, triphenylphosphine will be used to prepare triphenylphosphine 
oxide (1) and triphenylphosphine sulfide (2). The exercise will introduce some of the 
analytical techniques that are used to characterise chemical compounds.

1

2

Special Safety Precautions

Bromine is volatile, toxic and causes serious burns on skin contact, and must be 
handled in a fume cupboard. Toluene, acetone and petroleum spirit are volatile 
and highly flammable solvents. Dichloromethane is harmful if inhaled or swal
lowed and is a suspect carcinogen. Powdered sulfur and triphenylphosphine are 
harmful if swallowed and are respiratory irritants.

Note: For large classes, it was found to be convenient for the instructor to distribute 
bromine from a burette mounted in a fume cupboard.
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2.20.1
Experimental

a) Preparation of Triphenylphosphine Oxide

Place 1.5 g of triphenylphosphine in a 250 cm3 conical flask. Add 20 cm3 of dichloro
methane from a measuring cylinder and swirl the mixture until the phosphine dis
solves. Add 0.5 cm3 of bromine to the flask; this material is highly volatile and toxic 
(handle with care! Do not leave flasks containing bromine on the open bench).

Place the reaction flask on a stirrer hotplate, add a magnetic stirrer bar and start 
the mixture stirring. Slowly add 30 cm3 of saturated aqueous sodium carbonate solu
tion to the phosphine/bromine mixture using a Pasteur pipette (you might observe 
some frothing, DO NOT allow the reaction to become too vigorous!). On completion of 
the addition of the basic solution, allow the reaction m ixture to stir until the solution 
turns from the initial red-brown colour to pale yellow. Stop stirring the mixture; this 
should result in the formation of two liquid layers.

Transfer the flask contents into a separating funnel, rinse the reaction flask with 
dichloromethane (20 cm3) and transfer the washings into the separating funnel. 
Shake the funnel gently (Care: remember to hold the stopper and to release any pres
sure in the funnel!) to extract the product into the organic layer.

Run off the organic layer into a 100 cm3 conical flask and dry over anhydrous 
magnesium sulfate. Filter the dichloromethane solution through a small cotton
wool plug directly into a clean, dry round-bottomed flask. Wash the cotton-wool with 
solvent and press dry with a glass rod. Remove the solvent using a rotary evaporator.

Transfer the crude product into a clean 100 cm3 conical flask and recrystallise 
from not more than 10 cm3 of toluene.

On cooling, white crystals should appear. When crystallisation appears complete, 
cool in an ice-water bath for 10 minutes. Filter off the crystals using a Buchner fun
nel and wash them with 10 cm3 of cold light petroleum. Weigh the dried crystals 
and calculate a percentage yield. Record the melting point of the purified material.

b) Preparation of Triphenylphosphine Sulfide

Add 1.25 g of triphenylphosphine and 0.16 g of elemental sulfur into a 100 ml round 
bottom flask. Add 20 cm3 of toluene from a measuring cylinder and three or four 
anti-bumping granules. Connect a reflux condenser to the water supply. (Ensure there 
are no leaks). Secure the flask with a clamp and equip with a reflux condenser.

Heat the solution to reflux for 45 minutes. After the heating period is complete, 
remove the solvent (conventional distillation or rotary evaporator) and cool. Recrys
tallise the solid from a minimum volume of acetone. Weigh your dried crystals and 
calculate a percentage yield. Record the melting point of the purified material.
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2.20.2
Exercises

Record IR spectra of triphenylphosphine and the oxide and sulfide that you made 
and compare the three spectra. Note any significant differences.

Interpret the mass spectra of the three compounds.
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Mass Spectrum of Ph3 P = Se
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2.21
Preparation of Sodium Trithionate, Na2S3O6 and
Potassium Trithionate, K2S3O6
Andrew G. Platt

Polythionates are a class of compounds which contain the [O3S(S)nSO3]2' ion. These 
ions are known for n = 0-7, although their stability decreases with increase in the 
number of sulfur atoms. The best know example of a polythionate ion is the tetra
thionate ion, S4O62-, which is formed during iodine/thiosulfate titrations:

2S2Oi-+I2 s4oi- + 2r

Many preparative routes to other polythionates give a mixture of products which 
have to separated. The preparation of trithionate requires the careful oxidation of 
thiosulfate with hydrogen peroxide according to the following equation:

2S2Oi" + 4H2O2 -> S3Oi“ + SO2' + 4H2O

As can be seen from this equation, sulfate is also formed in the reaction and must 
be separated by fractional crystallisation to obtain a pure sample of sodium trithio
nate. Potassium salts are often less soluble than their sodium analogues and can be 
prepared by metathesis reactions. In the case of sodium trithionate with potassium 
acetate the potassium salt is precipitated:

Na2S3O6 + 2CH3COOK -> K2S3O6 + 2CH3COONa

Special Safety Precautions

This preparation requires the use of 30% hydrogen peroxide solution. This is a 
strong irritant and any contact with skin must be avoided. In the event of contact 
with the skin, wash immediately with plenty of running water. Take particular 
care when loading the burette, wear gloves and ensure that you do not raise the 
beaker of peroxide above head height. The reaction between thiosulfate and 30% 
hydrogen peroxide is strongly exothermic, and it is important that the addition is 
carried out in the manner described.
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2.21.1
Experimental

Place 15 g of sodium thiosulfate in a metal beaker equipped with a magnetic fol
lower and add 10 cm3 of water. Cool the beaker in ice-salt freezing mixture. Care
fully clamp a thermometer so that its bulb is just below the level of the liquid and at 
the side of the beaker, well away from the magnetic stirring bar.

Measure 14 cm3 of 30% hydrogen peroxide into a burette (Caution). Slowly add 
the hydrogen peroxide drop wise to the thiosulfate. Caution: the reaction is vigorous 
and care must be taken to keep the rate of addition such that the temperature stays 
below 15 °C. Monitor the temperature constantly and make sure that the cooling 
bath is replenished with more ice-salt when necessary.

Once the addition is complete, leave the mixture to stand for 1 hour in ice-salt. 
During this period, you should thoroughly rinse the burette to remove all traces of 
hydrogen peroxide. Filter the mixture from the precipitated sodium sulfate and wash 
the solid with 10 cm3 of methanol. Retain the combined filtrate and washings. Add a 
further 25 cm3 of methanol and store the filtrate in a refrigerator until the next prac
tical session. During this period, further sodium sulfate crystallises. Filter off this so
lid and wash with 20 cm3 of cold methanol, again retaining the combined filtrate 
and washings. Add the combined filtrate and washings to 100 cm3 of methanol and 
cool in ice for 1 hour. Filter the sodium trithionate and wash with methanol and acet
one and dry at the pump. Record the weight obtained and calculate the percentage 
yield. Record the infrared spectrum and assess the purity of the product, i. e. whether 
it is free from sulfate.

Dissolve the all the sodium trithionate in water (ca. 1 g of Na2S3O6 in 2 cm3 of 
water) and add to a solution of potassium acetate (1 g cm-3). The volume of potas
sium acetate solution should be about half that of the sodium trithionate. A white 
precipitate should form on mixing. Cool the mixture in ice for 10 minutes and filter. 
Wash the precipitate with a little ice-cold water and finally with methylated spirits 
and dry at the pump.

Record the weight obtained and calculate the percentage yield.

2.21.2
Exercises

1. Why was it necessary to use a metal reaction vessel rather than glass?
2. Look up and sketch the structures of three polythionate ions other than trithio

nate.
3. Briefly describe using balanced equations two methods by which salts of the thio

sulfate ion can be prepared.
4. The purity of trithionates can be assessed by reaction with Cu2+:

S30g-+ Cu2++ 2H2O CuS + 2SO1 2- 3 4+ 4H+
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In an experiment to determine the percentage purity of a sample of sodium 
trithionate, 0.5014 g was reacted with an excess of copper sulfate to give 0.1912 g of 
CuS. Calculate the percentage purity of the trithionate sample.

Further Reading

This section is adapted from D. P. Kelly, A. P. Wood, Methods Enzymol. 1994, 243, 475.
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2.22
The Preparation of Potassium Peroxodisulfate, K2S2O8
Zdirad Zak and Antonin Ruzicka

One of the possible methods of the preparation of peroxo compounds is an anodic 
oxidation. In this experiment, we shall prepare potassium peroxodisulfate, K2S2O8, 
by the anodic oxidation of a saturated KHS04 solution in dilute H2SO4 at 0-3 °C 
(Eq. 1).

2KHSO4-2e" K2S2O8 + 2H+ (1)

Since peroxodisulfate is poorly soluble in this medium, it collects on the bottom of 
the electrolyser.

Special Safety Precautions

1. Concentrated sulfuric acid is a highly corrosive substance. Avoid contacts with 
skin, it can cause severe bums. Protective gloves and safety goggles should be 
worn all time.

2. Potassium peroxodisulfate is a strongly oxidising agent. Its contact with in
flammable substances should be avoided.

2.22.1
Experimental

a) K2S2Og

The solution of KHS04 will be prepared by dissolving K2SO4 in 38% H2SO4. Pre
pare 140 ml of 38% acid (Warning: pour acid in the water and not vice versa!) and dis
solve 22 g of K2SO4 in the still hot solution. Cool the solution first with tap water 
and then in an ice bath to 3 °C. Excess KHSO4 crystallises from the solution on cool
ing. Meanwhile, set up the electrolyser according to the drawing in the following fig
ure. Place a 1000 ml beaker on a magnetic stirrer, insert the electrolyser (with mag-
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Thermometer

11 beaker

Electrolyser
20 cm tong 05 cm

(7^, Pt -anode

Pb-cathode

Ice ♦ NaCl

Magnetic stirrer

Pb foil 
3 cm broad

of KHS04 in 38% H2SO4

Pt wire 0,5 cm long 
t> 0,5 mm

netic stirring bar) in the beaker and fill the space between the electrolyser and the 
beaker with an ice-salt mixture. Decant the cool saturated solution of KHSO4 into 
the electrolyser (save the solid for further work) and switch on the electric source. 
Adjust the current through the electrolyser to approx. 1 A (the current density on the 
Pt anode should be ca. 10 A cm-2). Under continuous stirring, allow to electrolyse 
for 90 minutes. Be sure that the temperature of the solution does not rise above 3 °C, 
supply fresh ice and salt if necessary. Disconnect the electric leads, take the appara
tus apart and transfer the precipitated K2S2O8 onto a sintered glass funnel and filter. 
Wash with ethanol (20 ml) and diethyl ether (20 ml) and dry in desiccator over anhy
drous CaCl2 in vacuo. Weigh the dried product and determine the contents of peroxo
disulfate in the product by iodometric titration.

b) Determination of the K2S2O8 Purity

Potassium peroxodisulfate is a strong oxidant. Water solutions of peroxodisulfates 
oxidise iodides (in the presence of NH4C1 catalyst) to iodine which is determined by 
the titration with thiosulfate. The reactions can be described by Eqs. (2) and (3).

S2O^- + 2r 2SO4-+I2 (2)

I2 + 2S2O2 —> S4Oe +21 (3)

Insert 3-4 g KI and 3-4 g NH4C1 in a 300 ml Erlenmeyer flask with ground stop
per. Add 150 ml of water, dissolve and heat the solution to 30-40 °C. Quantitatively 
wash a weighed sample (see Note) into the lukewarm solution, close the flask with 
the glass stopper and allow to stand for 15 minutes. The solution will turn brown 
with liberated iodine. Open the flask, rinse off the stopper into the flask and titrate 
with a 0.1 M solution of Na2S2O3 until faintly yellow. Add 5 ml of a starch solution 
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and continue the titration until the solution is completely decoloured. Calculate the 
percentage of K2S2O8 in the prepared product.

Note: The amount of weighed sample should be equivalent to 15-20 ml of 0.1 M 
Na2S2O3.

c) Recovery of K2SO4

Transfer the solid phase which remained after the decantation of the satured KHSO4 
solution in the electrolyser to a sintered glass funnel and vacuum filter. Wash with 
ethanol (20-30 ml) and ether (20-30 ml) and dry in a desiccator in vacuo. The 
isolated crystalline substance is not usually pure KHSO4. Depending on the con
centrations of K2SO4 and H2SO4 in the solution, it has a general composition 
aK2SO4 • bKHSO4. Detailed knowledge about the equilibrium between the solid 
phase and its saturated solution is obtained from the study of the K2SO4/H2SO4/ 
H2O phase diagram. Weigh the dried salt and determine its exact composition by al
kalimetric titration.

Weigh about 1.8 g of the salt to the nearest 0.1 mg and transfer it quantitatively 
into a 100 ml volumetric flask. Add 50 ml of water to dissolve the salt and then fill 
the flask to the mark. Stopper the flask and mix it by inverting at least three times. 
Pipette 20 ml aliquots (3n) and titrate each with 0.1 M NaOH. From the average con
sumption of NaOH, calculate the content of KHS04 in the salt. Calculate the 
amount of KOH necessary to neutralise all KHSO4 to K2SO4 in the isolated salt. Dis
solve the salt in a minimum of water in a 600 ml beaker and neutralise with a 20 % 
solution of KOH. Cool with tap water and precipitate K2SO4 from the solution by ad
dition of approx. 200 ml of ethanol. Filter and allow to dry in air.

Further Reading

H. Hecht, Praparative Anorganische Chemie, Springer-Verlag, Berlin, 1951.
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2.23
Polyiodides, Me4Nlx
Andrew W. C. Platt

There are many examples of polyhalide ions, anions containing halogen atoms only. 
These can be considered as being derived from a simple ionic halide, e.g. KI and a 
molecular halogen such as I2 to give the triiodide ion I3, pentaiodide I5, etc. ions. 
Many other examples are known such as tribromide and trichloride ions and those 
which contain more than one type of halogen atom such as IC12, etc.

By far the most important polyhalide ion is the triiodide ion. The formation of I3 
is responsible for the increase in solubility of iodine in water in the presence of io
dide ions. The intense blue colour observed in iodine thiosulfate titrations is due to a 
complex formed between the starch and the triiodide ion.

Although I2 forms the I3 ion in solution with any source of I", stable complexes 
can only be isolated in the presence of large cations. One of the reasons for this is 
that the lattice energies of solids which have a large anion (i. e. the polyhalide) and a 
small cation such as Na+ or K+ tend to be low compared with those of Nal or KI. 
Thus, attempted crystallisation of Nal 3 from solutions of iodine and sodium iodide 
tends to lead to isolation of either very unstable polyhalides, which decompose at 
room temperature, or of sodium iodide.

In this experiment, you will attempt to prepare polyiodides using the tetramethyl 
ammonium ion, (CH3)4N+, as the large cation.

2.23.1
Experimental

a) Tetramethylammonium Triiodide

Finely powder 1 g of tetramethylammonium iodide and place in a beaker with 
25 cm3 of alcohol and add 1.3 g of iodine. Heat the mixture on a steam bath until all 
the white solid has dissolved. Allow to cool slowly to room temperature and finally 
cool in ice. Filter under suction, wash with a little diethyl ether and dry in air. Record 
the weight obtained and calculate the percentage yield.
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b) Analysis

One of the accepted ways for chemists to prove that they have made the compounds 
they claim is by obtaining satisfactory elemental analyses. This usually means deter
mining the percentage by weight of one or more of the elements present in the com
pound. In the case of the compound you have synthesised, iodine is the easiest ele
ment to determine.

Weigh accurately about 0.2 g of the product into a flask and add about 20 cm1 2 3 of 
ethanol. Swirl the contents of the flask and add 50 cm3 of a 0.05 M silver nitrate solu
tion in 10 cm3 portions. After the addition, the mixture consists of a fine yellow pre
cipitate of silver iodide which must be coagulated before filtration. This is done by 
heating the mixture on the steam bath until all the precipitate has settled and the 
supernatant is clear. Filter the silver iodide into a dry preweighed sintered glass cru
cible, ensuring that all the precipitate is collected. Make a note of the number etched 
onto the glass for identification. Do not stick labels or write on the crucibles. Wash the 
precipitate with a little water followed by a little ethanol and dry to constant weight.

1. What are the shapes of the I3 and I5 ions?
2. What would be the products of the thermal decomposition of KIC12 and KBrICI?

Explain your answer.

From the weight of the dry silver iodide obtained, calculate the weight of iodine 
present (hence the amount of iodine in the original weight of compound) and calcu
late the percentage of iodine in your sample of Me4NI3. Compare your value with 
the theoretical percentage and comment on the result.

Using a similar procedure to that above, prepare and analyse a sample of tetra
methylammonium pentaiodide.

2.23.2
Questions
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2.24
Interhalogen Compounds
Ivan P. Parkin

The halogens form many compounds amongst themselves in binary combinations 
that may be neutral or ionic, for example, BrCl, IF5, Br^, I3. Tertiary combinations 
are possible but occur only in polyhalide ions such as, for example, IBrCl .

Neutral interhalogen compounds are of the type XYn where n is always odd and Y 
is always the lighter halogen. The compounds are all diamagnetic with the valence 
electrons present either as bonding pairs or unshared pairs. In these complexes, the 
X atom can be considered to have a net oxidation state of n+.

In this experiment, you will prepare the interhalogen IC1 and react this with cae
sium bromide to form a polyhalide. You will determine the formula of the polyhalid e 
by gravimetric, titrimetric and spectroscopic methods.

Special Safety Precautions

1. Chlorine gas is toxic. The whole cylinder should be securely clamped inside a 
fume cupboard. If in any doubt whatsoever about safe operation of the cylinder, 
consult a demonstrator. Conduct all experiments with Cl2 in a fume cupboard.

2. Iodine is toxic, grind the crystals in a fume cupboard.

3. Wear rubber gloves (Marigold) at all times. Iodine monochloride (IC1) is corro
sive. If any is split, douse it immediately with thiosulfate solution (preferably) 
or water. If any IC1(1) gets onto your hands, wash them immediately in dilute 
thiosulfate solution first and then with water.

4. Chloroform is toxic by inhalation and contact.

5. All apparatus should be dry (oven dried) prior to use otherwise the IC1(1) will 
decompose.

6. All reactions must be carried out in a fume cupboard.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
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2.24.1
Experimental

a) Iodine Monochloride, ICI

In this experiment, as described below, you will prepare iodine monochloride, ICI, 
by passing dry chlorine through a known mass of iodine until it increases in mass 
by an appropriate amount.

I2(s) + Cl2(g) = 2IC1(1)

Grind up some iodine using a dry pestle and mortar. Then transfer 8 g into your 
internal-seal trap (Fig. 2.24-1). The easiest method of transfer is to lay the trap on its 
side and attach a small glass funnel (with a very short piece of vinyl tubing) to the 
side-arm. Then stand the trap containing the iodine upright in a beaker as shown in 
Figure 2.24-1.

Weigh the supported trap on the rough balance in the fume cupboard, and hence 
work out the mass of the trap when all the iodine has been converted to iodine 
monochloride.

Pass dry chlorine into the trap slowly (so as not to blow out your product) and 
shake or swirl the trap gently. After a couple of minutes, weigh the flask on the bal
ance in the fume cupboard to see how near you are to the required mass. Continue 
passing in chlorine until this mass is reached, but no longer. (With excess chlorine, 
the reaction will continue to give iodine trichloride, ICl3, so you must be careful not 
to overshoot.)

Using great care, pour your product through the side-arm of the trap into a dry 
25 cm3 conical flask with a glass stopper. Stopper it and label it with your name and 
the mass. This must be kept and used in a fume cupboard.

Run the electronic spectrum of your product in a solution of dry CHC13. Using a 
dropping pipette, take only one drop (that is, a minimal amount) of ICI in 10 ml of

Fig. 2.24-1 The internal-seal trap.
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Fig. 2.24-2 Electronic spectra of chlorine (0.013 3 M in CCI4), bromine (0.004 4 M in CCI4) and 
iodine (0.000 9 M in CCl4). For al! three spectra the path length was 10 mm.

solvent. If the solution is too concentrated, dilute it as necessary. Don’t forget to keep 
the solutions, and the iodine monochloride, stoppered. Use a 1 cm silica cell, and ob
tain the spectrum from 700-325 nm. Compare your spectrum with the electronic 
spectra of the halogens (Fig. 2.24-2). Which halogen spectrum does the spectrum of 
your product resemble? Why?

b) A Polyhalide

To investigate this reaction, take 2 g of finely powdered CsBr (use a pestle and mor
tar) and pour it into your iodine monochloride in the conical flask in the fume cup
board. Stir the mixture very thoroughly with a glass rod for two minutes, ensuring 
that the CsBr has dissolved completely. Then add 20 cm3 of chloroform to the mix
ture, stir well, stopper and leave to stand for ten minutes with occasional shaking. 
Stir thoroughly again to try to disperse any brown lumps in the product.

To purify your product, transfer it to a small beaker and wash it thoroughly with 
several small (~5 ml) aliquots of chlorofom (in the fume cupboard), decanting off 
and discarding the washings, until the final chloroform wash is almost colourless. 
Filter using a clean dry Buchner funnel. When the residual chloroform has evapo
rated, transfer your product to a dry sample tube. Stopper it and reweigh. Keep the 
tube stoppered to prevent damp air from entering.
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c) Thermal Decomposition of the Polyhalide

Before you go on to identify the halogen(s) in your product from (b), first heat with a 
Bunsen burner a small portion in a test-tube in the fume cupboard, gently, then 
strongly, watching to see what happens. Try to devise a method of collecting and 
identifying the gas given off. Heat until there is no further change, and then identify 
the residue by heating a small amount on Nichrome wire (what colour is produced?) 
and by dissolving the solid in water (2 ml) and adding dilute AgNO3 (aq). Discuss 
your results.

d) Quantitative Analysis of the Polyhalides

Caesium Analysis

It is possible to determine the percentage of caesium in the polyhalide complex 
quantitatively using gravimetric analysis. The method is to take a known amount of 
the complex in solution, react it with a suitable reagent to form an insoluble caesium 
compound, filter this off quantitatively, dry it and weigh it. Caesium is determined 
gravimetrically as caesium tetraphenylborate, CsB(C6H5)4, using a solution of so
dium tetraphenylborate as precipitant.

Take two no. 4 sintered glass crucibles, label them clearly A and B and with your 
initials using a soft pencil. Then put them in the oven to dry at 100-120 °C. Weigh 
accurately about 0.5 g (hut not more than 0.6 g) of the polyhalide and dissolve it in 
40 cm3 of 1 M HC1. Carefully transfer the solution to a 100 ml volumetric flask and 
make up to the mark with distilled water. Shake well and pipette 25 ml of the solu
tion into each of two clean 250 ml beakers. To each beaker add st 0.1 g of Nal (the 
amount on the round end of a standard spatula), stir until it dissolves and then add 
20 ml of 0.05 M Na2S2O3 (sodium thiosulfate or ‘hypo’). If the solution does not clear 
completely, add more thiosulfate solution until it does.

Add 35 ml of distilled water and then place the beaker in an ice-water bath for 
about 10 minutes. Slowly add 40 ml of sodium tetraphenylboron solution with stir
ring. Stand for 10-15 minutes (but not more than an hour) in the ice-water bath. 
While the beakers are cooling, take your two crucibles from the oven and put them 
in a dessicator to cool, then weigh them on an accurate balance. Filter each precipi
tate through a weighed sintered glass crucible, making sure that all the precipitate is 
transferred. Wash the precipitate several times with small amounts of distilled water. 
Dry the precipitate at 100-120 °C for 1 hour. Cool in a desiccator and reweigh.

Calculation: Caesium tetraphenylboron contains 29.39 per cent of caesium.

mass of precipitate (g) x 29.39
percentage Cs in complex — -----------------z---------—7--------mass of sample (g)
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Iodine Analysis

As a confirmation of the formula of the polyhalide, it is possible to determine quanti
tatively the amount of iodine in a weighed sample using a volumetric method.

Dissolve an accurately weighed sample of the polyhalide (~ 0.5 g) and acidify with 
a few ml of dilute HC1. (This releases the iodine from the complex.) Titrate the re
leased iodine immediately with standard 0.05 M sodium thiosulfate using starch indi
cator.

The procedure for this titration is to run the sodium thiosulfate into the brown so
lution until it becomes straw coloured. At this stage, add a few drops of starch indica
tor. Continue titrating until the blue colouration disappears and the solution be
comes colourless.

Only freshly prepared or properly preserved starch indicator should be used, and 
the same volume of starch solution should be added to each titration.

The starch must not be added until just before the end-point is reached, because 
at high iodine concentration some iodine may remain adsorbed even at the end
point.

The equations for the above reactions are:

I+(aq) + r(aq) = l2(s)

2S20t(aq) + I2(s) = S4Ohaq) + 2r(aq)

Calculate the percentage of iodine in your polyhalide.

2.24.2
Exercises

1. From your observations in part c), what elements are present in the polyhalide?
2. From your calculations in part d), together with your observations in part c), sug

gest a molecular formula for the polyhalide.
3. Based on the VSEPR rules, predict the shape of the polyhalide anion.
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2.25
Preparation of K[IC l4]
lain Smellie

Interhalogens are a family of compounds whose members are comprised of different 
combinations of halogen atoms in a variety of oxidation states (representative exam
ples include IC1, BrF3 and IF7). In this experiment, a potassium salt of the ICI4 an
ion will be prepared and series of tests to investigate the reactivity the product will 
be conducted.

Cl2 + 2e~ -> 2C1"

6H+ + IO3(V) + 2e“ -> I(III) + 3H2O 

i(iii) + 4cr [ici4]’

K+ + [IC14]- -+ K[IC14]

Special Safety Precautions

Interhalogens and polyhalide salts are toxic, irritating and bleaching materials. 
The reaction involves the use of concentrated HC1, which is corrosive. The reac
tion also involves release of toxic and irritating chlorine gas. You should take par
ticular care NOT to get these materials on your skin or clothing and DO NOT 
breathe any resultant vapours! You should handle all the materials in this experi
ment in a fume cupboard and be clean and tidy. It is recommended that you re
move any jewellery prior to carrying out this experiment, as it may become tarn
ished. Silver nitrate solution is toxic and is an oxidising agent.

2.25.1
Experimental

Place 3 g of potassium iodate in a 50 cm3 conical flask. Add in 1 cm3 portions, from 
a dry measuring cylinder, 10 cm3 of concentrated HC1. Warm the mixture gently 
using a hotplate until a yellow solution forms (DO NOT overheat* The solution 
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should become deep orange-yellow. Use tongs to handle the hot flask!) Allow the so
lution to cool slowly to room temperature (it may be necessary to scratch the cooled 
solution with a glass rod to initiate crystallisation). Filter off the crystals using a 
Buchner funnel Do not use a metal spatula to scrape crystals out of the flask! Use 
the filtrate to wash out any residue in the conical flask. Weigh the dried crystals.

Note: Prolonged storage of KIC14 is not recommended; this material should be trea
ted with 1 M NaOH solution to destroy it.

2.25.2
Exercises

To investigate the chemical properties of your product, you should perform the fol
lowing tests, note down your observations and provide explanations.

1. Place four microspatula tips of the interhalogen compound in a boiling tube. 
Heat the sample in a Bunsen burner flame and note the colour of the gas evolved 
and its effect on contact with moist litmus paper. Heat the tube until any coloured 
vapours have been driven off and only a white solid remains - the residue should be 
retained for use in exercise 4.

2. Transfer 1 cm3 0.1 M KC1 solution into a test-tube and add five or six drops of 2 M 
nitric acid. Add 10-15 drops of 0.1 M silver nitrate solution and note the colour 
of the precipitate. Add 1 cm3 of 5 M aqueous ammonia to the tube and note down 
any effects on the solubility of the precipitate.

3. Transfer 1 cm3 0.1 M KI solution into a test-tube and add five or six drops of 2 M 
nitric acid. Add 10-15 drops of 0.1 M silver nitrate solution and note the colour 
of the precipitate. Add 1 cm3 of 5 M aqueous ammonia to the tube and note down 
any effects on the solubility of the precipitate.

4. Dissolve the residue from exercise 1 in 1 cm3 of water and add five or six drops of 
2 M nitric acid. Add 10-15 drops of 0.1 M silver nitrate solution and note the col
our of the precipitate. Add 1 cm3 of 5 M aqueous ammonia to the tube and note 
down any effects on the solubility of the precipitate.

5. Place two microspatula tips of the interhalogen compound in a test-tube and add 
2 cm3 of 0.1 M KI solution dropwise. As you slowly add the solution, note your 
observations.

Note: If the sample in exercise 1 is not heated until all coloured vapour has been dri
ven off, exercise 4 may result in the formation of a black precipitate of NI3-NH3. 
Concentrated solutions or dry samples of this material can be explosive! Any black 
precipitate from exercise 4 should be treated with 1 M NaOH solution.
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2.26
Synthesis and Infrared Spectroscopic Characterisation 
of Boranes and Germanes
/uon P. Parkin

This experiment is concerned with the study of certain aspects of boron-hydrogen 
and boron-oxygen chemistry. Boron has an extensive chemistry. In the first part of 
the experiment, the ability of sodium borohydride, NaBH4, to reduce GeO2 to GeH4 
will be investigated by gas phase infrared spectroscopy. Since in the gas phase mole
cules are generally free to rotate as well as vibrate, the spectrum will show complex 
vibrational-rotational absorption bands rather than purely vibrational bands. Since 
rotational quanta are smaller than vibrational quanta (it takes less energy to rotate a 
molecule in the gas phase than to vibrate a bond), the vibrational-rotational interac
tions cause a splitting of single vibrational bands into a closely spaced series of bands 
with a characteristic pattern of intensities.

In the second part of the experiment the strength of boric acid, B(OH)3 will be de
termined by titrimetric techniques. Finally the preparation of boron hydrides from 
magnesium borides, using gas phase infrared spectroscopy as a “fingerprinting” 
technique will be studied.

Special Safety Precautions

1. All preparations must be conducted in a fume cupboard. Wear gloves, safety 
glasses and a lab coat at all times.

2. Magnesium boride reacts with water evolving highly toxic boranes which can 
be severe irritants of the mucous membranes.

3. The boranes and germanes released in this experiment are toxic and flam
mable.

4. Orthophosphoric acid, sodium hydroxide and glacial acetic acid are corrosive 
and toxic.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32472-9
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2.16.1
Experimental

a) The Preparation of Monogermane, GeH4, Using NaBH4

In a fumehood, assemble the apparatus as shown in Figure 2.26-1. Begin by putting 
about 3 g sodalime [Ca(OH)2/NaOH mixture] between cotton wool plugs in the wide 
side-arm of the infrared cell. The sodalime is necessary to absorb any CO2 liberated 
from carbonate impurities in NaOH or NaBH4 on reaction with acetic acid. Then 
cover each end of the cell with a single layer of cling-film, stretched to give a clear, 
wrinkle-free window that forms a crudely gas-tight seal to the glass. Put 10 cm3 of 
glacial acid in the side-arm test-tube provided, clamp the test-tube in a vertical posi
tion at bench level and attach it to the infrared cell via the rubber tubing provided. 
The narrow side-arm tube from the cell should be vertical to allow escape of hydro
gen but not the denser GeH4.

Procedure

Weigh out about 150 mg of NaOH. Add the NaOH together with the provided pre
weighed GeO2 (20 mg) into a 5 cm3 sample vial, and add 1 cm3 of water. Stir the mix
ture until it is a slightly cloudy solution, then cool it in ice. While this is cooling, 
weigh out about 100 mg of NaBH4 and dissolve it in the cooled sodium germanate 
(Na2GeO3) solution. Insert a dry teat pipette into the hole in the rubber stopper that 
fits the top of your side-arm test-tube. Suck the Na2GeO3/NaBH4 solution into the 
pipette (try to have the liquid as a single, unbroken column) and put the rubber stop-

Fig. 2.26-1
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per plus loaded pipette into the side arm test-tube. Make sure that the apparatus is 
set-up in a fume-cupboard like that in Figure 2.26-1. Then squeeze the pipette bulb 
carefully to add the solution dropwise to the acetic acid over a five-minute period. 
With each drop, there will be evolution of gas (H2 + GeH4) and a yellow-white cloudi
ness will appear in the acetic acid. When all the solution has been added, allow the 
apparatus to stand for two or three minutes, then detach the infrared cell from the 
side-arm test-tube and quickly close up the two PTFE side-arm taps of the cell. The 
GeH4 trapped in the cell will remain for several hours if the windows are properly 
fitted [CARE: GeH4 is a toxic gas, dangerous at concentrations >0.5 ppm in air].

GeOi-+ 2BH4 + 4H++ 3 H2O -> GeH4 + 2B(OH)3 + 4H2

Record the infrared spectrum of your sample of GeH4 over the range 2400
1900 cm-1. When a satisfactory spectrum is obtained, dismantle your cell and re
move the clingfilm windows in a fume cupboard. Push out the soda-lime and wash 
and dry the cell and side-arm test-tube for use in part c).

Determine the position of the central peak and measure to see if the spacing be
tween other bands is constant or variable.

Note: Clingfilm has no IR absorptions in the range 2700-1900 cm-1.

b) The Strength of Boric Acid

It is possible to convert most boron compounds to the very stable boric acid, B(OH)3, 
and this is often used in volumetric analysis of boron compounds. However, boric 
acid is a very weak monobasic acid in aqueous solution and it ionises by abstracting 
OH - from water according to the equation.

B(oh)3 + 2 h2o B(oh); + h3o+

There is a very gradual change in pH when alkali is added to boric acid so that it is 
impossible to titrate B(OH)3 and NaOH to ge a sharp end-point. However, the 
B(OH)4 ion reacts with some cis-diols to eliminate water and form complex ions of 
the type shown (4). This reaction pulls the above equilibrium to the right and makes 
boric acid appear as a much stronger acid in the presence of suitable cis-diols and 
hence capable of being titrated against NaOH.

Procedure

Check the validity of the above statements by the following experiments. Titrate 
10 cm3 of the 0.1 M boric acid solution provided against 0.1000 M NaOH (the latter 
in the burette) using two drops of phenolphthalein as indicator. Note the titre when 
the solution becomes just pink.

Repeat the titration with fresh 10 cm3 portions of boric acid in which you have dis
solved respectively (1) about 0.5 cm3 ethylene glycol, (2) about 500 mg mannitol and 
(3) about 500 mg pentaerythritol (see structures above). Note the titre at the end-
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point in each case and using the most appropriate system (either (1), (2), or (3)) ob
tain consistent titres. Use your results to confirm that boric acid is monobasic.

c) Preparation of Boron Hydrides from Magnesium Borides

Hydrides of non-metals can often be made by hydrolysis of magnesium compounds 
of the non-metals, e.g. Mg3N2 gives NH3; Mg3P2 gives PH3; Mg2C3 gives C3H4 (pro
pyne), and Mg2Si gives SiH4 and higher silanes, SinH2n+2. In this experiment, you 
will hydrolyse MgB2 (made by heating magnesium and boron to 900 °C in an inert 
atmosphere) with orthophosphoric acid. You will pass the liberated hydrogen and 
boranes directly into your infrared gas cell and then record their spectrum. Boranes 
sometimes ignite spontaneously in air and they are smelly and very toxic. It is very 
important that you wear safety glasses and work in a fume cupboard.

Procedure

The gas cell and associated side-arm test-tube must be clean and dry. Place about 2 g 
of anhydrous calcium sulfate between cotton wool plugs in the side arm of the cell 
(see Fig. 2.26-1). Spread clingfilm over each window of the cell as described for the 
germane experiment. Clamp the side-arm test-tube in a vertical position at bench le
vel and attach the gas cell. Carefully transfer the solid magnesium boride (200 mg) 
to the bottom of the side-arm test-tube. Fit a teat pipette through the hole in the rub
ber bung which fits the side-arm test-tube and then suck about 1 cm3 water into the 
pipette. Pour about 3 cm3 of concentrated orthophosphoric acid on to the magne
sium boride and immediately stopper the side-arm test-tube with the bung and teat 
pipette. The orthophosphoric acid reacts slowly with the magnesium boride but on 
addition of the water from the pipette a vigorous evolution of hydrogen and boranes 
occurs. The gas mixture is dried as it passes through the anhydrous calcium sulfate 
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into the cell. When the rapid evolution of gas has ceased, detach the gas cell from 
the side-arm test tube and immediately close up the PTFE side-arm taps. As quickly 
as possible after filling the cell record the infrared spectrum of the gases over the 
range 2700-2000 cm'1, following the instructions on the spectrometer. The bands 
observed will be broader with less rotational fine structure than seen in the GeH4 
spectrum. Some CO2 may be produced with the boranes and this will give a broad 
band around 2350 cm'1.

Remove the clingfilm and the drying agent and clean out the cell and side-arm 
test-tube in a fume cupboard. Leave these items in a fume cupboard for as long as 
possible on the day so that all of the germane can dissipate.

2.26.2
Exercises

1. Unlike borane (BH3) which readily dimerises, boron halides are stable mono
mers. Why is this?

2. Can you account for the complex nature of the infrared spectrum of germane in 
the region 2400-1900 cm'1?

3. Comment on why ethylene glycol is less effective than pentaerythritol or manni
tol in competing with the borate ion.

4. Use the boranes spectrum to try to determine which boranes were present in the 
cell by comparison with the band positions listed below for the more common, 
volatile boranes.

B-H stretching frequencies for boranes (cm'1):

Further Reading

Diborane B2H6 2590 (s) Pentaborane (9) b5h9
2601 (s)
2550 (s) 2598 (s)

Tetraborane B4Hn 2600 (s) Pentaborane (11) B5Hn 2600 (s)
2510 (s) 2500 (s)
2160 (s) 2050 (m)

Huheey, Keiter and Keiter, Inorganic Chemistry, pp. 789-800.
Shriver, Atkins and Langford, Inorganic Chemistry, pp. 283-286 and pp. 334-339.
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3.1
Metal Acetylacetonate Complexes: 
Preparation and Characterisation
Christopher Clidewell

Acetylacetone (2,4-pentanedione), CH3COCH2COCH3, is a typical ^-diketone which 
can ionise in aqueous solution as a weak acid (Eq. 1).

CH3COCH2COCH3 H++ CH3COCHCOCH3 (1)

The resulting anion can act as a ligand towards metal ions, forming complexes in 
which the ligand is usually bonded to the metal through both oxygen atoms, hence 
forming a six-membered ring (Eq. 2).

H,c3 \C--O 
/-' 

hc: © \u .C—O / 
h3c

h3c 
\

c—o
/ 

H3C

(2)

In general, the complexes isolated as crystalline solids are neutral so that a metal ion 
Mx+ forms a complex having the stoichiometry M(CH3COCHCOCH3)X (Eq. 3).

xCH3COCH2COCH3 + Mx+ xH+ + M(CH3COCHCOCH3)x (3)

In the complexes, since the MO2C3 six-membered rings are planar and contain 6 it- 

electrons, they may be regarded as weakly aromatic. In M (CH3COCHCOCH3)3 com
plexes the MO6 array is octahedral, in Cu(CH3COCHCOCH3)2 the CuO4 group is 
square planar and in VO(CH3COCHCOCH3)2, the VO5 group is square pyramidal.

In pure acetylacetone, or in its solution in non polar organic solvents, the diketo 
form is in equilibrium with a cyclic enol-like form (Eq. 4).

CH3COCH2COCH3

h3c3 \ c—o
A' ' \HC! H\u . /C—O
/

h3c

(4)

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32472-9
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This second tautomer may be regarded as a complex in which the proton H+ takes 
the role of the metal ion Mx+.

In this experiment, you will prepare and purify one metal complex (consult a de
monstrator about this), and identify the components in a mixture of complexes 
using thin-layer chromatography. You will also interpret 1H and 13C NMR spectra 
and mass spectra of representative examples.

Special Safety Precautions

1. Vanadium pentoxide, V2O5, is toxic.

2. Cyclohexane is flammable.

3. All organic liquid waste from recrystallisations must be placed in the waste 
bottles provided.

3.1.1
Experimental

a) Metal Acetyl aceto nates

Al3+ Complex

Weigh into a 100 cm3 conical flask 3 g (3 cm3; ca. 0.03 mol) of acetylacetone, using a 
dropping pipette to transfer the liquid into the flask. Add 40 cm3 of distilled water 
followed by 8 cm3 of 5 mol dm-3 ammonia solution (dil. NH4OH). Dissolve 3 g 
(ca. 0.005 mol) of aluminium sulfate [A12(SO4)3 • 16H2O] in 30 cm3 cold distilled 
water. To the almost clear solution add the ammoniacal acetylacetone solution in por
tions with shaking. After complete addition of the acetylacetone, check the pH using 
blue litmus paper (or pH paper) and, if the solution is still acidic, add further small 
portions of 5 mol dm-3 ammonia solution until it is neutral to litmus. Allow to stand 
for 15 minutes. Filter off the cream coloured product at the water pump, wash with 
100 cm3 of cold distilled water and suck dry for 10 minutes.

Transfer the dry product to a weighed sample tube and dry in a vacuum desiccator 
over anhydrous CaCl2. Weigh the dry product and calculate the percentage yield (Eq. 5).

A13+ + 3CH3COCH2COCH3 -> 3 H++ A1(CH3COCHCOCH3)3 (5)

Recrystallise a small sample (ca. 0.5 g) from cyclohexane. The reslulting needles 
should be filtered at the water pump, washed with a little cold cyclohexane, and 
sucked dry for 15 minutes. Record the melting point.
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(VO)2+ Complex

Place 5 cm3 distilled water in a 50 cm3 “Quickfit” round-bottomed flask and slowly 
add to it an equal volume of concentrated H2SO4. Then add 12 cm3 of ethanol fol
lowed by 2.5 g (ca. 0.014 mol) vanadium pentoxide, V2Os. Add a water cooled vertical 
condenser and reflux this mixture for about 1.5 hours over a small bunsen flame. 
The solution will turn a dark blue-green colour. Cool the mixture under the tap and 
filter using cotton wool, discarding any solid residue. Add 6 cm3 of acetylacetone 
dropwise to the filtrate with shaking. Neutralise the mixture by adding it carefully to 
a solution of 20 g of anhydrous Na2CO3 in 150 cm3 distilled water, contained in a 
500 cm3 conical flask, while stirring the mixture using a magnetic stirrer. The result
ing mixture should then be cooled in ice water for 15 minutes before filtering at the 
pump. Wash the dark green product with cold distilled water (2x15 cm3). Suck dry 
at the pump for 15 minutes, then dry in a vacuum desiccator over anhydrous CaCl2. 
Weigh the dried product and calculate the percentage yield (Eqs. 6 and 7).

V2O5 + 4H+ -> 2 (VO)2++ 2H2O + 1/2 O2 (6)

(VO)2+ + 2CH3COCH2COCH3 -+ 2H+ +VO(CH3COCHCOCH3)2 (7)

Dissolve a small portion (ca. 0.5 g) of the crude, dry product in 6 cm3 dichloro
methane; carefully decant from any residue. Add 20 cm3 of light petroleum (b.p. 40/ 
60 °C), swirl the mixture and allow to stand for 10 minutes. Filter off the product at 
the water pump and wash with cold petroleum (2 x 20 cm3). Suck dry and record 
the melting point.

Cr3+ Complex

Weigh directly into a 100 cm3 conical flask 1.4 g (ca. 0.005 mol) of chromium(III) 
chloride hexahydrate (CrCl3 • 6H2O) and dissolve it in 50 cm3 distilled water. Weigh 
out 10 g urea and add it in 3 or 4 portions to the deep green chromium solution, 
shaking well after each addition. Then add 3 g (ca. 0.03 mol) of acetylacetone, using 
a dropping pipette. Shake the resulting mixture, cover it with a watch glass and heat 
rapidly to 80-90 °C on a hot plate. Monitor the temperature with a short stem ther
mometer. The solution is initially very dark and almost black in appearance, but as 
the reaction proceeds, deep maroon plate-like crystals form. After 1.5 hours heating, 
cool the reaction mixture and filter off the product at the water pump. Do not wash 
the product: dry it in air. Record the percentage yield (Eqs. 8 and 9).

CO(NH2)2+H2O -> 2NH3 + CO2 (8)

Cr3++ 3CH3COCH2COCH3 + 3NH3 -> 3NH4 + Cr(CH3COCHCOCH3)3 (9)

The urea undergoes slow hydrolysis, liberating ammonia, which then controls the 
pH of the reaction mixture.
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Dissolve a small sample (ca. 0.4 g) in approx. 70 cm3 of boiling cyclohexane, de
cant the solution, reduce the volume to about half, and then allow to cool. Filter off 
the deep red needles at the water pump. Suck dry, then determine the melting 
point.

Mn3+ Complex

Dissolve 2.6 g (ca. 0.013 mol) of manganese(II) chloride tetrahydrate (MnCl2 • 4H2O) 
and 6.8 g (ca. 0.05 mol) of sodium acetate in 100 cm3 of distilled water. Add 10 g 
(ca. 0.1 mol) of acetylacetone and shake the mixture before adding, portionwise with 
magnetic stirring, a solution of 0.52 g (ca. 0.003 mol) of potassium permanganate in 
25 cm3 of distilled water (ensure that the KMnO4 is completely dissolved and use a 
dropping pipette for this addition, which should take 10-15 minutes).

Stir for a further 10 minutes and then add, in a similar manner, a solution of 6.3 g 
(ca. 0.046 mol) of sodium acetate in 25 cm3 distilled water. While still stirring, heat the 
resulting dark mixture on a hot plate to between 60° and 70 °C for 15 minutes (moni
tor the temperature using a short stem thermometer) and then cool to room tempera
ture. Filter off, at the water pump, the very dark, almost black product and wash it 
with 60 cm3 of cold distilled water. Suck dry for 15 minutes and dry it in a vacuum de
siccator over anhydrous CaCl2. Weigh the dry product and record the percentage yield.

The stoichiometry of this preparation is complicated. First the Mn(II) complex is 
formed according to Eq. (10). The manganese(II) then reacts with the manganese(VII) 
of the permanganate to give manganese(III) (Eq. 11) and, in outline, the overall stoichio
metry is in Eq. (12).

Mn2+ + 2CH2COCH2COCH3 -> 2H++ Mn(CH3COCHCOCH3)2 (10)

Mn(VII)+ 4Mn(II) -> 5Mn(III) (11)

5Mn2++ MnO4 + 15CH3COCH2COCH3
4H2O + 7 H+ + 5 Mn (CH3COCHCOCH3)3 (12)

The purpose of the sodium acetate is to neutralise the acid released, since acetic acid 
is a weak acid (Eq. 13).

7H+ + 7CH3COO“ -> 7CH3COOH (13)

In this preparation, the potassium permanganate is the limiting component on 
which percentage yields should be based, i. e. 1 mol KMnO4 gives 5 mol product.

To about 0.2 g of the dry crude product contained in a 25 cm3 conical flask, add 
12 cm3 of cyclohexane and boil on a steam bath for 1 minute. Place a small filter fun
nel in the neck of the flask to act as a reflux condenser. Allow the mixture to settle 
for 30 seconds before carefully decanting from any solid residue into a clean 100 cm3 
conical flask. Reheat for 1 minute to ensure complete solution before adding 40 cm3 
of light petroleum (b.p. 40-60 °C). Cool slowly to room temperature and, when cool, 
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further in an ice water bath for 15 minutes. Filter off at the water pump the black 
lustrous needles, wash with 10 cm3 of cold light petroleum and suck dry for 15 min
utes. Record the melting point.

Fe3+ Complex

Dissolve 3.3 g (ca. 0.012 mol) of finely-ground iron(II) chloride hexahydrate 
(FeCl3 • 6H2O) in 25 cm3 of distilled water. Add, over a period of 15 minutes, a solu
tion of 3.8 g (ca. 0.038 mol) of acetylacetone in 10 cm3 methanol: stir throughout the 
addition using a large magnetic stirrer. Add to the resulting blood red mixture, over 
a period of 5 minutes, a solution of 5.1 g of sodium acetate in 15 cm3 of distilled 
water, maintaining the stirring throughout. At this point, a red crystalline solid 
should precipitate. Heat the whole rapidly to about 80 °C using a hot plate (monitor 
the temperature with a short stem thermometer) and keep at this temperature for 
15 minutes, still maintaining rapid stirring. Cool to room temperature under the 
tap, and then in an ice water bath. Filter off the product at the water pump, wash 
with 100 cm3 of cold distilled water and suck dry for 15 minutes. Then dry in a va
cuum desiccator over anhydrous CaCl2. Weigh the dry product and calculate the per
centage yield (Eq. 14).

The sodium acatate is added to neutralise the acid released: acetic acid is a weak 
acid (Eq. 15).

Fe3+ + 3CH3COCH2COCH3 -> 3H+ + Fe(CH3COCHCOCH3)3 (14)

3H+ + 3CH3COCT -> 3CH3COOH (15)

Weigh ca. 0.2 g of the dried crude product into a 25 cm’ conical flask and add 3 cm3 
distilled water. Warm on a steam bath and add methanol dropwise, maintaining 
gentle heating, until the crude product just dissolves. Cool in an ice water bath for 
15-30 minutes. Filter at the water pump, suck dry for 15 minutes and finally dry in 
a vacuum desiccator over anhydrous CaCl2. Record the melting point.

Co3+ Complex

Weigh into a 100 cm3 conical flask 2.5 g (ca. 0.021 mol) of cobalt carbonate and 
add 20 cm3 (ca. 0.20 mol) of acetylacetone. Heat the mixture to about 90 °C on a 
hotplate with continuous stirring. Monitor the temperature with a short stem ther
mometer. While maintaining the temperature around 90°C, add dropwise 30 cm3 
of a 10% hydrogen peroxide solution using a dropping pipette. Cover the flask 
with a watch glass between H2O2 additions. The whole addition of the H2O2 solu
tion should occupy about half an hour. Stirring should be maintained throughout 
the addition, and then for a further 15 minutes. Cool in an ice-water/salt bath for 
30 minutes. Filter the dark green product at the water pump, suck dry for 15 min
utes and then dry in the oven at 110 °C. Weigh the dry product and record the per
centage yield (Eqs. 16 to 18).
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In this preparation, the Co(II) complex is formed first according to Eq. (16). This 
Co(II) complex is then oxidised by the hydrogen peroxede (Eq. 17) and the overall 
stoichiometry may be written as in Eq. (18).

CoCO3 + 2CH3COCH2COCH3 -4 CO2 +H2O + Co(CH3COCHCOCH3)2 (16)

2Co2+ + H2O2 -> 2Co3+ + 20H“ (17)

2CoCO3 + 6CH3COCH2COCH3 + H2O2 ->
2 Co (CH3COCHCOCH3)3 + 2 CO2 + 4H2O (18)

Add ca. 0.3 g of the dried product to 10 cm3 of toluene and heat for about 5 minutes 
on a steam bath. Allow to settle for about a minute and carefully decant the very 
dark solution into a 100 cm3 flask through a small plug of cotton wool contained in a 
filter funnel. Reheat the solution and then add 20 cm3 of boiling light petroleum 
(b.p. 40/60°C). Cool to room temperature, and then in an ice water bath for 15 min
utes. Filter at the water pump and wash the crystals with 50 cm3 cold light petro
leum. Suck dry and record the melting point.

Cu2+ Complex

To a solution of 4 g (ca. 0.025 mol) copper(II) chloride dihydrate (CuCl2 • 2H2O) in 
25 cm3 of distilled water, contained in a 250 cm3 conical flask, add dropwise over 
a period of 20 minutes a solution of 5 cm3 (ca. 0.05 mol) of acetylacetone in 10 cm3 
methanol, while maintaining constant stirring. Add to the resulting mixture 6.8 g 
of sodium acetate in 15 cm3 distilled water over a period of 5 minutes. Heat the 
mixture to ca. 80 °C on a hot plate for 15 minutes, still maintaining rapid stirring. 
(Monitor the temperature with a short stem thermometer). Cool to room tempera
ture and then in an ice water bath. Filter off the blue-grey product at the water 
pump, wash with 100 cm3 of cold distilled water and suck dry for 15 minutes be
fore drying in an oven at 110 °C. Weigh the dry product and record the percentage 
yield (Eq. 19).

Cu2+ + 2CH3COCH2COCH3 -4 2H++ Cu(CH3COCHCOCH3)2 (19)

The sodium acetate is added to neutralise the H+ liberated: acetic acid is a weak acid 
(Eq. 20).

H+ + CH3COCT -4 CH3COOH (20)

To about 0.2 g of the dried crude product contained in a 100 cm3 conical flask, add 
25 cm3 of methanol and 2 anti-bumping granules. Place a small filter funnel in the 
neck of the flask to act as a reflux condenser and boil on a steam bath for 5 minutes. 
Carefully decant from any solid residue the blue solution into a clean 100 cm3 flask 
containing about 5 cm3 of hot methanol. Cool to room temperature before filtering 
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off the fine blue-grey needles at the water pump. Wash with a little ice-cold methanol 
and suck dry at the pump.

Submit labelled samples of your crude and purified products for inspection

b) Thin-Layer Chromatography (TLC) of Metal Acetylacetonate Complexes

TLC is a useful technique for establishing either the number of components in a 
mixture or, alternatively, that a given substance is pure. For mixtures, it is also possi
ble, by comparison with known substances, to establish the identity of the individual 
components. The stationary phase is usually silica (SiO2) or alumina (A12O3) spread 
in a thin layer of uniform thickness on a glass plate or an aluminium backed sheet. 
The sheet can incorporate a fluorescent dye for identification of colourless com
pounds by exposure to ultraviolet light. The mobile phase can be any suitable sol
vent. The unknown is introduced as a solution in the form of a very small spot, 
usually applied using a drawn-out melting-point tube. In this experiment, a mixture 
of metal ions already converted to the acetylacetonate complexes is subjected to TLC 
and identified by comparison with samples of the pure metal acetylacetonates. It is 
the neutral character of these complexes, and their solubility in organic solvents, 
which enables TLC to be done: the chromatography of the uncomplexed ions would 
be much less easy.

You are provided with seven solutions. One contains a mixture of three metal acet
ylacetonate complexes, selected from (VO)2+, Cr3+, Mn3+, Fe3+, Co3+ and Cu2+ com
plexes dissolved in dichloromethane. Each of the other six solutions contains one of 
the pure complexes, also dissolved in dichloromethane. Draw out 7 melting-point 
tubes for use in spotting the t.l.c. plates (consult a demonstrator here).

Spot the unknown mixture and the pure substances onto the plate, using very 
small spots (less than 2 mm in diameter). The spots should be in a line about 1 cm 
from the short edge of the plate. Each solution should be spotted, dried in air and re
spotted several times: the (VO)2+, Cr3+ and Cu2+ can be respotted up to six times.

Carefully place the plate in the jar containing ca. 0.5 cm depth of a 1% solution of 
methanol in CH2C12 (provided in a Winchester bottle) ensuring that the top of the 
solvent is below the line of spots. Allow to run for ca. 30 minutes, after which time 
the solvent front should be at least 3/4 of the way up the plate. Measure the Rf values 
for each spot and tabulate these with the spot colours. Deduce the composition of 
the unknown mixture.

c) Nuclear Magnetic Resonance Spectra of Acetylacetonates

In this section, the and 13C NMR spectra of one diamagnetic metal acetylaceto
nate, A1(CH3COCHCOCH3)3, and of acetylacetone itself are examined and assigned.

For the 13C spectra, several different versions of the spectrum were obtained using 
different pulse sequences. Note that in all the 13C spectra, however, the H-C 
coupling is suppressed and not displayed. In the normal spectrum, all types of car
bon environment (CH3, CH3, CH, and quaternary C) are displayed. In the DEPT 
spectrum, the resonances due to quaternary C are suppressed and those due to CH2
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Fig. 3.1-1 The 13C NMR spectrum of Al (CH3COCHCOCH3)3.

are inverted, while in the DEPT-90 spectrum, only the resonances due to CH appear. 
Hence all four types of carbon environment can be readily identified.

Examine first the 13C spectrum of A1(CH3COCHCOCH3)3 (Fig. 3.1-1) and, bear
ing in mind that the three ligands are all symmetrical and equivalent (D3 molecular 
symmetry), assign the resonances. Next assign the 3H spectrum of this complex 
(Fig- 3.1-2).

In acetylacetone itself, both keto and enol forms are present (Eq. 4). Since the enol 
form can be regarded as a complex of H+, its 1H and 13C NMR spectra may be ex
pected to show similarities with those of the aluminium complex. Examine first the 
13C spectrum (Fig. 3.1-3) and assign the resonances due to the enol tautomer by 
comparison with Figure 3.1-1; then assign the keto resonances. Finally, assign the 
XH spectrum (Fig. 3.1-4), again by comparison with Figure 3.1-2, and calculate the 
keto: enol ratio.
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PPH

Fig. 3.1-2 The1!! NMR spectrum of Al (CH3COCHCOCH3)3.

d) Mass Spectra of Acetylacetone and its Aluminium Complex

The mass spectrum of acetylacetone contains the following peaks (with relative 
abundances scaled to the most intense as 100%):

8

m/z
100

85

RI (%)
67
89

59 8
43 100

Identify the composition of the ions at m/z = 100, 85, 72 and 43, and suggest 
structures for these ions. Suggest also how they might arise. Speculate on the struc
ture of the ion having m/z = 59.
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240 220 200 180 160 140 120 100 80 60 40 20 0
ppm

Fig. 3.1-3 The 13C NMR spectrum of CH3COCH2COCH3 containing both keto and enol forms.



Fig. 3.1-4 The 13C NMR spectrum of CH3COCH2COCH3 containing both keto and enol forms.

The mass spectrum of the aluminium complex Al(acac)3 contains the following 
peaks:

m/z 
324
226
225
143
141
127
126
43

RI (%)
4

17
100

10
17

5
6

18

Identify the ions having m/z= 324, 225, 126 and 43. Suggest compositions for 
the ions having m/z = 226, 141 and 127. Suggest a structure for the ion having 
m/z = 143, whose composition is (C5H8A1O3)+.
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3.2
Nickel Dihalide Phosphine Complexes
Ivan P. Parkin

The physical and chemical properties of a coordination complex are dependent on 
its geometry. This distinction becomes important when different geometric isomers 
are possible. For example, cis and trans isomers and square planar or tetrahedral iso
mers can have different IR spectra, magnetic moment values and UV spectra.

In this experiment, you will synthesise three nickel halide bis-phosphine com
plexes and determine their geometry using spectroscopic methods. From this data, 
you will be in a position to predict the geometry of the complexes and suggest rea
sons for a specific geometric isomer.

Special Safety Precautions

1. Nickel salts are toxic. They are also irritants. Wear gloves to handle all nickel salts.

2. The carbon disulfide generated in the experimental is highly toxic and flam
mable. This preparation must be carried out in a fume cupboard.

3. Phosphines are irritants and toxic.

4. Carry out all reactions in a fume cupboard. 
... ...

3.2.1
Experimental

a) NiCl2(PPh3)2

Triphenylphosphine (2.8 g), propan-2-ol (30 cm3, dried) and two antibumping gran
ules are placed in a dry 100 ml B24 neck round-bottomed flask. The flask is fitted 
with a B24 reflux condenser and the mixture brought to reflux.

Nickel dichloride (1.2 g NiCl2 • 6H2O) is dissolved in ethanol (15 ml) in a 50 ml con
ical flask and the solution warmed to approximately 40 °C. The warm solution of 
nickel dichloride is added with care down the condenser to the refluxing triphenyl
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phosphine solution. Normally, the precipitate of NiCl2(PPh3)2 will form immediately 
upon addition. The reaction mixture is allowed to cool to room temperature and the 
product filtered off using a sintered glass filter and Buchner funnel. Wash the precipi
tate on the filter with cold ethanol (15 ml) and cold dry ether (15 ml). Dry by suction.

Record the yield, melting point, IR spectrum (4000-200 cm-1), UV spectrum (in to
luene or dry CHC13) and magnetic moment.

b) [Ni(NCS)2(PPh3)2]

Charge a B24 100 ml Quickfit round-bottomed flask with nickel nitrate, 1.5 g Ni 
(NO3) • 6H2O, ethanol (25 ml) and two antibumping granules or glass beads. Stir or 
swirl to dissolve, heating gently if necessary. Then add the finely ground sodium thio
cyanate (0.8 g), top the flask with a B24 reflux condenser and reflux for 20 minutes 
(during which time you should prepare a phosphine solution as described in the first 
paragraph of the NiCl2(PPh3)2 preparation). Cool the thiocyanate solution in an ice 
bath, while scratching the inside of the flask with a glass rod to precipitate the so
dium nitrate and any unreacted sodium thiocyanate.

Filter the nickel thiocyanate solution through a sintered glass funnel into a Buch
ner flask. Always remove the tubing from your Buchner flask before you turn off the 
water tap, so that water does not suck back. The thiocyanate solution should be 
transferred to a conical flask and heated on a hotplate with one or two (not more) 
antibumping granules. The hot nickel thiocyanate solution is than carefully added 
down the reflux condenser to the refluxing phosphine solution. The reaction mixture 
is allowed to cool to room temperature and the product filtered off using a sintered 
glass filter and Buchner funnel. Wash the precipitate on the filter with cold ethanol 
(15 ml) and cold dry ether (15 ml). Dry by suction.

Record the yield, melting point, IR spectrum (4000-200 cm*1), UV spectrum (in 
toluene or dry CHC13) and magnetic moment.

c) [NiCI2(PCy3)2]

A dinitrogen atmosphere is essential to avoid oxidation of the phosphine. Dinitrogen 
is bubbled through the solution of the adduct PCy3 • CS2 to remove the carbon disul
fide, which is highly flammable and toxic. This preparation must therefore be carried 
out in a fume cupboard.

Assemble the reflux apparatus as shown in Figure 3.2-1. There should be a small 
amount of liquid paraffin in the dinitrogen trap to prevent air entering the appara
tus, and to allow dinitrogen to escape from the apparatus.

Flush the system with dinitrogen by passing a fairly rapid stream of dinitrogen 
through the apparatus for a few minutes. The pressure should not exceed 25 kPa, 
which gives a flow rate of about 4 bubbles per second.

Weigh 1.9 g of the tricyclohexylphosphine-carbon disulfide adduct into the flask 
and add dry propan-2-ol (20 ml) together with antibumping granules. Attach the con
denser and pass dinitrogen through the solution for five minutes. Make sure that 
the dinitrogen inlet is well below the liquid surface.
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water in

Fig. 3.2-1 Reflux apparatus for the preparation of [NiX2 (PR3)2]-

Maintain the dinitrogen supply and heat the flask to reflux. If the flow is suffi
cient, the CS2 will be driven off within fifteen minutes. The solution will then be 
clear and colourless (or a very pale straw colour), but you should continue until you 
are certain that there is no further colour change, and until you are ready to add the 
warm nickel salt. (You may have to top up with degassed solvent, since this evapo
rates during the reflux.)

Nickel dichloride (0.6 g NiCl2 ■ 6H2O) is dissolved in dried ethanol (15 ml) in a 
50 ml conical flask and the solution warmed to 40 °C. The warm nickel dihalide solu
tion is added to the refluxing phosphine carefully down the condenser and the pro
duct obtained as previously described for NiCl2(PPh3)2,

Record the yield, melting point, IR spectrum (4000-200 cm"1), UV spectrum (in 
toluene or dry CHC13) and magnetic moment.

1. Four coordinate nickel complexes can be either square planar or tetrahedral. 
Draw three diagrams for NiCl2(PPh3)2 showing the possible geometric isomers.

2. Metal chloride stretches occur in the infrared between 400-250 cm-1. How many 
Ni-Cl stretches are seen for NiCl2(PPh3)2 and NiCl2(PCy3)2? Does this suggest a 
particular geometric isomer for each complex?

3. Calculate the extinction coefficient e for the bands in the UV spectra of the three 
nickel complexes. Does this value suggest tetrahedral or square planar coordina
tion?

3.2.2
Exercises
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4. Draw a simplified splitting diagram for the d-orbitals in a tetrahedral and square 
planar crystal field. Fill in the appropriate number of electrons for Ni2+ in both 
cases. Compare the number of unpaired electrons with the magnetic moments 
you measured. Does this predict a certain geometry?

5. Compare the ligand field properties of the thiocyanate and chloride ions and use 
this to explain the differences in the experimental results for NiCl2(PPh3)2 and 
Ni(NCS)2(PPh3)2. What are the steric and electronic differences between PPh3 
and PCy3 which account for your findings ?

6. Can you suggest any further methods we could use to differentiate between 
square planar and tetrahedral geometries ?
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3.3
Nickel(ll) Complexes of Some Schiff Base Ligands
Christopher J. Jones

The condensation of an aldehyde or ketone with a primary amine leads to the for
mation of an imine linkage with the liberation of one molecule of water as shown 
in Eq. (1) where R, R1 and R2 are hydrocarbyl substituents. The nitrogen atom in 
the product carries a lone pair of electrons and can function as a Lewis base, form
ing complexes with transition-metal ions. The first recorded example of such a 
complex was reported as early as 1840 by Ettling, who isolated a copper complex of 
the product formed in the reaction between salicylaldehyde and ammonia. How
ever, it was Schiff who, in 1869, established the 1:2 metal: ligand stoichiometry of 
this complex and lent his name to the compounds containing the azomethine frag
ment.

+ rnh2 (1)

Since these early discoveries, a wide range of complexes derived from Schiff base li
gands have been isolated. These compounds have played a major role in the develop
ment of modern coordination chemistry, providing examples of macrocyclic ligand 
systems and the effects of steric interactions on coordination geometries. Schiff base 
complexes have also been used to model biological systems, such as the haem group 
and vitamin Bi2 coenzyme, which contain transition metals.

Two general methods may be used to prepare Schiff base complexes. The first en
tails the prior formation and isolation of the ligand system, followed by its reaction 
with the metal to form a complex. The second method does not entail prior isolation 
of the ligand but instead, the condensation and complexation reactions are per
formed together during a single synthetic process. In fact, there are some ligands 
which will only form in the presence of a metal ion in a so-called ‘template’ reaction. 
In some reactions of this type, it is thought that the metal ion complexes one or both 
of the ligand precursors before the condensation reaction occurs in what has been 
called a kinetic template effect. Thus, the metal ion can act as a template orienting 
the reacting species and controlling the product formed. One example of such a tem
plate reaction is provided by the reaction between 1,8-diaminonaphthalene and pyr-
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role-2-aldehyde. The normal product of this reaction in air is a heterocycle (Eq. 2). 
With pyrrole-2-aldehyde in the presence of nickel(II) ions, however, a different pro
duct can be obtained as its nickel complex (Eq. 3).

(2)

(3)

In the following experiments, nickel complexes of two isomeric ligands derived from 
diaminopropane and pyrrole-2-aldehyde are prepared using different methods.

XH NMR, MS and IR spectral measurements can be used to investigate the struc
tures of these compounds.

Special Safety Precautions

If any chemicals in this experiment should come in contact with your skin, wash 
them off immediately with copious amounts of water, then consult a demonstra
tor. In the event of spillage keep others away from the area of the spill and con
sult a demonstrator. Absorb the spillage on an inert absorbent (e.g. vermiculite) 
and remove it to a fume cupboard to be packaged for disposal. Skin contamina
tion by, or inhalation of, these materials must be avoided.

Materials

Nickel(II) ethanoate, Ni(O2CCH3)2 ■ 6H2O
1,2-Diaminopropane
1,3-Diaminopropane
Ethanol
Dichloromethane
Sodium carbonate
Petroleum ether 40/60
Sodium hydroxide

Hazards

Toxic
Corrosive
Toxic, Corrosive
Harmful, Flammable
Harmful
Irritant
Irritant, Flammable
Corrosive
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Disposal of Wastes

Waste solvents must be disposed of into the containers provided. 
For further information consult the suppliers data sheets.

3.3.1
Experimental

a) A Schiff Base Ligand from 1,3-Diaminopropane and Pyrrole-2-aldehyde

This reaction is to be carried out in a fume cupboard. Dissolve pyrrole-2-aldehyde 
(0.95 g) in ethanol (5 cm3) in a round-bottomed flask (100 cm3). Using a graduated pi
pette, add 1,3-diaminopropane (0.40 cm3) to the solution and mix the liquids. Fit a re
flux condenser and warm the flask and contents on a steam (or boiling water bath) to 
boiling for 3-4 minutes and then stand them in an ice bath for 2 hours. The mixture 
may solidify to a crystalline mass or remain liquid. If a solid has deposited on cooling, 
collect this by filtration and wash it with a few cm3 of diethyl ether. The combined fil
trate and washings may deposit more product, as crystalline needles, on standing. If 
the mixture remains liquid, reduce the volume on a rotary evaporatory, until solid starts 
to appear and then stand the flask in an ice bath to complete the crystallisation. Proceed 
to collect the product as described above. Allow the product to air dry and record your 
yield. Obtain the IR (KBr disc), 3H NMR and mass spectra of your product.

b) A Ni(ll) Complex from the Schiff Base Ligand

Dissolve a portion (0.5 g) of the ligand prepared above in a) in warm ethanol (10 cm3). 
Slowly add a solution of nickel ethanoate (nickel acetate, Ni(OCOCH3)2 • 4H20,0.5 g) 
in water (10 crn3) to produce a turbid, brick red mixture. Next add a solution of sodium 
carbonate (0.2 g) in water (5 cm3) and stir the mixture for 20 minutes. After this time, 
collect the crude product by filtration and wash it with a little ethanol-water mixture 
(1:1, a few cm3). Redissolve the red product in dichloromethane (ca. 40 cm3) and dry 
the solution over a little magnesium sulfate. Remove the magnesium sulfate by filtra
tion and wash it with a little dichloromethane. Add light-petroleum (80-100 °C, 
40 cm3) to the combined washings and filtrate, then remove the dichloromethane 
using a rotary evaporator (use a room temperature water bath, do not heat the flask). 
The red product will precipitate from the light-petroleum as the dichloromethane is 
removed. The product may be collected by filtration and air dried. Record your yield 
and obtain the IR (KBr disc), 3H NMR and mass spectra of your product.

c) A Nickel(ll) Complex with 1,2-Diaminopropane and Pyrrole-2-aldehyde

In a fume cupboard, set up a round-bottomed flask (100 cm3) equipped with twin
necked adaptor, reflux condenser and dropping funnel. Place an ethanol-water mix-
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ture (1:1 v/v, 50 cm3) in the flask along with pyrrole-2-aldehyde (0.95 g), nickel 
ethanoate (nickel acetate, Ni(OCOCH3)2 • 4H2O, 1.25 g) and 3 or 4 anti-bumping 
granules. Heat the flask to dissolve the nickel ethanoate (a turbid rather than clear 
solution will form) and then add an aqueous solution of NaOH (10% w/v, 4 cm3). 
Dissolve 1,2-diaminopropane (0.4 cm3) in water (20 cm3) in the dropping funnel. 
Add this diamine solution dropwise, over a period of about 20 minutes, to the 
refluxing suspension of nickel hydroxide and aldehyde. Next add water (10 cm3) and 
allow the mixture to cool. Collect the crude orange product by filtration and wash 
it with a little ethanol-water (1:1). Redissolve the product in dichloromethane 
(ca. 40 cm3) while still in the filter funnel and allow the orange dichloromethane 
solution to filter into a clean conical flask (100 cm3). Dry this solution with a little 
magnesium sulfate, remove the magnesium sulfate by filtration and wash the 
magnesium sulfate with a little dichloromethane. Add light-petroleum (80-100 °C) 
to the combined filtrate and washings and remove the dichloromethane using a 
rotary evaporator. (Use a room temperature water bath and do not heat the flask). 
The orange product will precipitate from the light-petroleum as the dichloro
methane is removed and may then be collected by filtration and allowed to dry in 
air. Record your yield and obtain the IR (KBr disc), 3H NMR and mass spectra of 
your product.

3.3.2
Exercises

1. Consult the IR spectra obtained. Given that >N-H bonds give rise to IR bands 
(vNH) in the region 3000 to 3400 cm*1 and that >C=N" bonds give rise to IR 
bands (vC=N) in the region 1550 to 1600 cm-1, what evidence do the spectra pro
vide for the formation of a nickel complex from the ligand in parts a) and b).

2. Consult the mass spectra and list the major ions observed. Comment on the ap
pearance of the molecular ion peaks in the nickel complexes and explain why pro
minent ions are observed at m/z = 284 and 286 in each case? How do the spectra 
of the two isomers differ.

3. Draw the structures of the complexes prepared in parts b) and c). Consult the 3H 
NMR spectra and list the shifts and, where appropriate, coupling constants of the 
signals in these spectra. Show how these spectra are consistent with the struc
tures of the compounds prepared and how the spectra of the two isomeric nickel 
complexes differ. Explain the appearance of the signals in the region <5TMS 3 to 4 
in the NMR spectrum of the compound derived from 1,2-diaminopropane.

4. Square planar complexes of nickel(II) are diamagnetic and exhibit NMR spectra. 
Use a crystal field splitting diagram to explain why this should be so when octahe
dral nickel(II) complexes are paramagnetic with 2 unpaired electrons.
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Fig. 3.3-1 Mass spectra of the nickel Schiff base complexes.
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Fig. 3.3-2
a) The 300 MHz ]H NMR spectrum

of the 1,3-diamine complex in CDCl3;
b) aromatic region, enlarged;
c) aliphatic region, enlarged.

10.5 10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

b)

6.60 6.50 6.40 630 6.20 6.10 6.00 3.30 3.20 3.10 3.00 2.90 
PPm

1.80 1.70 1.60 1 50
Ppm

Fig. 3.3-3
The 300 MHz ]H NMR spectrum 
of the 1,2-diamine complex in CDCI3; 
aromatic region, enlarged;
aliphatic region, enlarged.

7.20 7.10 7.00 6.90 6.80 
ppm

b)

10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5

6.60
ppm ppmppm
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3.4
The Synthesis and Coordination Chemistry 
of Macrocyclic Complexes
Martin Schroder

Macrocyclic ligands are ligands in which the donor atoms are contained within the 
same ring. Common examples of macrocyclic ligands include porphyrins, which are 
present at the active site of haem proteins, and phthalocyanins. The beginnings of 
current interest in synthetic macrocyclic ligands and their complexes can be traced to 
the synthesis of the nickel(II) complex of the tetraaza macrocycle, L1 (Fig. 3.4-1). 
The original paper by Curtis describes the synthesis of [Ni (L1)]2+ by the condensation 
of tris(ethylenediamine)nickel(II) perchlorate, [Ni(en)3](C104)2, with acetone. The 
synthesis of [Ni (L1)]2+ represents a common method of macrocyclic ligand prepara
tion, namely, Schiff-base template condensation of an amine with a ketone around a 
metal ion. However, this synthesis is not suitable as an undergraduate experiment 
because the condensation reaction occurs rather slowly over several days and affords 
a mixture of nickel(II) complexes of L1 and L2 2) (Fig. 3.4-1), which are related by the 
position of the imino C=N bonds within the ring. Complexes of L1 can, however, 
be conveniently prepared by metal insertion into the preformed macrocyclic ligand. 
Curtis and Hay first reported the preparation of the metal-free ligand as its diproto
nated salt, and this synthetic procedure was subsequently adapted by Tait and Busch. 
The preparation of the metal-free ligand and its corresponding copper(II), nickel(II) 
and cobalt(III) complexes via metal insertion reactions provides an excellent intro
duction to macrocyclic chemistry for undergraduate students.

1) The full name for L1 is: 5,5,7,12,12,14-hexamethyl-l,4,8,ll-tetra-azacyclotetradeca-7,14-diene.
2) The full name for L2 is: 5,7,7,12,12,14-hexamethyl-l,4,8,ll-tetra-azacyclotetradeca-4,14-diene.

As a result of the restricted inversion of the chiral secondary amine centres, metal 
complexes of L1 can exist as the N-meso (I) or the N-racemic (II) diastereoisomers as 
shown in Figure 3.4-1. These can be interconverted in basic solution. The N-meso dia
stereoisomers can be distinguished in the case of the diamagnetic nickel(II) com
plexes by 2H NMR studies. The N-racemic diastereoisomer (thiocyanate salt) displays 
three equally intense resonances at 8 2.67, 2.52 and 1.75, while the N-meso diastereo
isomer (thiocyanate salt) shows these signals at <5 2.69, 2.21 and 1.75 in D2O. These 
methyl signals are assigned to the imine methyls (equatorial) and to the axial and 
equatorial geminal methyl groups respectively. The infrared bands near 3200 and 
1650 cm-1 are assignable to the v(N-H) and v(C=N) vibrations respectively. Ionic
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N - meso N - racemic Fig. 3.4-1

perchlorate (Td symmetry) leads to a broad band at 1100 cm-1 and a sharp band at 
625 cm-1. The ligand field strength of L1 has been calculated to be 15690 cm-1, making 
the ligand one of the most strongly coordinating synthetic macrocyclic quadridentates 
on nickel(II). The NCS-, PFg and BF4 salts have been prepared and characterised.

3) The full name for 1? is: 2,12-dimethyl-3,7,ll,17-tetraazabicyclo[11.3.1]septadec-l(17),2,ll-13,15- 
pentaene.

A further set of experiments can be undertaken based upon a convenient direct 
Schiff-base condensation of 2,6-diacetylpyridine with an appropriate diamine, in this 
case, 4-azaheptane-l,7-diamine, in the presence of nickel(II) to form [Ni(L3)]2+.3^ In 
the absence of nickel(II) ion, the Schiff-base condensation reaction affords intract
able polymeric materials.

The complex [NT (L3)]2+ is particularly suitable for electrochemical investigation by 
cyclic voltammetry and coulometry. The complex shows one one-electron oxidation 
to afford a stable nickel(III) species, and two one-electron reductions, the first corre- 
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spending to the formation of a nickel(II)-ligand radical species. Both one-electron 
redox products can be detected by ESR spectroscopy.

Special Safety Precautions

1. All perchlorate (C1O7) salts are potentially explosive, particularly when heated 
to dryness, and must be handled with care at all time. Perchlorates should not 
be heated. In all the experiment below, NaC104 may be replaced by NaBF4 or 
NH4PF6, although the resultant metal complex BF4 and PFg salts are often 
more difficult to isolate from solution than their corresponding ClOf salts.

2. Nickel salts are potential carcinogens. Avoid skin contact.

3. Hydrogen peroxide is highly oxidising and corrosive. Spills should be cleaned 
and washed off immediately.

3.4.1
Experimental

a) 1,2-Diaminoethane Dihydrobromide

Dissolve 1,2-diaminoethane (30 g, 33.5 cm3, 0.5 mol) in methanol (100 cm3). Cool 
the solution in an ice bath and carefully add concentrated (49%) hydrobromic acid 
(175 cm3) dropwise with stirring. Collect the colourless dihydrobromide salt by filtra
tion on a glass sinter, wash the product with diethyl ether and dry in vacuo. A further 
crop of dihydrobromide salt can be obtained by reducing the volume of the filrate or 
by adding ether to the filtrate.

b) L  • HBr - 2H2O1

To 1,2-diaminoethane dihydrobromide (11.1g, 0.05 mol) prepared above, add acetone 
(100 cm3) and 1,2-diaminoethane (3.0 g, 0.05 mol). Heat the mixture on a water bath 
using a reflux condenser for ca. 30 minutes, during which time a copious white preci
pitate of the crystalline macrocycle dihydrobromide forms. Cool the solution, collect 
the product by filtration and wash the precipitate with ice-cold acetone, then diethyl 
ether and dry in vacuo. The yield is ca. 15.5 g (80% based on ethylenediamine). Mea
sure the melting point of the sample [m.p.: 107-108 (dec.)], and run an IR spectrum 
as a KBr disk to identify the C=N stretching vibration [vmax: 1670 cm-1]. The dihydro
bromide salt can be stored for 2-3 months without appreciable decomposition.

c) N-meso and N-racemic Nickel(ll) Complexes of L , [Ni(L )]2+1 3

Dissolve I?-2HBr-2H2O (5 g, 0.01 mol) in the minimum volume of water 
(ca. 30 cm3) and add an excess of nickel(II) carbonate. Heat the resultant slurry on a 
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water bath for ca. 30 minutes. Remove any unreacted nickel(II) carbonate by filtra
tion and add a saturated aqueous solution of sodium perchlorate, NaC104 (3 cm3).4* 
Cooling in an ice bath affords yellow crystals of the perchlorate salt of [Ni(I?)]2+. The 
sample obtained is a mixture of N-meso (I) and N-racemic (II) diastereoisomers. 
These diastereoisomers can be distinguished by IR and 3H NMR spectroscopy. The 
pure N-meso diastereoisomer can be obtained by rapid recrystallisation of the sample 
from hot methanol.

4) NaClO4 may be replaced by NaBF4 or NH4PFS in the preparation although the resultant BF4 and 
PFg salts are often more difficult to isolate from solution than the corresponding C1O4.

d) N-meso and N-racemic Copper(ll) Complexes of L1, [Cu(L )]2+3

A mixture of N-meso and N-racemic diastereoisomers of [Cu(L1)]2+ can be prepared 
using the same procedure as for the nickel(II) complex, but replacing nickel(II) car
bonate with copper(II) carbonate. Addition of a saturated aqueous solution of so
dium perchlorate, NaC104 (3 cm3) leads to rapid crystallisation of the perchlorate 
salt. The N-meso diastereoisomer is orange and the N-racemic diastereoisomer red. 
The N-meso diastereoisomer can be obtained by recrystallisation from water-ethanol, 
and the N-racemic diastereoisomer by extraction into boiling dioxane.

e) Cobalt (111) Complexes

The N-racemic cobalt(III) complex of L1 can be prepared by reacting the ligand dihy
drobromide salt with Na3[CO3)3 • 3]H2O in the presence of hydrochloric acid.

Sodium tris(carbonata)cobalt(lll)trihydrate, Na3[Co(CO3)3] • 3H2O

This complex can be readily prepared by the method of Bauer and Drinkard. Dissolve 
[Co(NO3)2] • 6H2O (29.1 g, 0.10 mol) in water (40 cm3) and slowly add hydrogen per
oxide (30%) (10 cm3). Add this solution dropwise with stirring to a cold slurry of so
dium hydrogen carbonate, NaHCO3, (42.0 g, 0.50 mol) in water (50 cm3). Allow the 
mixture to stand at 0 °C for 1 hour with continuous stirring. Collect the olive green 
product by filtration, wash the precipitate with 3 x 10 cm3 portions of cold water, 
then thoroughly wash with absolute alcohol and diethyl ether and dry in vacuo.

trans-[CoCl2(L1)]ClO4

Heat a slurry of Na3[Co(CO3)3] • 3H2O (7.24 g, 0.02 mol) and the ligand dihydrobro
mide (12 g, 0.025 mol) in methanol-water (1:1 v/v, 100 cm3) on a water bath until ef
fervescence ceases (ca. 20 min). Filter the resultant red solution hot and add concen
trated hydrochloric acid (20 cm3) to the filtrate, which is then heated on a water bath 
and the volume reduced to ca. 20 cm3. Allow the solution to cool and add a concen
trated aqueous solution of sodium perchlorate, NaClO4 (ca. 5 cm3). Green crystals of 
the required complex crystallise on cooling.
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f) Template Schiff-base Condensation to Form [Ni(L3)]2+

Dissolve [Ni(H2O)6]Cl2 (2.4 g, 0.1 mol) and 2,6-diacetylpyridine (1.6 g, 0.1 mol) in 
50% aqueous ethanol (200 cm3) and bring the solution to reflux. Add 4-aza-heptane- 
1,7-diamine (1.3 g, 0.1 mol) dropwise with stirring to the solution and reflux the re
sultant solution for 12 hours. Allow the reaction solution to cool and add a concen
trated solution of sodium perchlorate,

NaClO4. Cool the solution to 0°C to allow full precipitation of the product, which 
should be collected by filtration and dried in vacuo.

Discussion

Measure the electronic spectra of the complexes and obtain the energy and intensi
ties (extinction coefficients) of the d-d transitions. Measure the molar conductivities 
of the complexes. Measure the IR, NMR and ESR spectra of the products as appro
priate.

The metal complexes of L1 display many interesting features not normally seen 
with classical polyamine complexes. The copper(II) complex is quite stable to strong 
mineral acids and dissociates only slowly (t1/2 « 9.6 min in 6.1 M HC1 at 25 °C). The 
slow dissociation can be readily monitored spectrophotometrically at 500 nm in 
6.1 M HC1 at 25 °C. A plot of log (At-A^:) versus time is linear and the observed first 
order rate constant (kobs) can be readily derived from such plots.

Molecular models can be constructed to illustrate the detailed stereochemistry of 
these complexes. Discuss the formation of L1 from the condensation of diamine 
with acetone.

Further Reading

The nomenclature of macrocyclic ligands and the basis for abbreviations to represent ligands are 
discussed in J. Amer. Chem. Soc. 1972, 94, 3397 and in Inorg. Chem. 1972, 11,1979.

N. F. Curtis, J. Chem. Soc. 1960, 4409.
N. F. Curtis, D. A. House, Chem. Ind. (London) 1961, 42,1708.
N. F. Curtis, R. W. Hay, J. Chem. Soc., Chem. Commun. 1966, 524.
R. W. Hay, G. A. Lawrence, N. F. Curtis, J. Chem. Soc., Perkin Transactions 1,1975, 591.
A. M. Tait, D. H. Busch, Inorg. Synth. (Ed.: B. E. Douglas),Vols. 18, 2.
D. H. Busch, J. L. Karn, Inorg. Chem. 1969, 8,1149.
J. Lewis, M. Schroder, J. Chem. Soc. Dalton Trans. 1982,1085.
L. G. Warner, N. J. Rose, D. H. Busch, J. Amer. Chem. Soc. 1968, 90, 6938; 1967, 89, 703.
N. F. Curtis,Y. M. Curtis, H. J. K. Powell, J. Chem. Soc. (A) 1966,1015.
H. F. Bauer, W. C. Drinkard, J. Amer. Chem. Soc. 1960, 82, 5031.
D. K. Cabbiness, D. W. Margerum, J. Amer. Chem. Soc. 1970, 92, 2151.
F. V. Lovecchio, E. S. Gore, D. H. Busch, J. Amer. Chem. Soc. 1974, 96, 3109.
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3.5
[Co{dinosar)]CI3: An Encapsulation Complex
Prepared by a Template Reaction
David J. Otway

The reactions of coordinated ligands is an extremely important area. In template re
actions the metal coordination sphere acts as a shape former, bringing appropriate 
parts of ligands into close contact to allow subsequent reaction with each other or an 
external agent and thus minimising unfavourable entropy contributions to reaction 
energies. The natural syntheses of many metalloproteins and metalloenzymes are 
based on template reactions. In some cases the new molecule will decoordinate 
from the metal In this instance, though, the resulting macrobicyclic species, dinosar 
(l,8-dinitro-3,6,10,13,16,19-hexaazabicyclo[6.6.6]-eicosane) - formed from a template 
“capping” on three 1,2-diaminoethane (ethylenediamine, en) ligands - completely 
encapsulates the cobalt.

Special Safety Precautions

Hydrogen peroxide is a powerful oxidant and its aqueous solutions cause skin da
mage rapidly. Avoid any contact. Formaldehyde is toxic and carcinogenic and any 
solutions containing it must be handled in a fume cupboard. All other reagents 
and products - cobalt complexes, 1,2-diaminoethane, nitromethane - should be 
regarded as toxic. Avoid ingestion by nose, skin (or mouth). Wear gloves. Hot 
acetic acid and concentrated, hydrochloric acid are corrosive and noxious. Wear 
rubber gloves and operate in a fume cupboard. Ethanol, acetic acid and nitro
methane are flammable.

3.5.1
Experimental

a) Preparation of [Co(en)3]Cl3

Dissolve C0CI2 • 6H2O (6.0 g) in water (17.5 cm3). Whilst dissolution is in progress, 
add anhydrous 1,2-diaminoethane (4.5 cm3) to water (12.5 cm3) in a conical flask, 
cool the mixture in ice and then cautiously introduce 6M aqueous HC1 (4.5 cm3; 
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concentrated hydrochloric acid is approximately 12 M). With continuous stirring, 
add the CoCl2 solution to the diaminoethane solution, followed by 30% aqueous 
H2O2 (5.0 cm1 2 3 4 5 6 7 8 9). Continue stirring for several minutes until effervescence has ceased 
then place the flask on a hot plate (in a fume cupboard) and boil gently. When the so
lution has evaporated to a volume of approximately 30 cm3 (but no less, otherwise a 
green byproduct may be recovered) add an equal volume of concentrated hydrochlo
ric acid, followed by ethanol (60 cm3). Cool in ice and filter off the precipitate under 
suction. Wash with ethanol (2 x 20 cm3) and diethyl ether (2 x 20 cm3) and air-dry 
the product. Record the yield and measure the electronic spectrum (300-600 nm) of 
an aqueous solution of your product. (NB: You should use a known concentration 
since you must report extinction coefficients).

1. Briefly indicate the aims of the experiment.
2. Do not reproduce the experimental procedure unless your experiment differed.
3. Give balanced equations for both stages together with yields of the products.
4. Report the electronic spectra of both complexes.
5. Tabulate the NMR data for [Co(dinosar)]Cl3 and assign the spectra.
6. Assign the characteristic vibrations in the IR spectrum.
7. What is the point group symmetry at cobalt?
8. Briefly suggest a plausible mechanism for the capping reaction.
9. Write a short conclusion.

b) Preparation of [Co(dinosar)]CI3

Dissolve [Co(en)3]Cl3 (2.45 g) and Na2CO3 (1.2 g) in water (25 cm3) in a conical flask. 
With continuous stirring, add 40% aqueous formaldehyde (18 cm3 CAUTION) fol
lowed by nitromethane (2.85 g). Then, either (a) maintain the mixture at 30-40 °C 
(water bath on hotplate) for 60-90 minutes or (b) allow to stand at ambient tempera
ture for (at least) 5 hours. If no precipitate appears, addition of a small quantity of 
ethanol (5 cm3) should encourage it. The resulting solid is filtered under suction and 
cautiously dissolved in the minimum volume (ca. 7 cm3) of hot 3 M hydrochloric 
acid. Cool this solution in ice/water and add ethanol (20-25 cm3). Filter the recrys
tallised product under suction, air dry and place in a vacuum desiccator.

Record the electronic spectrum of a known concentration (300-600 nm) of an 
aqueous solution and the infrared spectrum of a Nujol mull. High field NMR spectra 
are available from the demonstrator.

3.5.2
Report
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Hand in with the report;

Samples of [Co(en)3]C13 and [Co(dinosar)]C13
Electronic spectra for both samples
Fully assigned NMR spectrum of [Co(dinosar)]C13
Fully assigned infrared spectrum of [Co(dinosar)]Cl3

Further Reading

R. J. Geve,T. W. Hambley, J. M. Harrowfield, A. M. Sargeson, M. R. Snow, J. Am. Chem. Soc. 1984, 
106, 5478, and references therein.
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3.6
Identification of Stereochemical (Geometrical) Isomers 
of [Mo(CO)4(L)2] by Infrared Spectroscopy
Michael A. Beckett

Physical techniques are widely used to obtain structural information at a molecular 
level in both organic and inorganic chemistry. A quick and convenient laboratory 
bench-top spectroscopic analysis of a sample will often allow chemists insight into a 
structural problem without recourse to single crystal X-ray diffraction study. Vibra
tional spectroscopy is one such spectroscopic technique. Functional groups within 
a molecule vibrate at characteristic frequencies (group frequencies) and in doing 
so absorb radiation in the infrared (IR) region of the electromagnetic spectrum, 
4000-200 cm-1. Mononuclear metal carbonyl complexes are well suited to study by 
IR spectroscopy since intense absorptions due to the CO oscillations usually occur in 
the range 2100-1750 cm"1. Furthermore, this region is also generally free from in
terference from absorptions due to other functional groups.1'

1) The N-N and N-0 stretches in M-N2 and M-NO complexes and M-H stretches also occur in 
this region. The method used for the preparation of the compounds should give some indication as 
to whether such functional groups might be present.

Separable geometrical isomers of complexes are common in ligand substituted 
mononuclear metal carbonyl chemistry. Group theory can be used to predict the num
ber of IR active CO absorption bands to be expected for any particular isomer and so if 
the structural formula of a metal carbonyl complex is known, it is often possible to cor
rectly identify which particular isomer is present by examining the CO stretching re
gion of its IR spectrum. Thus, four carbonyl absorption bands are to be expected from 
a cis-[M (CO)4(L)2] complex whereas only one band is expected from the trans isomer.

In this experiment, you will prepare, according to convenient literature methods, 
one isomer of the molybdenum carbonyl complex [Mo(CO)4(pip)2] and both possible 
isomers of [Mo(CO)4(PPh3)2]. These isomers will be identified by examining the CO 
stretching region of their IR spectra.
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Special Safety Precautions

Molybdenum hexacarbonyl and its derivatives are highly toxic, volatile materials. 
Chlorinated hydrocarbons, including CH2CI2 and tetrachloroethene, are toxic 
and may be carcinogenic. Piperidene is a highly toxic, flammable liquid. Toluene, 
methanol and 60-80 °C petroleum ether are toxic and flammable. Triphenylpho
sphine is an irritant. The reactions given in the experimental are on a small scale 
and should present no special hazards provided reactions and manipulations 
(e.g. weighing, making up Nujol mulls, etc.) are carried out in a fume cupboard. 
Eye protection and rubber gloves should be worn at all times. Time allowed for 
the experiment should be ca. 6 h.

3.6.1
Experimental

a) An Isomer of [Mo(CO)4(pip)2] (1) (pip = piperidine, HNC5H10)

[Mo(CO)6] (1.0 g) is suspended in dry toluene (40 cm3) under N2 and piperidene 
(10 cm3) is added. The mixture is heated at reflux for 2 hours and the [Mo(CO)6] 
should fully dissolve to give a yellow-orange solution. This solution should slowly be
come opaque as a yellow precipitate of the product (1) is produced. The reaction mix
ture is filtered hot using a Buchner flask/pump set up and the bright yellow product, 
remaining on the filter paper, is washed with cold 60-80 °C petroleum ether 
(2 x 10 cm3 portions, previously cooled in an ice bath for 15 minutes). The product 
is conveniently dried at the pump. Record the weight of the product and calculate 
the percentage yield. Obtain the melting point of the complex and its IR spectrum as 
a Nujol mull.

b) An Isomer of [Mo(CO)4(PPh3)2] (2)

[Mo (CO)4(pip)2] (1) (0.5 g, 1.32 mmol) is partially dissolved in dry CH2C12 (20 cm3) 
under N2 and PPh3 (0.75 g, 2.86 mmol) is added as a solid. The reaction mixture is 
heated to reflux (whereupon 1 should fully dissolve) and reflux is maintained for 
15 minutes. The reaction solution is allowed to cool to room temperature and the 
orange solution is filtered. The filtrate is reduced in volume to ca. 8 cm3 (rotary eva
porator or vacuum pump) and methanol (15 cm3) is added. The solution is cooled in 
a freezer (<0°C) for 15 minutes and the pale yellow product should crystallise out. 
The product is collected by filtration using a Buchner flask/pump set up and dried 
at the pump. Record the weight of the product and calculate the percentage yield. 
Obtain the melting point of the complex and its IR spectrum in tetra chloroethene 
solution and as a Nujol mull.
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c) Thermal Isomerisation of 2 to Give 3

[Mo(CO)4(PPh3)2] (2) (0.5 g, 0.68 mmol) is dissolved in dry toluene (10 cm3) under 
N2 to give a pale yellow solution. This solution is heated at reflux for 30 min and 
then allowed to cool to room temperature. The solution may darken upon heating. 
The toluene is removed on a rotary evaporator (or vacuum pump) to yield the pro
duct as a brownish off-white residue (3). The product may be purified by ‘dissolving’ 
in CH2C12 (15 cm3). The coloured insoluble material can be removed by filtration 
and the pure product can be obtained from the filtrate by removal of the solvent. Re
cord the weight of the residue and calculate the percentage yield. Obtain the melting 
point of the complex and its IR spectrum in tetrachloroethene solution and as a 
Nujol mull.

3.6.2
Exercises

1. Decide, by inspection of the CO stretching region of your IR spectra, the stereo
chemistry (cis or trans geometrical isomers) of your products.

2. Draw a reaction scheme which clearly shows the stereochemistry of 1, 2, and 3, 
and conditions for conversions.

3. Compare the melting point of your complexes with those quoted in the literature.
4. Do these metal carbonyl substitution reactions go via a dissociative or an associa

tive mechanism ?
5. Explain why the mechanisms for the isomerization of [Mo(CO)4(L)2] with L = PnBu3 

and L = PPh3 are different.
6. Are the cis or the trans isomers of [Mo(CO)4(PR3)2] thermodynamically more 

stable ?

Further Reading

R. M. Silverstein, G. C. Bassler, T. C. Morrill, Spectrometric Identification of Organic Compounds, 
5th ed., John Wiley and Sons, 1991.

E. A. V. Ebsworth, D. W. H. Rankin, S. Cradock, Structural Methods in Inorganic Chemistry, 2nd ed., 
Blackwell Scientific, 1991.

K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination Compounds, 3rd ed., John 
Wiley and Sons, New York, 1978.

M. Y. Darensbourg, D. J. Darensbourg, J. Chem. Educ. 1970, 47, 33.
D. J. Darensbourg, R. L. Kump, Inorg. Chem. 1978, 17, 2680.
W. Strohmeier, K. Gerlach, D. v. Hobe, Chem. Ber. 1961, 94, 164.
W. Hieber, J. Peterhans, Z. Naturforsch. 1959, 14B, 462.
A. D. Allen, P. F. Barrett, Can. J. Chem. 1968, 46, 1649.
D. J. Darensbourg, Inorg. Chem. 1979, 18, 14.
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3.7
Five Coordinate Complexes:
[VO(acac)2] and [Cr(NH3)6][CuCl5]
Christopher P. Morley

Five coordinate complexes are rare when compared to the abundance of four and six 
coordinate species. They commonly exhibit either square pyramidal or trigonal bi- 
pyramidal geometry. In this experiment, you will prepare and analyse an example of 
each type: vanadyl acetylacetonate, [VO(acac)2], and the pentachlorocuprate(II) anion 
as its hexaamminechromium(III) salt, [Cr(NH3)6][CuCl5].

Special Safety Precautions

1. Anhydrous liquid ammonia has a boiling point of-33 °C, and is corrosive. All 
operations involving liquid ammonia should therefore be conducted in a fume 
cupboard, whilst wearing protective gloves.

2. Sodium reacts violently with water. Any waste sodium scraps should be de
stroyed by adding them to a small beaker of anhydrous ethanol. When reac
tion is complete, the solution may be washed cautiously down the drain.

3. Chloroform is toxic by inhalation or contact.

4. Sulfur dioxide is a severe respiratory irritant. All reactions which may result in 
its evolution should be carried out in a fume cupboard.

3.7.1
Experimental

a) VO(acac)2

Water (50 cm3) and concentrated hydrochloric acid (25 cm3) are added to vana
dium^) oxide (3.3 g) in a 600 cm3 beaker. The mixture is heated on a hotplate (in 
the fume cupboard) and sodium sulfite (5 g) is added in 1 g quantities. After a few 
minutes at the boiling point, all the V2O5 should be reduced. After cooling, the solu
tion is filtered. Acetylacetone (10 cm3) is added, followed by saturated sodium carbo
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nate solution until no further effervescence occurs. The precipitate is collected by 
filtration on a Buchner funnel and dried thoroughly in a vacuum desiccator. The 
product is purified by dissolving it in a small volume of chloroform, filtering if 
necessary, and reprecipitating by slow addition of petroleum ether. Dry the product 
as before and record the yield.

Record the melting point, infrared spectrum (Nujol mull, NaCl plates), and visible 
spectrum (CHC13 solution, ca. 0.1 g in 20 cm3) of your product. Rerun the visible 
spectrum using tetrahydrofuran as solvent and comment on any differences between 
the two spectra. Measure the magnetic susceptibility of your sample, and calculate 
the number of unpaired electrons using the spin-only formula.

Vanadium may be estimated by titration with permanganate. The acetylacetonate 
groups are, however, oxidised only relatively slowly by permanganate and must 
therefore first be destroyed. Add 25 cm3 dilute sulfuric acid to a weighed sample of 
complex (ca. 0.25 g) and bring to the boiling point. From a burette, slowly add con
centrated (approx. 0.2 M) KMnO4 solution, reheating when necessary. Add a slight 
excess of permanganate and boil for a few minutes. Cool, reduce with an excess of 
sodium sulfite, and boil off the excess SO2 (in a fume cupboard): this will take 10
15 minutes. A blue solution of V(IV) will be obtained. Allow this to cool to 50-70 °C 
and then titrate with standard (ca. 0.02 M) potassium permanganate until the first 
permanent pink colour is observed. After recording the endpoint, add a slight excess 
of KMnO4 solution and boil. Repeat the reduction and titration to check that oxida
tion of the acetylacetonate groups was complete. Repeat if necessary until constant 
titres are achieved. Calculate the percentage vanadium in the complex, compare with 
the theoretical value and comment on the purity of your sample.

b) [Cr(NH3]6]CI3 .

A slush bath at -78 °C is prepared by slowly adding solid carbon dioxide to acetone 
in a Dewar vessel until the solid remains at the bottom of the vessel without vapour
ising. The reaction vessel is clamped so that about half of it is cooled in the slush 
bath (see figure), and ammonia is then passed into the reaction vessel from a cylin
der. Allow about 40 cm3 of NH3 to condense. A small piece (<0.1 g) of freshly cut so
dium is then added to the liquid ammonia, followed by a small crystal of ferric 

NH3 gas — 
from cylinder

Dewar containing 
solid CO2/acetone

clamp
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nitrate (or other Fe(III) salt) to discharge the blue colour. The solution is stirred if 
necessary.

The dark solution of sodium amide thus produced, which also contains finely di
vided iron, is treated in small portions with anhydrous CrCl3 (2.5 g in total), pre
viously ground to a fine powder using a pestle and mortar. Only small portions of 
the relatively warm CrCl3 are added, in order to avoid boiling the solution over the 
sides of the reaction vessel.

The contents of the reaction vessel are poured into an evaporating dish and al
lowed to dry. 1 g of the crude product thus obtained should be used in the prepara
tion of the pentachlorocuprate(II) salt (see below). The remainder may be recrystal
lised as follows. Dissolve it in a small volume of 1 M hydrochloric acid at room tem
perature, filter to remove any unreacted CrCl3 and iron containing impurities, and 
cool the solution to 0 °C in an ice bath. Add concentrated hydrochloric acid slowly 
until the initial volume is approximately doubled. The crystals obtained are collected 
by filtration, washed with ethanol, then dried.

Record the infrared (KBr disk) and visible spectra (aqueous solution, ca. 0.1 g in 
20 cm3) of your product and assign the absorptions observed. Measure the magnetic 
susceptibility of the sample and calculate the number of unpaired electrons using 
the spin-only formula.

c) [Cr(NH3)6][CuCl5]

Hexaamminechromium(III) chloride (1 g, see above) is dissolved in water (15 cm3). 
A solution of copper(II) chloride dihydrate (1 g) in water (15 cm3) is added. The mix
ture is filtered if necessary, then heated to 60 °C. Concentrated hydrochloric acid 
(10 cm3) is added: crystals form as the solution cools to room temperature. Filter off 
the product, wash with ethanol and dry in a desiccator. Calculate your yield.

Record the infrared spectrum (KBr disk) of your product and compare it with the 
spectrum of [Cr(NH3)6]Cl3 obtained above.

The chromium and copper content of the sample should be determined using 
atomic absorption spectroscopy. The complex may be brought into solution using a 
small quantity of a mixture of concentrated nitric and sulfuric acids, followed by di
lution with water to a known volume. Use sufficient complex to ensure that the final 
concentration of each metal is in the range 10-20 ppm. Calculate the percentage 
chromium and copper, compare with the theoretical value and comment on the pur
ity of your sample.

Further Reading

R. A. Rowe, M. M. Jones, Inorg. Synth. 1967, 5,114.
J. Selbin, H. R. Manning, G. Cessac, J. Inorg. Nucl. Chem. 1963, 25,1253.
K. Nakamoto,Y. Morimoto, A. E. Martell, J. Am. Chem. Soc. 1961, 83, 4533.
A. L. Oppegard, J. C. Bailar Jr., Inorg. Synth. 1950, 3,153.
G. C. Allen, N. S. Hush, Inorg. Chem. 1967, 6, 4.
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3.8
Preparation of trans-PtHCI(PPh3)2 and Measurement 
of its nH, 31P and 195Pt NMR Spectra
William P. Griffith

The development of Fourier transform techniques for NMR spectroscopy greatly 
stimulated the study of many nuclei including those with quite low magnetic mo
ments and low sensitivities. In this experiment, you will make cis-PtCl2(PPh3)2, con
vert it to trans-PtHCl(PPh3)2 and measure the 1H resonance spectrum of the latter. 
The 31P and 195Pt NMR spectra are provided in Figures 3.8-1 and 3.8-2. From these 
and your 3H spectrum you will be able to derive a number of chemical shifts and 
coupling constants for the hydrido complex.

Special Safety Precautions

1. Platinum salts can, in rare cases, cause skin disorders and asthma. Wash your 
hands after using them.

2. Hydrazine hydrate, potassium hydroxide solution and acetic acid are corrosive. 
If any is spilled on the skin wash it off with copious quantities of water.

3. Triphenylphosphine is toxic; avoid inhaling its dust.

3.8.1
Experimental

a) cis-PtCl2(PPh3)2

Dissolve finely powdered K2[PtCl4] (0.6 g) in 10 cm3 of water with stirring. In a 
100 cm3 three-necked flask equipped with a reflux condenser, stirrer bar, N2 inlet and 
dropping funnel, dissolve finely powdered triphenylphosphine (0.85 g) in degassed 
ethanol (10 cm3), passing N2 over the solution to avoid formation of Ph3PO. Boil the 
solution gently and add the K2[PtCl4] solution dropwise with continuous stirring. The 
solution should go pale yellow, followed by precipitation of the white complex.

Allow the solution to cool and continue stirring under a slow nitrogen stream. 
Centrifuge off the compound in air, wash with a little alcohol, then ether and allow
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Fig. 3.13-1 109.3 MHz 31P NMR Spektrum of trans-PtHCI(PPH3)2 decoupled at 7 ppm.

to dry. Take the melting point, record your yield, and run the infra-red spectrum 
(4000-200 cm’1 *, pressed KBr disc). Compare your spectrum with that in the litera
ture. Save a small (0.05 g) sample before proceeding to the preparation of trans- 
PtHCl(PPh3)2.

1) If a yellow solid is formed, this is likely to be trans-Pt(OH)Cl(PPh3)2. In this event decant off the 
supernatant and convert it to the desired product (trons-PtHCl(PPh3)2) by dissolving the solid in
the minimum quantity of 3M HC1 (30 cm3), refluxing under nitrogen for 15 minutes and filtering
off the white hydride. Continue with the product as in c).

b) trans-PtHCI(PPh3)2

The quantities given here are based on the use of 1.0 g of cis-PtCl2(PPh3)2. You 
should, however, use all of your product apart from the amount needed for the IR 
spectra, etc. in Part a) above, and adjust quantities according to the amount you have 
available. Make a suspension of cis-PtCl2(PPh3)2 (1.0 g) in ethanol (30 cm3) under N2 
using a three-necked flask equipped as before. With stirring, add 1 cm3 from syringe 
of concentrated hydrazine hydrate (Corrosive!), and then quickly bring the mixture 
to reflux with a preheated heating mantle. Continue refluxing for five minutes, swir
ling the flask or stirring the contents. As clear pale-yellow solution should result.1*
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To the clear stirred solution or supernatant, still under nitrogen, add a mixture of 
2 cm3 of glacial acetic acid in 15 cm3 of ethanol dropwise. Allow the solution to cool 
overnight. If little or no precipitate appears, evaporate off about half the solvent and 
leave the remainder in the refrigerator.

Centrifuge off the white crystals of the hydride, record the yield and melting point, 
and measure the infra-red spectrum (4000-200 cm-1, pressed KBr disc). Compare 
your spectrum with that in the literature. Save a small (0.05 g) sample before run
ning the 3H NMR spectrum.

c) ’H NMR Spectrum oftrans-PtHCI(PPh3)2

Dissolve as much of your sample as necessary to make a saturated solution in the 
CH2C12 (1 cm3); you may need to decant away from any undissolved solid. Measure 
the 3H resonance spectrum. Since measurements will necessarily be made at high 
sensitivity levels, make sure that the phase trim is correct.

Interpret the proton resonance spectrum and calculate chemical shifts and coupling 
constants using your spectrum and using the 195Pt and 31P spectra given here.



148 3 Intermediate Experiments

References

S. H. Mastin, Inorg. Chem. 1974, 13, 1003.
J. C. Bailar, H. Itatami, Inorg. Chem. 1965, 4, 1618.



149

3.9
[Mo02Br2(H20)2] • (diglyme) and [Mo02Br2(DMF)2]
Francisco J. Arndiz, Marfa R. Pedrosa, and Rafael Aguada

Dioxomolybdenum halides are useful precursors for the synthesis of a number of 
species that mimic oxotransferases (1). Most of addition compounds of the halides 
are prepared by treating the hygroscopic, expensive MoO2X2 (X = Cl, Br) with the ap
propriate ligand in aprotic solvents (2).

However, the existence of [MoO2Br2(H2O)2] in the solutions of alkali molybdates 
in concentrated hydrobromic acid was postulated in 1990 (3). More recently the spe
cies has been isolated and structurally characterised by X-ray diffraction as 
[MoO2Br2(H2O)2] • (15-crown-5) • H2O (4). This suggests that the hydrate complex 
might be similarly stabilised with other common polyethers and a number of related 
compounds have been isolated.

Here we describe the preparation and characterisation of the outer-sphere hydro
gen bonded addition compound [MoO2Br2(H2O)2] • (diglyme) and the dimethyl
formamide (DMF) adduct [MoO2Br2(DMF)2], The first synthesis illustrates how 
metals can be extracted from aqueous solutions with common solvents, and poly
ethers can stabilise hydrate complexes via hydrogen bonds. The latter shows that 
some strong coordinating ligands of low basicity toward the proton can displace 
water from the coordination sphere of metals without producing hydrolysis.

This experiment is appropriate for the advanced inorganic chemistry lab because 
of the chemical principles and techniques involved and to show how previous knowl
edge inspires chemical research.

Special Safety Precautions

Concentrated hydrobromic acid is corrosive, volatile (fumes in air) and toxic. 
Diethyl ether, diglyme and dimethylformamide are flammable and toxic. Use 
safety gloves and goggles, avoid inhalations of vapours and conduct all operations 
in a well-ventilated hood far from ignition sources.
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3.9.1
Experimental

a) [Mo02Br2(H20)21 ‘ (diglyme)

In a 15 x 150-ml test tube place: a stirring bar, ca. 1 g (4.13 mmol) of finely pow
dered Na2MoO4 • 2H2O and ca. 5 g (29.04 mmol) of concentrated (ca. 47%) hydro
bromic acid. Stir the mixture for 5 minutes. Add ca. 5 ml of diethyl ether and stir vig
orously for 5 minutes. Stop the stirring and transfer the yellow upper ethereal layer 
(Pasteur pipette) to a 25-ml round-bottomed flask. Repeat similarly the extraction 
twice more and combine the ethereal extracts. Add ca. 1 g (7.45 mmol) of 2,5,8-tri- 
oxanonane (diglyme) to the solution. Concentrate the ethereal solution in vacuum at 
room temperature until a copious mass of yellow crystals is formed. Collect the solid 
by vacuum filtration (Hirsch funnel on 25 ml Schlenk tube), wash it with small por
tions (ca. 2x1 ml) of diethyl ether (add previously the ether to the flask to remove 
the remaining crystals and to get a saturated solution) and leave it to dry in air for 
15 minutes. Weigh the yellow solid and calculate the yield (500-600 mg of product 
is easily obtained but note that the yield is quite dependent of the amount of mother 
liquor and washings, so be careful in the washing to avoid dissolving all the pro
duct). Wash the funnel with 5 ml of diethyl ether and conserve the mother liquor 
and washings in the Schlenk tube for the next preparation.

Use small portions of product to perform qualitative tests (e.g. AgNO3 for bro
mide, warm Pb(NO3)2 solution to precipitate white PbMoO4 while PbBr2 remains 
dissolved, and Nal in acetone). Obtain the IR spectrum of the product as a disper
sion in KBr. Obtain also that of a small drop of H2O-diglyme between two KBr discs 
and compare the results. Note specially the two sharp stretching bands, at 912 and 
950 cm'1, characteristic of the cis-MoO2 group.

Obtain the 1H NMR spectrum of the product in acetone-d6 (or in DCC13) and com
pare with that of a small drop of H2O-diglyme in the same solvent.

b) [Mo02Br2(DMF)2]

Add a stirring bar to the Schlenk tube containing the mother liquor and washings 
from the above preparation. Prepare in a test tube a solution of ca. 1 g of DMF in 
10 ml of dry diethyl ether. Add the DMF solution by portions (1-2 ml, Pasteur pi
pette) to the molybdenum solution, with stirring, until precipitation ceases. Remove 
the liquid by decantation and wash similarly the solid in the tube with 2 x 10 ml of 
dry diethyl ether and vigorous stirring. Finally dry the solid in vacuum (water pump, 
room temperature). Remove the faintly yellow floury solid (avoid the use of a metal
lic spatula) from the tube and weigh it. Obtain the IR and NMR spectra of the 
product and DMF as above.
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3.9.2
Exercises

a) [MoO2Br2(H2O)2] ■ Diglyme

1. Write a balanced equation for the reaction between Na2MoO4 and HBr. Explain 
why a large excess of concentrated hydrobromic acid is used for an effective ex
traction (note that the hard molybdenum centre has not a high affinity for the 
bromide ion).

2. Is the reaction of MoO2Br2(H2O)2 with Nal in acetone a simple metathesis? Try 
to find in the literature sources dioxomolybdenum(VI) iodides. Explain why heat
ing is inadvisable in the preparation of the bromide solution.

3. Explain why in dioxomolybdenum(VI) compounds the oxo ligands show a strong 
preference for a cis placement (consider the pi-donor character of the oxo ligands, 
the number and symmetry of the Mo orbitals available for pi bonding, and opti
misation of orbital overlapping).

4. From the IR and XH NMR spectra, do you find evidence for coordinated water? 
And for diglyme ?

b) [MoO2Br2(DMF)2]

1. From the amounts of [MoO2Br2(H2O)2] • (diglyme) and [MoO2Br2(DMF)2] ob
tained - assuming that all of the molybdenum extracted has been transformed in 
these compounds and that the volumes of the aqueous and ethereal phases are 
the same in each extraction process - calculate the distribution coefficient of mo
lybdenum.

2. Compare the IR spectra of [MoCtyB^DMFty] and DMF. Do you find evidence of 
N- or O-coordination for DMF? Explain why amides show a strong preference to 
coordinate via the oxygen atom.

3. Compare the NMR spectra of the complex and DMF. Explain the presence of 
two signals for the methyl groups at room temperature. It has been found that 
the 1H NMR spectrum of the product in DMSO-d6 - is identical to that of DMF in 
this solvent. What does it suggest?

4. Perform a test on the capability of [MoO2Br2(DMF)2] to work as oxotransfer cata
lyst as follows: prepare in a test tube a solution formed by ca. 3 g of DMSO, 0.5 g 
of PPh3 and 50 mg of the molybdenum complex. Heat it in a boiling water bath 
for 15 min and note the foul-smelling dimethyl sulfide produced (a well venti
lated hood is imperative). Pour the resulting solution on 15 ml of 1 M NaOH. Col
lect the OPPh3 precipitated and identify it (m.p. 157±1°C, strong n(P=O) band 
at 1183 cm4 in the IR spectrum). Note that to be sure on the role of the molyb
denum complex it is advisable to conduct a blank experiment. Complementarity, 
a kinetic study of the oxo transfer process can be done in a simple manner by 
monitoring the intensity of the peaks for PPh3 and OPPh3 by P NMR.31
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3.10
Preparation of an Iron Dinitrogen Complex
Andrew W. G. Platt

Since the initial report on the synthesis of [Ru(NH3)5N2]X2 dinitrogen complexes, 
there has been considerable interest in coordination complexes of dinitrogen, partly 
due to the possible relationship between such complexes and the nitrogen fixation 
process. Whilst many dinitrogen complexes are sensitive to air and moisture, the 
compound synthesised here, Na2[Fe(EDTA)N2] • 2H2O, is stable to moisture and air 
over extended periods.

Special Safety Precautions

Sodium azide is toxic and liberates a harmful gas on treatment with acids. The 
compound must be handled with care and used only in the manner described. 
Concentrated ammonia solution is irritating to eyes and respiratory system and 
should only be used in the fume cupboard.

3.10.1
Experimental

a) [Fe(HY)H2O] • H2O(H4Y = EDTA)

Note that this experiment will take more than one laboratory session.
This complex is prepared by reacting freshly precipitated iron(III) hydroxide with 

EDTA. Dissolve 13.5 g of hydrated iron(III) chloride in 15 cm3 of water with gentle 
warming. Allow to cool to room temperature and slowly add 20 cm3 of SG 0.880 am
monia solution with constant stirring (carry out this operation in the fume cup
board). Heat the mixture on the steam bath for 15-20 minutes filter the iron(III) hy
droxide by suction and wash well with water. Suspend 17.5 g of EDTA in 40 cm3 
water and add the moist iron(III) hydroxide. Make the volume up to about 100 cm3 
with water and heat on a steam bath for 2 hours. Allow the mixture to cool and filter 
the yellow solution from any unreacted E DTA.
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Reduce the volume to about 60 cm3, cool and slowly add acetone to precipitate the 
product. The exact amount of acetone will depend on the yield of [Fe(HY)H2O] • 
H2O, but 100 cm3 is usually sufficient. If the product precipitates as an oil, decant 
the supernatant and stir the residue with small quantities of acetone to induce crys
tallisation. Filter and dry at the pump. Record the weight obtained and calculate the 
percentage yield. Record the infrared spectrum of the product.

b) The Dinitrogen Complex

Note the final product is reported to be thermally unstable. You should make sure 
that there is sufficient time to complete the preparation and the characterisation in 
one laboratory session.

Dissolve 0.5 g of the iron EDTA complex in 20 cm3 nitrogen degassed water in a 
flask equipped with a magnetic stirrer bar and a nitrogen inlet. Add 0.5 g sodium 
azide and stir the solution at about 70 °C for 1 hour whilst maintaining a steady flow 
of nitrogen through the solution. Reduce the volume to about 10 cm3. This can be 
done under reduced pressure or by evaporation under a flow of nitrogen. Cool to 
room temperature and add 50 cm3 of ethanol. If the product precipitates as an oil, 
decant the supernatant and stir the residual oil with more ethanol to induce crystalli
sation. Record the weight obtained and calculate the percentage yield. Record the in
fra-red spectrum as either a KBr disc or as a Nujol mull and identify the bands due 
to coordinated N2 and the CO groups of the EDTA.

3.10.2
Exercises

1. What is the structure of the [Fe(HY)H2O] ■ H2O complex?
2. Discuss the bonding of dinitrogen to metals.

Further Reading
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24, 207.
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3.11
Preparation of Nitrosyl Complexes of Iron and Nickel
Andrew W. C. Platt

Nitric oxide is capable of forming many complexes with transition metals. There is 
some similarity between the NO molecule and carbon monoxide and nitric oxide 
does form a series of binary nitrosyls analogous to the binary carbonyls of the first 
row transition metals. Formally, nitric oxide can be considered as either a neutral 
three electron donor, a cationic two electron donor (isoelectronic with carbon monox
ide) or even an anionic four electron donor.

Unlike carbon monoxide, nitric oxide is not stable in air as it is rapidly oxidised to 
NO2. Nitric oxide can be used directly to generate complexes but only if atmospheric 
oxygen is excluded. This experiment illustrates two methods of forming nitrosyl 
complexes without the use of free nitric oxide. The first method generates NO in the 
presence of the metal, whilst the second method involves the reduction of nitrite ion 
already coordinated to the metal.

Special Safety Precautions

The toxicity of nitrosyl complexes is unknown. It is therefore prudent to assume 
that they are highly toxic. Avoid all contact with skin and wash throroughly in the 
event of contamination.

3.11.1
Experimental

a) Nitrosylbis(diethyldithiocarbamato)iron, Fe(NO)(S2CNEt2)2

Carry out all manipulations in the fume cupboard. Weigh 2.5 g iron(II) sulfate, 
0.75 g sodium nitrite and 5 g sodium diethyldithiocarbamate. Dissolve the iron sul
fate and sodium nitrite in 15 cm3 of dilute sulfuric acid and immediately add the so
dium diethyldithiocarbamate. Stir vigorously for 5 minutes. Transfer the dark slurry 
to a separatory funnel and extract with small volumes of chloroform until the 
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extracts are only lightly coloured. During the initial extractions, the boundary be
tween the layers may be difficult to observe so proceed with care.

Combine the chloroform extracts, dry over anhydrous magnesium sulfate, filter 
and evaporate to about 10 cm3. Slowly add about 50 cm3 of petrol, filter the product 
and dry at the pump. If difficulty is experienced in crystallising the product in this 
way, decant the petrol from the dark oil and treat with fresh petrol. Record the 
weight obtained and calculate the percentage yield.

b) Bromonitrosylbis(triphenylphosphine)nickel, NiBr(NO)(PPh3)2

This preparation requires the use of NiBr2(PPh3)2. Either use a provided sample or 
synthesise your own by adding the stoichiometric amount of nickel bromide in etha
nol to a refluxing solution of triphenylphosphine in propan-2-ol.

Place 8 g of finely powdered, dry sodium nitrite in a flask with 5 g of NiBr2- 
(PPh3)2, 1.8 g triphenylphosphine and 50 cm3 tetrahydrofuran. Stir under reflux for 
about 35 minutes. Cool and filter the solution and reduce the volume to about 
25 cm3 by evaporation on a steam bath (fume cupboard). Slowly add 25 cm3 of petrol 
to the warm solution with stirring. Allow to cool to room temperature, filter the pur
ple product and dry at the pump. Record the weight obtained and calculate the per
centage yield.

Record the infrared spectra of both compounds.

3.11.2
Exercises

1. Assign the bands in your IR spectra which are due to the coordinated NO group. 
What can be deduced about the mode of bonding of the N O group from your 
spectra (free NO absorbs at 1878 cm*1) ?

2. Discuss the possible oxidation states of the metal in the two complexes.
3. Electron spin resonance is a form of magnetic resonance in which an unpaired 

electron in a magnetic field is excited from one spin to another by a quantum of 
energy in the microwave region of the electromagnetic spectrum. It is entirely 
analogous to nuclear magnetic resonance but the appearance of the spectrum is 
usually rather different because it is normally presented as the first derivative of 
the absorption with respect to field, plotted against field. In practical terms, what 
this means is that a peak position is precisely measured by the field value at which 
the derivative crosses the baseline. The ESR spectrum of the iron complex is shown 
in Figure 3.11-1. The spectrum is characterised by two parameters, g and a.

The g value is analogous to the chemical shift in NMR. The free electron value is 
2.0023; the value for a free radical in which the unpaired electron is centred on carbon 
is usually around 2.003; and if centred on nitrogen around 2.006. Metal ions can have 
very different g values (in general between about 1 and 8) but if there is only one un
paired electron the shift away from 2.0023 is often no more than about 0.2.
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Fig. 3.11-1 Electron spin resonance spectrum of Fe(NO)(dtc)x in CHCI3, frequency = 9.515 GHz, 
scale = 0.1 mT nm'1, centre line = 0.333 T.

Calculate the g value from the field position of the central line using the formula 
Hv = gfiB, which gives g= 0.0714484 v(GHz)/B(tesla).

The a value is the symbol for the isotropic hyperfine coupling constant which 
arises when a nearby nucleus interacts with the electron; it is analogous to the spin
spin coupling constant in NMR. In your molecule, the unpaired electron clearly inter
acts with a nitrogen nucleus which has spin 1 = 1, having three projections along the 
magnetic, field characterised by Mj = +1, 0, -1. The isotropic hyperfine coupling con
stant nN may be measured in field units by measuring the separation between two ad
jacent lines. To convert to frequency units use a (MHz) = g x 13.99626 x «(mT).

What can you say about your molecule from its g value ?
Given that an unpaired electron situated entirely on a free nitrogen atom has an 

isotropic hyperfine coupling constant a0 of 1540 MHz, calculate by direct ratio of the 
coupling constants the percent probability of finding an unpaired electron on nitro
gen in your molecule. What does this value tell you about the electronic structure ?

Further Reading

R. D. Feltham, Inorg. Chem. 1964, 3, 116.
D. M. Adams, Metal Ligand and Related Vibrations.
K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination Compounds, 3rd ed.,

John Wiley and Sons, New York, 1978.
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3.12
Synthesis and Characterisation ofTwo Metal-Metal Bonded
Dimolybdenum Complexes
William Levason, Thomas A. Logothetis, and Gill Reid

Many metallic elements form complexes in which metal centres are directly bonded 
together. These range from dimers with two metal atoms, M-M, through to clusters 
with several hundred metal atoms (Shriver and Atkins’ Inorganic Chemistry, 4th edn, 
pp. 452; see Further Reading). In this experiment, some complexes with Mo-Mo 
bonds will be studied. As you will find, interpretation of the spectroscopic properties 
requires consideration of the dimolybdenum unit, rather than of single molybde
num centres. The two compounds are dimolybdenum tetraacetate, [Mo2(O2CMe)4] 
(A), and the octachlorodimolybdate(II) anion in K4[Mo2C18] • 2H2O (B). In the for
mer, there is an Mo-Mo bond and four bridging acetate groups; in the latter, only 
the (unsupported) Mo-Mo bond is present along with eight terminal chloride li
gands. In this experiment, you will make two complexes containing Mo2 units and 
determine some of their spectroscopic properties.

Special Safety Precautions

It is the responsibility of the course organisers to carry out appropriate risk 
assessments for these experiments. The preparation of compound A should be 
conducted in a suitable fume cupboard.
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3.12.1
Experimental

3.12.1.1
Indicative Timeline

• Session 1-3 hours:
Synthesis of A (requires overnight reflux)

• Session 2—2 hours:
Isolation of A
Analysis of A

• Session3—3 hours:
Synthesis of B
Analysis of B 

3.12.1.2
Synthesis of [Mo2(02CMe)4] (A)

Set up a reflux apparatus consisting of a single-necked B24 250 ml round-bottomed 
flask, a reflux condenser and a nitrogen bubbler. Use grease to seal the ground-glass 
joints (they should be clear when connected and properly greased). To the flask add 
Mo(CO)e (2.64 g), glacial acetic acid (100 ml) and acetic anhydride (10 ml). Connect 
the nitrogen to the bubbler at the top of the condenser and heat the mixture to re
flux. (The solution will become dark yellow or brown.)

The Mo(CO)6 will sublime into the condenser and therefore has to be returned to 
the flask by stopping the cooling water briefly. Let the vapours move up to a maximum 
of 50% of the condenser height to dissolve the white substance, then switch on the 
cooling water. You will need to repeat this several times, roughly every 20 minutes 
for the first 3 hours. The refluxing time should be at least 10 hours (or gentle over
night reflux).

Allow the solution to cool to room temperature. Filter off the solid using a sin- 
tered-glass crucible and rinse the solid with 2x 100 ml of ethanol and then 2x50 ml 
of diethyl ether and dry in a vacuum desiccator for 20 minutes. The product is air 
stable when pure, but may darken on the surface upon storage for several days.

• Record the yield and calculate percentage yield based upon Mo(CO)6

Retain some of the sample for spectroscopic study and use the rest to make the com
plex below.

3.12.1.3
Synthesis of K4[Mo2CI8] • 2H2O (B)

In a 50 ml round-bottomed flask place a stirrer bar, add concentrated hydrochloric 
acid (20 ml) and then add sequentially A (0.50 g) and potassium chloride (0.69 g).
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Stopper the flask and stir vigorously for 1.5 hours. The solution will become inten
sely red or purple during this process. Filter off the red crystalline product (take care 
to leave excess KC1 behind; decant into the sinter) using a sintered-glass crucible 
and wash the product on the sinter with 2 x 50 ml of ethanol. Dry in a vacuum desic
cator for 20 minutes. The crystals are air stable.

• Record the yield and calculate percentage yield based upon [Mo2(O2CMe)4].

3.12.2
Characterisation

The remaining part of the experiment is to obtain various spectroscopic data to iden
tify the compounds.

3.12.2.1
IR Spectra

Record IR spectra (over the range 4000-600 cm-1) for your two compounds and of 
anhydrous sodium acetate using pressed KBr discs.

Question 1:
The Na(O2CMe) contains acetate ions: deduce the point group of the acetate ion 
(treating the Me groups as a single point atom) and, using the appropriate character 
table, predict the number of C-0 stretching vibrations. Identify these in your spec
trum. Your spectrum should not show water vibrations [v(OH) ^3400 cm-1 and 
5(HOH) 1610 cm-1].

Question 2:
When acetate ions are coordinated to a metal, the v (CO) vibrations will be at differ
ent frequencies and may split compared with the free ion, since the electron density 
in the unit has changed and the molecular unit is more complicated.

• From your spectrum of [Mo2(O2CMe)4], propose assignments for the acetate 
ligand C-0 stretching vibrations.

The IR spectrum obtained from K4[Mo2Cl8] • 2H2O should be very simple in the nor
mal range.

Question 3:
Does your spectrum show the presence of water (ensure you are using anhydrous 
KBr) ? Is there any evidence of acetate in the spectrum?
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3.12.2.2
Far-IR and Raman Spectra

Many inorganic compounds containing atoms heavier than those of the first row of 
the periodic table have important vibrations at lower frequencies than organic com
pounds. The bands in the far-IR and Raman spectra of the two molybdenum com
pounds are given below in cm-1. In this region, you would expect the Mo-Mo 
stretch and Mo-0 or Mo-Cl stretching vibrations to occur. The selection rules for 
IR and Raman activity are different and so the two techniques are complementary.

Far-IR data:
Raman data:

[Mo2(O2CMe)4]
368, 345, 337
402

K4[Mo2Cl8] • 2H2O
305,292,275
340, 312, 273

Question 4:
Deduce the point group of the two compounds (ignore the Me hydrogen atoms in 
the acetate groups, i. e. treat the Me group as a single point). Do the molecules have 
a centre of symmetry? [Centrosymmetric molecules obey the mutual exclusion rule, 
which states that vibrations active in the IR are inactive in the Raman and vice versa.]

• Using the appropriate character table, convince yourself that the Mo-Mo stretch
ing vibrations are of Alg symmetry and Raman active only.

• By comparison of the IR and Raman spectra, suggest an assignment for the 
v(Mo-Mo) stretch in each compound.

The other strong bands in the IR and Raman spectra are likely to be v(Mo-O) and 
v(Mo-Cl), respectively.

• List the main bands in each, remembering that due to the mutual exclusion rule 
the frequencies will not coincide (although they may be similar).

3.12.2.3
13C{1H} NMR Spectrum

Question 5 :
Using the 13C{1H} NMR spectrum of Mo2(O2CMe)4] provided in Figure 3.12-1, pro
pose assignments for the resonances and explain briefly if the spectrum is consistent 
with the structure of the molecule.
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3.12.2.4
Data Analysis and Bonding

X-ray crystallography shows that the complexes have the structures shown below:

The essential features are the short Mo-Mo bonds and the eclipsed geometry. In 
the bonding model proposed for these dimers (Shriver and Atkins’ Inorganic Chemis
try, 4th edn, p. 454; see Further Reading) each molybdenum atom has nine available 
atomic bonding orbitals, s, px, pr pz, dxy, dX2_y2, dxi, dxz, dyz. Taking the Mo-Mo as the 
z-axis and the x- and y-axes along the Mo-O(Cl) bonds gives five orbitals available 
for u-bonding to the ligands (s, px, p,„ pz, dX2_y2 - only four of which are used - in 
some dimers axial ligands trans to the M-M bond use the pz orbital). That leaves 
four orbitals for the M-M bonding and by symmetry these are dX2 (a), dxz, dyz (n) 
and dxy (<5), leading to a shorthand notation of the bonding system which contains 
four bonding and four corresponding antibonding orbitals as

O 71 O O" 7T* (7 J

where a, b, etc., are the number of electrons in each type of orbital. NB: there are 
two degenerate 7t-orbitals.

Depending on the number of electrons available for the M-M bond, it is possible 
to have bonds with anything from one electron (bond order) through to eight elec-
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trons (bond order 4): more than eight electrons enter the corresponding antibonding 
orbitals and reduce the bond order.

Question 6:
Deduce the Mo oxidation state in these two compounds and hence how many (/-elec
trons are available for M-M bonding. Give the bonding description (in the form 
<ra7tb8c) and deduce the bond order. Hint: the compounds have no unpaired electrons 
(they are diamagnetic).

Question 7:
Based upon the bonding model, explain why the structures adopt an eclipsed config
uration.

3.12.3
Demonstrators’ Comments

Compound A is [Mo2(OAc)4] which contains a quadruple bond between the Mo 
atoms and eclipsed, bridging O,O'-acetate ligands - as shown in the X-ray structure 
in the script. The preparation is straightforward and should give a reasonable yield 
(-40-70%)

Compound B is similarly very straightforward to make and should be 
K4[Mo2C18] • 2H2O with the structure shown in the script (yield -90%). It is possible 
to obtain the anhydrous salt by using stronger HC1 (concentrated HC1 saturated 
with HC1 gas), and it may be that under slightly different conditions this preparation 
could yield an anhydrous salt - the IR spectra will readily distinguish these. Again, 
the yield is very high. The filtrate is pink-purple and contains other Mo salts, includ
ing Mo(III) species.

IR and Raman Spectra

Check that the KBr is dry - if in doubt, run a blank disc and if strong water peaks at 
-3400 and -1620 cm-1 are present the KBr should be replaced with an anhydrous 
sample. The Raman and far-IR data are provided in the script.

Question 1:
Na(OAc) approximates to “free” acetate ions and should give a good KBr disc spec
trum with strong bands at -1410 and -1580 cm-1, which are the stretching vib
rations of the OCO group. There are medium intensity features at -1430 and 
-1440 cm-1 (methyl group bending and rocking modes) and the bending mode of 
the OCO unit is at -630 cm-1.

Use the C2v point group (it is conventional to ignore the Me hydrogen atoms) and 
hence two stretches are predicted, Aj + Bj (both IR active).
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Question 2:
On coordination to the Mo, the OCO stretches shift and split - typical values are 
-1512, -1494, ~1480(sh) and -1412 cm-1. (The Mo-acetate unit is usually too com
plex for the students to treat by symmetry at this stage of their experience.)

The product should not contain significant absorption at -3400 and -1620 cm-1 
(H2O) or bands due to EtOH or diethyl ether (used in the synthesis). It is useful to 
point out that the absence of impurities, etc., can be shown by IR spectroscopy.

Note that some dimeric acetates do contain coordinated water trans to the M-M 
bond (Rh and Cr, for example).

Question 3:
The octachloro anion should contain strong water bands in the IR spectrum, but 
little else above 600 cm-1, and should, of course, show no acetate.

Question 4:
The point group is D4h in both cases and hence both have a centre of symmetry (the 
mid-point of the Mo-Mo bond).

The symmetric Mo-Mo stretch is Alg symmetry and is Raman active but IR in
active.

For [Mo2(OAc)4], there is a Raman band at 402 cm-1 with no corresponding 
feature in the IR spectrum - this is the Mo-Mo stretch. Hence the bands in the 
300-400 cm-1 region must be Mo-0 stretches.

For K4[Mo2C18] • 2H2O, the Mo-Mo stretch is at 340 cm-1 and the features in the 
270-320 cm-1 region in both the IR and Raman spectra are Mo-Cl stretches. A 
good student might wonder why the Mo-Mo stretch is so different in the two com
pounds - there are two factors: (a) in the acetate the bridging carboxylate unit also 
has to stretch and needs more energy and (b) the vibrations are coupled and not 
“pure” Mo-Mo in either case.

Question 5:
Standard “organic” 13C{1H} NMR spectrum: the multiplet is due to the C reso
nances in the DMSO-d6 solvent (coupled to 2H), the singlet at 23.5 ppm is the 
methyl-C and the carboxylate C is at 180.5 ppm. There is only one resonance of each 
type, hence the four carboxylates are equivalent, consistent with the structure in the 
solid state.

Question 6:
Both are Mo(II) - d4. Hence there are eight electrons available for each dimer. The 
bonding model is explained on in the script and for eight electrons this leads to a de
scription of the bonding as

_2 4 ?2_-'-0 -j-0
(T 7L u u 7T (T

hence a bond order of 4 (eight bonding electronss/2).
The diamagnetism confirms all electrons are paired and hence the description 

above is correct.
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Question 7:
The eclipsed configuration is necessary for the <5-bond - if you rotate one end of the 
molecule, the “face to face” overlap of d^-orbitals is lost. The evidence for this is in 
the short Cl • ■ • Cl distance (shorter than the sum of the van der Waals radii for 
2 x Cl) and is presumably why the chlorines bend back from the other Mo centre 
(see structure). M-M bonded species with 6 or 10 electrons where <5-bonding does 
not matter are often staggered.

Further Reading

P. Atkins, T. Overton, J. Rourke, M. Weller, F. Armstrong (eds), Shriver and Atkins1 Inorganic Chem
istry, 4th edn, Oxford University Press, Oxford, 2006, Chapter 18, Section 11.

F. A. Cotton, R. A. Walton, Multiple Bonds Between Metal Atoms, 2nd edn, Oxford University Press, 
Oxford, 1993, Chapter 3.

F. A. Cotton, G. Wilkinson, C. A. Murillo, M. Bochmann, Inorganic Chemistry, 6th edn, John Wiley 
& Sons, Inc., New York, 1999, Chapter 18, Section C.

K. Nakamoto, Infrared Spectra of Inorganic and Coordination Compounds, 2nd edn, John Wiley & 
Sons, Inc., New York, 1962, p. 220.
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3.13
Cobalt Complexes of Dioxygen
David T. Richens and Christopher Glidewell

Cobalt forms a large number of binuclear complexes of general type [L5CoXCoL5]n+. 
This experiment investigates a pair of complexes having L = NH3, X = O2 and n = 4 or 
5. When n = 4, the O2 ligand is present as peroxide, O2- thus, Co(III)(O2-)Co(III), hav
ing r(O-O) = 148 pm. When n = 5, the O2 ligand is present as superoxide O2 thus, 
Co(III)(Oi)Co(III), having r(O-O) = 129 pm. (In ionic peroxides, r(O-O) = 149 pm; 
in ionic superoxides, r(O-O) = 128 pm). Some of these species have been of interest 
as models for biological oxygen containing metalloenzyme species.

In the experiment, you are asked to prepare samples of two compounds, one con
taining X = O2“ and other containing X = O2, and then to identify them on chemical 
and physical grounds.

3.13.1
Experimental

3.13.1.1
Complex A

Dissolve 12 g of Co(NO3)2 ■ 6H2O in 25 cm3 water and filter the solution. Add 60 cm3 
of a slightly diluted concentrated aqueous ammonia solution (15 mol dm-3; NB con
centrated ammonia is 18 mol dm-3), cool to below 10 °C and suck a current of air 
through the mixture for 3 hours by use of a water pump. Then add a solution of 5 g so
dium nitrate in 10 cm3 H2O and suck air through for a further hour. Cool in ice and fil
ter off the dark green crystals. Wash with concentrated ammonia solution and then 
with ethanol. This yields a dihydrate, which can be dehydrated by leaving overnight in 
a vacuum desiccator with silica gel. Record the yield of anhydrous product.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
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3.13.1.2
Complex B

At intervals of 10 seconds*, add the following solutions to a 1 litre conical flask, stir
ring vigorously throughout: 50 cm1 2 3 of 1 mol dm 3 (NH4)2SO4, 100 cm3 of cone. 
NH3, 100 cm3 H2O, 50 cm3 of 1 mol dm-3 CoSO4 • 7H2O, 50 cm3 of 3% hydrogen 
peroxide and finally 50 cm3 of 1 mol dm-3 (NH4)2S2O8. Then stir for a further 
15 minutes, after which a fine precipitate forms. Filter this off, wash with a dilute 
NH3 solution and then with ethanol. Dry the dark green crystals in a desiccator over 
silica gel (preferably in the dark). Record the yield.

1. Given that: A contains 34.5 % of nitrogen
and that: B contains 14.5 % of sulfur, and 21.1% of nitrogen
Calculate the atomic ratios, N: Co in A and S: N: Co in B. Use these atomic ratios, 
together with the magnetic data, to deduce the correct chemical identities of A 
and B. Note that sulfur may be present both as SO4“ and/or as HSOT

2. See what you can find out about the ESR spectra of transition metal complexes. 
Predict the number of lines and their relative intensities in the ESR spectrum of
the superoxo complex (cobalt is monoisotopic and 59Co has I = 7/2).

* N.B.: It is important to add the reagents quickly and in the correct order.

Dissolve ~5.0 g of the crude complex B (scale down if a low yield was obtained) in a 
minimum volume of 1.0 mol dm-3 sulfuric acid at 80 °C. Filter while still hot and 
then leave for several hours to crystallise (preferably overnight if time allows). Filter 
off the dark green lustrous crystals, and wash once with the mother liquor. Dry in a 
desiccator and record the yield of recrystallised product.

3.13.1.3
Atomic Absorption Analysis

Prepare samples of your two complexes (recrystallised form of B) for AAS analysis. 
Approximate concentrations of Co in the final solutions for analysis should be 
around 5 ppm for most instruments.

3.13.1.4
Magnetic Measurements

Complex A can be shown to be diamagnetic. B however is paramagnetic. Measure 
the molar magnetic susceptibility of B.

3.13.2
Exercises
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3. Observe the reaction of a sample of A with a dilute solution of sulfuric acid. What 
is the reaction occurring? Write a balanced equation. Compare with the behaviour 
of B which can be conveniently recrystallised from hot sulfuric acid as you have 
shown. Can you offer an explanation for the different chemical behaviour of A 
versus B here ?

4. The Raman spectrum of A shows that it has an 0-0 stretching frequency at 
851 cm-1 while that of B is at 1075 cm-1. Explain this difference and why these 
bands are only very weak in the IR spectrum.

5. Consider the significance of the following observed magnetic moments (BM):
K3[Mn(C2O4)3] = 4.81
K3[Mn(CN)6] =3.18
K3[Fe(CN)6] =2.40
K3[CoF6] =4.70

K4[Mn(CN)6] = 1.80
K3[Fe(C2O4)3] = 5.75
K3[FeF6] = 5.90

Further Reading

E. A. V. Ebsworth et al., Structural Methods in Inorganic Chemistry, 1987, Chapter 3, especially 
p. 114 onwards.

R. Davies, M. Mori, A. G. Sykes, J. A. Weil, Inorg. Synth. 1970, 12,199.
A. G. Sykes, J. A. Weil, Prog. Inorg. Chem. 1970, 13,1.
D. T. Richens, A. G. Sykes, J. Chem. Soc., Dalton Trans. 1982,1621.
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3.14
Ferrocene, (J75-C5H5)2Fe, and its Derivatives

J. Derek Woollins

The discovery in 1951 of bis(pentahaptocyclopentadienyl)iron, commonly known as 
ferrocene, with its “sandwich” type structure and remarkable thermal inertness 
resulted in a vast amount of research into the synthesis and reactions of related orga
nometallic compounds. A variety of organic reactions can be carried out on the cyclo
pentadienyl rings, which have aromatic character. In this experiment, ferrocene is 
prepared, acetylated and then the acetyl group is reduced. The various stages are 
studied by 1H NMR spectroscopy.

Special Safety Precautions

Dicyclopentadiene, cyclopentadiene and dimethyl sulfoxide are poisonous. Avoid 
breathing vapour and skin contact. The KOH/ether mixture prepared in this ex
periment is very corrosive. Acetic anhydride is an irritant and should be used in a 
fume cupboard

3.14.1
Experimental

a) Ferrocene

Cyclopentadiene dimerises readily at room temperature to dicyclopentadiene by a 
Diels-Alder reaction. Accordingly, the commercial sample must be first ‘cracked’ on 
the day you plan to use it. The apparatus for doing this is set up in a fume cupboard 
and it may be convenient for you to carry out the cracking process in collaboration 
with other people doing this experiment. Check that the flask contains at least 60 ml 
of dicyclopentadiene (100 ml if more than one sample of cyclopentadiene is needed). 
Collect the distillate that condenses in the range 42-44 °C and keep it cooled with an 
ice bath around the receiving flask. (You will need about 8.5 ml).

While you are cracking the dicyclopentadiene, fit a three-necked 500 ml flask with a 
mechanical stirrer in the central neck, a 100 ml dropping funnel fitted to one side 
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neck by means of a side-arm adaptor (connecting the side arm to a nitrogen supply), 
and a Liebig condenser in the other side neck, with the exit end of the condenser con
nected to a bubbler to prevent air entry and to monitor the nitrogen flow rate. Charge 
the flask with diethyl ether (100 ml) and flake potassium hydroxide (40 g), stir well and 
flush with nitrogen. Meanwhile, dissolve finely powdered iron(II) chloride tetrahy
drate (10 g) in dimethylsulfoxide, degassed by bubbling nitrogen through it (40 ml, 
avoid skin contact; vigorous stirring for about an hour is usually required). Keep the 
iron(II) chloride solution in a sealed container to prevent oxidation.

With vigorous stirring and under a slow stream of nitrogen, add 8.5 ml cyclopenta
diene to the KOH/ether mixture. After ca. 15 minutes, discontinue the nitrogen flow 
and add the iron(II) chloride solution dropwise. The reaction is exothermic and the 
ether may boil. When this subsides, restore a slow nitrogen flow. Replace any ether 
lost by evaporation. Continue stirring for a further 30 minutes. (Care: The KOH/sol- 
vent mixture is extremely corrosive). Decant the ether layer and wash the dark resi
due in the flask with 50 ml of ether. Combine the ethers and wash it with 2 M HC1 
(2 x 40 ml), to neutralise any hydroxide, and then with water (2 x 40 ml). Carefully 
evaporate off the ether to deposit orange crystals of ferrocene. Purify a small sample 
by sublimation using a Petri dish and lid on a warm hotplate in a fume cupboard. 
(Careful: too rapid heating or cooling of the dish may crack it). Remove the golden 
crystals of ferrocene periodically from the Petri dish lid. Record the m. p. and write 
equations for the reactions involved in the preparation.

Examine the solubility of ferrocene in a) water, b) dichloromethane, c) toluene and 
account for your observations in terms of the structure and bonding of the molecule. 
Add ferrocene (0.1 g) to water (5 ml) followed by concentrated nitric acid (5 ml) - 
extreme caution. Shake the tube gently for 2 minutes and record your observations.

b) Acetylation

Add crude ferrocene (3 g) to acetic anhydride (10 ml) in a 50 ml round-bottomed 
flask provided with a calcium chloride or silica gel guard tube. Carefully add ortho
phosphoric acid (2 ml) dropwise with shaking. Heat the mixture gently (e.g. on a 
steam bath) for 20 minutes, then pour the hot mixture onto crushed ice (80 g) with 
stirring. Wash your flask out with some additional ice and combine the aqueous ma
terials. When all the ice has melted, neutralise the solution with solid sodium bicar
bonate, cool the mixture in ice for 20 minutes and then filter off the brownish yellow 
solid. Dry it in a vacuum desiccator.

Recrystallise your product from cyclohexane or petroleum ether and check its purity 
by TLC (repeat the recrystallisation and TLC examination if necessary, and draw a re
presentation TLC development in your report, including Rf values). Record the m. p.

c) Reduction of Acethylferrocene

Dissolve acethylferrocene (1 g) in ethanol (15 ml) and add water (5 ml). Dissolve so
dium tetrahydroborate (0.8 g) in water (4 ml) and add this solution slowly to the stirred 
solution of acethylferrocene. After the solution has stood for 15 minutes, it may be 
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pale yellow, but often the colour does not become paler and stays brown. If necessary, 
add further portions of sodium tetrahydroborate to complete the reduction. Add water 
(100 ml) and extract the aqueous mixture with diethyl ether (2 x 20 ml). Dry the ether 
extracts over magnesium sulfate or calcium chloride, filter and then evaporate off the 
solvent on the rotary evaporator. Recrystallise the product, which is often an oil, from 
40/60 petroleum ether and dry it in a vacuum desiccator. Record the m. p.

Study the JH-NMR spectra of acetylferrocene and its reduction product and inter
pret them. What is a plausible mechanism for the acetylation, given that ferrocene 
reacts some 3 x 106 times faster than benzene?
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3.15
The Use of Organolithium Reagents 
in the Preparation of Ferrocene Derivatives 
Ian R. Butler

The objective of this exercise is to gain an insight into some practical inorganic 
chemistry as you may find it in a research environment. The time spent waiting in 
the initial stages of the synthesis can be profitably used in the library. In this experi
ment, you will prepare some synthetically useful organometallic compounds and a 
metal complex of one of these. Your are required to work in pairs, although each per
son in a pair will prepare a different product. You will be able to practice working un
der an inert atomosphere (N2), which will be extremely useful for your future re
search careers.

Although the general area of organometallic chemistry is over 100 years old, it 
was only in the early 1950’s that major developments were made which turned it 
into one of the most intensely studied fields today. One of the milestones was the 
discovery of ferrocene, independently by Pauson and Keally and Miller, and the later 
realisation of its unusual bonding features by Wilkinson and Fischer. It was the first 
example of a sandwich compound in which the iron metal is bound to the 10 equiva
lent carbon atoms (in organometallic notation, 2 x rf) in two aromatic cyclopenta
dienyl rings. The chemistry of ferrocene is dominated by its electrophilic aromatic 
substitution reactions. In essence, ferrocene can be treated as behaving like an aro
matic organic compound with respect to electrophiles, the only difference being that 
ferrocene is typically about 100,000 times more reactive than benzene for example. 
Since the individual cyclopentadienyl rings in ferrocene are held apart at a constant 
distance, the ferrocene nucleus is a useful backbone for the design of ligands capable 
of chelating to a metal centre.

For example, disubstitution of ferrocene as shown below with two electron donat
ing groups D will result in a compound which has the potential of binding to a metal 
centre

D = electron donor atom or group

M = metal (usually bound to some other ligands, L)

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The experimental details are intentionally non-exhaustive in that you may have to 
make slight modifications to solvent volumes, etc. as might happen in a research en
vironment. In this way, you will learn to make necessary adjustments according to 
prevalent conditions. In this experiment, you will functionalise the ferrocene by gen
eration of dilithioferrocene in the form of its TMEDA adduct. You will then prepare 
derivatives from this intermediate.

Special Safety Precautions

Before starting this experiment you must read the manufacturers safety data 
sheets on the chemicals you will be using. Rubber gloves and proper eye protec
tion must be worn throughout the lab work.

1. n-Butyllithium Solutions in Hexane. This experiment deals with the use of n- 
butyllithium solutions which are extremely flammable. This reagent poses no 
danger when handled properly, but it is important that the correct handling 
procedure is adopted and that it is treated with respect. This is without doubt 
the most commonly used lithium based reagent in the organic and organome
tallic research laboratories. A typical reaction of n-butyllithium is shown be
low:

R-H + n-BuLi -> RLi + n-BuH

where H is a relatively acidic proton.
The reaction of n-butyllithium with water is a particularly violent one, there
fore it is important that all apparatus that you will use is absolutely dry. In ad
dition, all solvents must be predried. For details on how to work with air sensi
tive compounds see Aldrich Technical Information Bulletin Number AL-134, 
which is supplied with the reagent.

2. Other Reagents. N,N,N',N'-Tetramethylethylenediamine (TMED), chlorodi
phenylphosphine, chloro-tri-n-butyltin and dimethylformamide (DMF) are all 
highly toxic and all transfers should be carried out in a properly vented fume 
cupboard. Nickel chloride hydrate and ferrocene are toxic and should also be 
weighed out and handled in a fume cupboard.

3. Solvents. Hexane(s), toluene, diethyl ether and methylated spirits are all 
highly flammable and must be kept away from sources of ignition. Dichloro
methane and deuterated chloroform are toxic by inhalation or contact and 
should be handled in a fume cupboard.

4. Alumina. Alumina (A12O3) powder can be harmful if ingested — always use 
in a well vented fume cupboard.

5. Residues. All residues should be disposed of in an appropriate waste receptacle.
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3.15.1
Experimental

3.15.1.1
Lithiation of Ferrocene

This part of the procedure must be carried out under a dry nitrogen atmosphere 
(work in pairs with each person carrying out one experiment).

Ferrocene (1.86 g, 10 mmol) is placed in a 250 ml Schlenk tube. The tube is then 
evacuated and refilled with nitrogen (or flushed with nitrogen for 2 minutes), then 
dry hexane (or hexanes) (30 ml) is added. A solution of n-butyllithium in hexane 
(1.6 M, 13 ml) is then added using a syringe. The correct method of using the syr
inge and the experimental set up is shown here.

When using a syringe, always guard against accidentally stabbing yourself by mak
ing sure the tip of the syringe has a cap on it except when actual transfers of reagent 
are being performed. Firstly, fill the syringe with nitrogen by placing the tip of the 
needle into the neck of your Schlenk tube and slowly pulling back the plunger to the 
desired volume. Next, withdraw the syringe and expel the nitrogen and repeat the 
procedure, this time filling the syringe with a slightly larger volume of nitrogen than 
the volume of the solution you will require (approx. 16 ml) — do not expel the nitro
gen this time. One person then holds the bottle of n-butyllithium steady, while the 
other carefully inserts the needle through the septum on the top of the bottle. Keep
ing the tip of the needle above the headspace, inject the nitrogen in the syringe into 
the bottle, then allow the tip of the syringe to go below the surface of the liquid and 
withdraw 13 ml of the n-butyllithium solution. Slowly extract the needle and imme
diately transfer the n-butyllithium into the Schlenk tube. The person holding the bot
tle should recap it as soon as the syringe has been removed. The syringe should now

spin bar
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be washed by removing the plunger and rinsing both parts under running water 
a slight hiss may be heard due to the reaction of water with traces of residual n-butyl- 
lithium.

Now add dry tetramethylethylenediamine (1.2 g, approx. 30 mmol) to the well stir
red solution (using a Pasteur pipette). Cap the Schlenk tube and allow the reaction 
mixture to stir overnight, making sure the butane produced in the reaction is vented 
through the bubbler.

Repeat the experiment reversing roles with your partner.
After the solution has been stirred overnight, you will observe the formation of a 

pale orange precipitate of 1,1-dilithioferrocene • TMEDA. This is a pyrophoric solid, 
therefore you will continue directly without its isolation. Outlined below are three 
different experimental procedures. Each pair of workers will carry out reaction a) 
and either b) or c). Cool the Schlenk tube in an ice bath, then using a Pasteur pipette 
add either

a) chlorodiphenylphosphine (4.6 g, 21 mmol) or
b) chloro-tri-n-butyltin (6.67 g, 21 mmol) or
c) dry diethyl ether (60 ml) then dimethylformamide (1.6 g, excess) dropwise. After 

the addition, allow the mixture to warm up to room temperature and stir for a 
further 2-3 hours then hydrolyse carefully by the slow addition of water (50 ml).

a) The Chlorophosphine Procedure: Bis-diphenylphosphinoferrocene

An orange-brown precipitate will form. Decant the supernatant hexane layer or re
move the supernatant hexane layer by syringe and wash the solid with methylated 
spirtits (2 x 10 ml) and hexane (3 x 30 ml). Finally redissolve the residue in approx 
20 ml hot toluene (ca. 80°C). Add hot hexane until the solution becomes turbid. The 
solution is then cooled to room temperature to give fine orange crystals of the pro
duct, which should be isolated by filtration. Record the melting point and submit 
your sample for 3H NMR analysis using CDC13 as the solvent (a few mg of your pro
duct are required). Interpret the spectrum as far as possible. Record the weight and 
% yield of your product.

Preparation of a Nickel Complex

A solution of the bis(diphenylphosphino)ferrocene (dppf) (0.55 g, 1 x 10~3 mol) in 
methanol (20-30 cm3) is placed in a round-bottomed 2-necked flask equipped with a 
reflux condenser, a nitrogen inlet (placed on top of the condenser), and a magnetic 
stirrer. The solution is then brought to a gentle reflux and NiCl2 • 6H2O (0.20 g, 
8.5 x 10'4 mol), dissolved in hot methanol (15 ml), is added. A fine green precipitate 
will form immediately. This can be separated by filtration while the solution is still 
warm and washed with cold methanol, then air dried. Record the weight and % yield 
of the product.
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b) The Stannyl Reaction: Bis(tri-n-butylstannyl)ferrocene

Add 30 ml dichloromethane, then separate the organic layer and discard the aqueous 
fraction. Dry the organic fraction over anhydrous MgSO4 (~5 g) for 20 minutes, or 
overnight if necessary. Filter off the MgSO4 and wash with 10 ml dichloromethane 
to ensure the product is fully removed from it (you should observe the leaching of 
the yellow colour). Concentrate the organic fraction to a few ml using the rotary eva
porator. Record the crude yield of product which is an oil.

Make up a column packed with neutral alumina (approx. 100 g) by making a 
slurry of the alumina in hexane or hexanes in a beaker and fill the column slowly 
with this. (Some workers may try a dry packed column - ask the demonstrator which 
you should use.)

Allow the solvent volume to run down to just above the top of the alumina, then 
apply a little (1.0 g) of the crude product in a small quantity of hexane. (If you use a 
dry packed column, the reaction mixture (in a little hexane) can be applied directly to 
the top of the column.) Let this run into the column, then add a few ml more of hex
ane. Again allow this to run into the column, then fill the column with the eluting 
solvent (hexane). Collect the product bis(tri-n-butylstannyl)ferrocene as the first pale- 
yellow/orange fraction to elute from the column. Obtain the 3H NMR spectrum of 
this and any subsequent products and access their purity. Store the product sam
ple^) in a dark bottle(s) under nitrogen. If your product is not pure, you will observe 
peaks in the spectrum attributable to ferrocene and mono(tri-n-butylstannyl)ferro- 
cene. Assign all the peaks in the ferrocenyl region of the spectrum (3.5-5 ppm) and 
estimate the product purity.

c) Reaction with Dimethylformamide: Ferrocene-bis-carboxaldehyde

Add a further 30 cm3 of water to the dichloromethane reaction mixture (60 cm3). The 
dark red organic layer should then be separated (separatory funnel) and flash chroma
tographed through a plug of alumina in a Buchner funnel, the alumina being washed 
with more dichloromethane to ensure your product is fully extracted. Dry the organic 
layer over anhydrous magnesium sulfate (30 min minimum time), filter and reduce 
the volume until a precipitate is observed. [If an oil is observed add a small quantity of 
diethyl ether to the oil and place the solution in a freezer in a sealed container to crys
tallise.] Cool the solution by placing the product in a stoppered flask in the refrigerator 
or freezer. This should give dark red-brown crystals which can be filtered off, washed 
with ether and dried under vacuum. Obtain a 3H NMR spectrum of your product (in 
CDC13) and interpret the data. Record your product yield.
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In addition to the NMR spectra of the products, decide which other spectro
scopic or physical techniques would be useful to carry out on your product(s), e.g. IR 
for the ferrocene-bis-carboxaldehyde, magnetic susceptibility for the nickel complex 
of the bis (diphenylphosphino) ferrocene, mass spectrometry, etc. If the appropriate 
resources are available, carry out the respective analyses or obtain the data if the 
technique you choose is not “hands on”.

2
Exercises

1. What is the easiest method of assessing the purity of your samples by 1H NMR?
2. In the experiment, you have used n-butyllithium solutions. It would have been 

possible to use a t-butyllithium solution equally well from a chemical standpoint. 
Explain why this particular reagent would not be a good choice from a safety 
point of view and give reasons to support your argument.

3. In each of the three preparations, both of the cyclopentadienyl rings have been 
substituted. Why does disubstitution of one ring not occur?

4. What are the possible coordination geometries of the nickel complex that you 
have prepared? Of these, which is most likely? How could you determine the cor
rect geometry?

5. From a commercial point of view, the compounds which you have prepared are a 
very saleable commodity. If you had to sell your product, how much would be a 
reasonable charge for the compound you have made? (Base your answer on a dis
cussion with several others in the class taking into account the cost of reagents, 
solvents, labour, etc.).

6. Can you draw a reaction mechanism to account for the formation of the bis-alde- 
hyde product?

Further Reading
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York, 1969.
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M. D. Rausch, D. J. Clappenelli, J. Organomet. Chem. 1967, 10,127.
M. D. Rausch, G. A. Moser, C. F. Meade, J. Organomet. Chem. 1973, 51,1.
I. R. Butler, W. R. Cullen, J. Ni, S. Rettig, Organometallics, 1984, 4, 2196.

Phosphine complexes

A. W. Rudie, D. W. Lichtenberg, M. L. Katcher, A. Davison, Inorg. Chem. 1978, 17, 2859.
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3.16
Complexes of zr-Bonding Arene Ligands
Andrew W. C. Platt

The first complexes of neutral aromatic hydrocarbons were synthesised in 1919 by 
the reaction of phenyl magnesium bromide with anhydrous chromium chloride. At 
the time, it was assumed that the product was a polyphenyl chromium compound, 
and it was only in 1954 that the true nature of the complex as bis-benzene chro- 
mium(0), 1, was deduced.

(776-C6H6)2Cr
Bis-benzene chromium(O)

A more general synthesis for this type of compound was then devised as outlined 
in Eq. (1).

3CrCl3 + Al + AlCl3 + 6C6H6 [Cr(?76-C6H6)2]+ A1C1; (1)

The reduction of the cation gives the neutral chromium(O) complex.
This general method can be extended to other metals and to other aromatic hydro

carbons. For example, (?/6-arene)2M complexes are known for M=Ti,V, Nb, Cr, Mo 
and W. Cationic derivatives such as Fe(arene)2+ and Mn(arene)2 are common and 
isoelectronic with the zero valent chromium systems.

Special Safety Precautions
■■

Compounds such as FeCl3 and A1C13 are extremely corrosive. Avoid all contact 
with the skin and wash any spillages immediately with cold water. Both mesity
lene and cyclohexane are flammable materials, do not carry out the reflux using a 
naked flame.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.16.1
Experimental

3.16.1.1
Bis-mesitylene Iron(ll) Hexafluorophosphate, b76-C6H3(CH3)3)2Fe2T][PF6]2

The reaction of mesitylene (1,3,5-trimethylbenzene) with anhydrous iron(II) chloride 
and aluminium chloride produces the bis-mesitylene cation as the AICI4 salt which 
is then readily converted into the hexafluorophosphate. However, it is more conveni
ent to prepare the complex according to Eq. (2). This is then converted into the PFg 
salt which is easier to handle.

In this preparation, several of the reagents are sensitive to moisture. The reaction 
can be left at any of the points indicated with a* until the next laboratory session as 
long as the flask is stoppered to exclude atmospheric moisture.

3FeCl3 + Al + 5A1C13 + 6mesitylene -> 3[Fe(mesitylene)2][AlC14]2 (2)

Note that as both FeCl3 and A1C13 are hygroscopic, the time that these reagents are 
exposed to the air is best kept to a minimum. Plan your work accordingly and make 
sure that the lids are replaced on the reagent bottles immediately. The aluminum 
chloride should be yellow in colour. If the sample contains grey or white material, it 
is likely that some hydrolysis has occured.

Weigh out about 2.5 g of anhydrous FeCl3 (the exact amount is not important so 
long as the weight taken is known). Place in a round-bottomed flask equipped with a 
magnetic stirrer bar, and cover with about 30 cm3 of cyclohexane. Add the required 
amount of A1C13 and Al powder and a slight excess of mesitylene, use Eq. (2) to cal
culate the amounts. (Note that it is best to finely powder the A1C13 in a dry mortar 
and pestle before addition to the reaction flask). *

Stir the mixture vigorously whilst heating to reflux for about 2 hours. Cool the 
mixture to room temperature * and carefully decant the solvent from the solid pro
duct. To the remaining solid add a slurry of KPF6 in water. Stir the mixture vigor
ously, making sure that all the dark coloured material is dislodged from the sides of 
the reaction flask. (You may need to scrape off any obstinate pieces with a spatula). 
Filter the mixture and wash with water and then a little ethanol and dry at the pump 
to leave a pale orange-tan coloured solid. Record the weight obtained and calculate 
the percentage yield. Record the infrared spectrum of the product (as a KBr disc), 
and of mesitylene for comparison.
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3.16.2
Exercises

1. Briefly describe the function of the reagents used in the preparation.
2. Discuss the bonding of mesitylene to the iron and show how the infrared spec

trum of the product supports this theory.
3. In what way would the bonding in this compound be likely to differ from that in 

the isoelectronic chromium(O) compounds.
4. Bearing the answer to 3 in mind, arrange the following in the order of expected 

metal to ligand bond strengths for iron(II): benzene, 1,3,5-trimethoxybenzene 
and hexacyanobenzene (think of the electronic properties of the substituents).
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3.17
Organotin Chemistry
Kieran C. Molloy and Timothy T Paget

Organotin compounds have been widely used as PVC stabilisers, agrochemicals, 
wood preservatives, anti-fouling paints and precursors for the chemical vapour de
position (CVD) of electrically conducting films of SnO2. Recent work has shown that 
certain di-organotin compounds show anti-tumour activities in excess of that of cis
platinum. Our understanding of organotin compounds is aided by the wide variety of 
physical methods which can be applied to their study. 119Sn (8.6% abundance) has 
1 = 1/2, and has an NMR chemical shift range of ca. 1000 ppm. In addition, couplings 
to both this nucleus and the less abundant 117Sn (7.6%, 1 = 1/2) can be seen in the 
corresponding XH and 13C NMR spectra, and provide valuable information about the 
coordination sphere about the metal. 119Sn is Mdssbauer active, and is the most 
widely studied Mossbauer nucleus after 57Fe. Finally, with ten stable isotopes, the lar
gest number for any element in the Periodic Table, mass spectral fragments show 
characteristic isotopic distribution patterns making assignments relatively facile.

In this experiment, you will first prepare a tetra-organotin, [Ph3MeSn], using a 
Grignard reagent and then convert this compound to an organotin halide (either 
Ph(Me)SnCl2 or Ph(Me)SnBr2), the usual starting materials for the synthesis of 
functionalised organotins, by the selective electrophilic cleavage of Sn-C (phenyl) 
bonds, and finally use this latter derivative as a precursor for the synthesis of an or
ganotin heterocycle, Ph(Me)SnS.

Ph3SnCl + MeMgBr -> 
Ph3MeSn + 2Br2 -> 
Ph3MeSn + 2 HgCl2 -> 
Ph(Me)SnX2 + Na2S -> 
X = Cl, Br

Ph3MeSn + MgBrCl 
Ph(Me)SnBr2 + 2PhBr 
Ph(Me)SnCl2 + 2PhHgCl 
Ph(Me)SnS + 2NaX

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
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Special Safety Precautions

1. Diethyl ether is highly flammable. Keep away from flames.

2. Carbon tetrachloride is toxic by inhalation and contact.

3. Bromine is toxic by inhalation and causes severe burns to eyes and skin. Use 
only in a fume cupboard. Wear rubber gloves at all times.

4. All mercurv compounds are potentially poisonous, particularly Hg(II). Solid 
residues should be collected and stored in a designated waste container. Avoid 
inhalation of powder.

5. Vacuum distillations should be carried out in a fume cupboard and behind a 
safety screen. The distillation flask should be allowed to cool before air is ad
mitted to the apparatus.

3.17.1
Experimental

a) Methyltriphenylstannane, CHafCgHsJaSn

A 3-necked 250 ml oven-dried round-bottomed flask, fitted with reflux condenser 
and CaCl2 guard tube, and a 150 ml pressure-equalising dropping funnel, is charged 
with 0.51 g (21 mmol) of magnesium. The metal is just covered with dry diethyl 
ether and then a few drops of methyl iodide are added. The formation of the 
Grignard reagent can be initiated by the addition of a crystal of iodine if necessary. 
When Grignard formation has commenced, a further 25 ml of solvent is added to 
the reaction mixture, and a solution of methyl iodide (3.00 g, 21 mmol) added drop
wise from the funnel at a rate which maintains solvent reflux. When Grignard for
mation is complete (ca. 1 hour), a solution of chlorotriphenylstannane (5.79 g, 
15 mmol) in 100 ml ether is added dropwise from the funnel. When the addition is 
complete, the mixture is refluxed for 1 h. After allowing the solution to cool, water is 
added slowly to decompose the remaining Grignard reagent.

The reaction mixture is then transferred to a separatory funnel, the organic layer 
isolated and dried over anhydrous magnesium sulfate. After filtering the inorganic 
salts, the ether is removed on a rotary evaporator, and the residue recrystallised from 
ethanol. Record the yield, melting point and NMR spectrum of your product. In
terpret the Mossbauer spectrum of the product, shown in Figure 3.17-1.

b) Methylphenyldibromostannane, CH3(C6H5)SnBr2

To a stirred solution of Ph3MeSn (2.00 g, 5.5 mmol) in 25 ml carbon tetrachloride 
(100 ml round-bottomed flask) add dropwise a solution of bromine (1.75 g, 11 mmol) 
in the same solvent (25 ml) over a 30 min period. Continue stirring for at least 
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1 hour (preferrably overnight), during which time the colouration due to the halogen 
will have largely disappeared. The solvent and bromobenzene are removed on a 
rotary evaporator, leaving the product as a yellow oil which can be purified by 
vacuum distillation. Record the yield and 1H NMR spectrum of the product. Inter
pret the mass spectrum of the product shown in Figure 3.17-2, using the isotope dis
tribution patterns shown in Figure 3.17-5. Account for the appearance of the Mbss- 
bauer spectrum of Me(Ph)SnCl2 shown in Figure 3.17-4.

c) Methylphenyldichlorostannane, CH3(C6H5)SnCl2

To a solution of Ph3MeSn (3.1 g, 8.4 mmol) in acetone (30 ml), cooled in an ice bath, 
add 4.62 g (17.0 mmol) of mercury(II) chloride in small portions. After addition of 
the solid, remove the ice bath and allow the suspension to continue stirring for at 
least 1 hour (preferably overnight). The solvent is then distilled on a rotary evapo
rator, and the residue stirred for 10 minutes with 40 ml petroleum ether (60/80). Phe
nylmercuric chloride is separated by filtration. Solvent removal from the filtrate as 
before yields the product as a light yellow oil. A white solid is obtained after purifica
tion of this material by vacuum distillation. Record the yield, melting point and 1H 
NMR spectrum of the product. Interpret the mass spectrum of the product shown in 
Figure 3.4-3 using the isotope distribution patterns shown in Figure 3.17-5. Account 
for the Mdssbauer spectrum of the product shown in Figure 3.17-4.

d) Methylphenyltin Sulfide, CH3(C6H5)SnS

A solution of either Me (Ph) SnBr2 (0.93 g, 2.5 mmol) or Me (Ph) SnCl2 (0.71 g, 
2.5 mmol) in ethanol (15 ml) is added dropwise to a suspension of Na2S • 9H2O 
(0.90 g, 3.7 mmol) in the same solvent (15 ml). After refluxing the mixture for 
2 hours, the solution should be cooled and evaporated to dryness on a rotary evapora
tor. Ether (30 ml) and water (30 ml) are added to the solids, and the mixture shaken 
in a separatory funnel. The ether layer is separated, dried over anhydrous MgSO4, fil
tered and the solvent evaporated in vacuo to yield the product as a pale-yellow oil. Re
cord the NMR of the product and identify the products formed by analysis of the 
Sn-Me signals.

Further Reading

A. G. Davies, P. J. Smith, Comprehensive Organometallic Chemistry (Eds.: G. Wilkinson, 
F. G. A. Stone, E. W. Abel), Pergamon Press, Oxford, 1982, p. 519.

M. Gielen, P. Lelieveld, D. de Vos, R. Wittem, Metal Based Anti Tumor Drugs (Ed.: M. Gielen), 
Freund Publishing House, Tel Aviv, 1992, p. 29.

B. Wrackmeyer, Chem. Brit. 1990 26, 48.
P. G. Harrison, Chemistry of Tin, Blackie, Glasgow, 1989.
D. B. Chambers, F. Clocking, M. Weston, J. Chem. Soc. (A) 1967, 1759.
K. C. Molloy, Adv. Organomet. Chem. 1991, 33,196.
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Fig. 3.17-3 Mass spectrum of Ph (Me)SnCl2.
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Fig. 3.17-4 Mdssbauer spectrum of Ph (Me)SnCI2.
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Fig. 3.17-5 Isotope distribution patterns for Sn, SnX and SnX2 (X = Br, Cl).
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3.18
Transition Metal-Carbon Bonds in Chemistry and Biology
Christopher J. Jones

The ‘classical’ coordination chemistry which was developed in the first half of the 
20th century was primarily concerned with compounds containing bonds between 
transition-metal ions and nitrogen, oxygen or halogen donor atoms. In the second 
half of that century, there was increasing interest in the use of so-called ‘soft ligands’ 
containing donor atoms such as sulfur, phosphorus, arsenic or selenium. Such li
gands tend to form complexes with metals in their lower oxidation states; phosphine 
ligands in particular may often be found in compounds containing carbon monoxide 
or unsaturated hydrocarbons as co-ligands. To some extent these developments oc- 
cured in parallel with a large expansion of organometallic chemistry, which is con
cerned with compounds containing metal-carbon bonds and which has become a 
major field of research. The study of metal complexes containing alkyl, alkenyl, acyl, 
carbonyl and hydride ligands has led to the discovery of many novel reactions, some 
of which have important industrial applications in catalytic processes. These include 
alkene hydrogenation, alkene isomerisation, alkene metathesis, the hydroformyla
tion of alkenes and the carbonylation of methanol to produce acetic acid.

Although organometallic chemistry may appear to be a human invention, for mil
lions of years biology has exploited the reactivity of a metal-carbon bond in the vita
min B12 coenzyme. Among other things, B12 is involved in effecting reactions such 
as the group migration shown in Eq. (1).

This practical exercise is primarily intended to provide experience in compound 
synthesis and characterisation using spectroscopic methods. However, it also illustrates 
some chemical aspects of organometallic chemistry which relate to both biological inor
ganic chemistry and homogeneous catalysis. In Section 3.18.1 a simple model com
pound is prepared which recreates the basic coordination environment of cobalt in vita
min Bi2. In Section 3.18.2, two ruthenium carbonyl hydride complexes are prepared 
using a primary alcohol and formaldehyde as the source of the hydride and carbonyl li
gands. In each case, the nature of the reaction products is determined using spectro
scopic data.

f f0’” vitamin B,,

H COSR * cn2'""e A cosr
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3.18.1
Methylcobaloxime: A Model for Vitamin B12 Coenzyme

Although the average human contains only 2 to 5 mg of cobalt, concentrated in the 
liver, it is an essential trace element whose absence causes serious illness. The cobalt 
is present as vitamin B12, a coenzyme which, among other roles, is associated with 
biosynthetic methylation reactions in organisms ranging from man to bacteria. Vita
min B12 is necessary for the proper development of red blood cells. It is also the 
agent responsible for the microbial conversion of environmental Hg2+ to highly toxic 
CH3Hg+ derivatives. These concentrate in fish and have lead to serious outbreaks of 
poisoning among human populations eating fish from mercury contaminated 
waters.

Because vitamin B12 is present in animals in such small quantities, it proved extre
mely difficult to isolate. However, in 1957 Hodgkin and her associates reported a 
successful structure determination on cyanocobalamin, the cyanide derivative of B12, 
using X-ray diffraction techniques. This structure is shown in Figure 3.18-1 and con
sists of two main components. The first is a planar tetradentate macrocyclic ligand, 
similar in some ways to the porphyrin unit found complexing the iron in haemoglo
bin. This highly substituted macrocyclic ring chelates the cobalt atom via four nitro
gen atoms and, in the deprotonated form, is formally anionic.

Attached to this ring via a sugar-phosphate linkage is the second component, a 
benzimidazole base, which also bonds to the cobalt. The sixth position in the octa
hedral coordination sphere of the cobalt is occupied by a cyanide ion. However, the 
active coenzyme would normally have either a water molecule or a CH2 group from 
a sugar residue occupying this site.

The coordination sphere of cobalt in vitamin B12 is rather similar to that in cyano- 
pyridine-bis(dimethylglyoximato)cobalt(III), i.e. cyanopyridine cobaloxime, whose 
structure is shown in Figure 3.18-2. This much simpler molecule may easily be 
synthesised in the laboratory and provides a chemical model for vitamin B12. Instead 
of working with small amounts of expensive coenzyme, it is possible to study the
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Fig. 3.18-2 Cyanopyridinecobaloxime or cyanopyridine- 
bis(dimethylglyoximato)cobalt(lll).

chemistry of cobalt in a similar, though not identical, environment using cobalox- 
imes as models.

Using this model system, it is possible to demonstrate that reduction of Co(III) to 
Co(I) produces a nucleophilic metal centre, which may be methylated using CH3I to 
give an analogue of the methylcobalamin involved in the biomethylation of mercury 
as mentioned earlier. The reactivity of the Co(I) model complex may be contrasted 
with the inert behaviour of the Co(III) complex, which may only be methylated with 
difficulty using CH3MgL The reactions of vitamin B12 (VB12), copied using the coba- 
loxime model, may be summarised as shown in Scheme 3.18-1.

Following the procedure described in the Experimental section, prepare a sample 
of chloropyridinecobaloxime. This material is then reduced and reacted with iodo
methane to give methylpyridinecobaloxime, a model for the cobalt alkyl moiety in 
the vitamin Bi2 coenzyme. Infrared and NMR spectra may be used to demon
strate the formation of the metal-alkyl complex.

3.18.2
Formation of Metal-Hydrogen and Metal-Carbonyl Bonds

Ruthenium has a very extensive chemistry involving oxidation states -2 to +8 and 
serves to illustrate some of the chemistry' found for the later 2nd and 3rd row d-block 
transition metals. Several ruthenium complexes show catalytic behaviour in hydro
genation and hydroformylation processes which are of commerical importance. The 
experiments described below illustrate decarbonylation reactions of alcohols and al
dehydes with the concomitant formation of ruthenium carbonyl hydrides.
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It has been known for many years that halides of the platinum metals can be re
duced by alcohols or aldehydes in the presence of ligands (e.g. tertiary phosphines) 
to give carbonyl and/or hydrido complexes. Using isotopic labelling techniques, it is 
possible to show that the mechanism of metal-hydride formation from the alcohol 
involves a so-called ^-elimination step (Eq. 2).

M-Cl * RCH2OH M-H + RCHO (2)

It should be noted that in the addition of transition-metal hydrides to olefins the re
verse of ^-elimination takes place (Eq. 3).

elimination
CH3CH2Mn (C0)5 ------------------------HMn(C0)5+C2H4

insertion

The complex [Ru(H)(Cl)(CO)(Ph3P)3] is obtained by the reaction in Eq. (4).

MeOCH2CH2OH 
RuCl3+Ph3P ------------------- — [Ru(H)(Cl)(CO)(Ph3P)3J

excess HCHO

(3)

(4)

In this synthesis of [Ru(H)(Cl)(CO)(Ph3P)3], the source of the hydride is the CH2 
group of the primary alcohol and the source of the CO ligand is the aldehyde. The 
steps of the mechanistic pathway for M-CO formation are uncertain, but are believed 
to involve “oxidative-addition” and “reductive-elimination” processes (Scheme 3.18-2), 
i.e. to depend upon the ability of the metal to exist in various oxidation states differing 
relatively little in energy.

M-Cl + RCHO

(R= H if HCHO is used)

M-CO
-RH

u

RCH2OH \ 
---------— M

C 
II 
0 Scheme 3.18-2

The transformation {M • CO • R} into {M(R)(CO)} involves migration of the R group 
from carbon to the metal. This can be a reversible process and is well established both 
in the “hydroformylation” of olefins and in carbonyl insertion reactions (e.g. Eq. 5).

(Me) Mn (C0)5 + CO (MeCO)Mn (C0)4 (CO) (5)
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A further example of this type of chemistry is provided by the synthesis of the iri- 
dium(I) complex trans-[lrCl(CO)(Ph3P)2], commonly known as Vaska’s compound 
(Eq. 6). This material exhibits an extensive oxidative addition chemistry and is of his
torical importance in the development of this area of chemistry.

IrCl3-3H20 * Ph3P + Me2NCHO ilr(Cl)(CO))(Ph3P)2]
‘ -Pn3Pnll (6)

Following the procedures described in the Experimental section, prepare samples of 
carbonylhydridotris(triphenylphosphine)ruthenium(II) and carbonyldihydridotris- 
(triphenylphosphine)ruthenium(II). Infrared, 1H NMR and 31P NMR spectra may 
be used to determine the formulae and structures of the products.

Special Safety Precautions

If any chemicals in this experiment should come in contact with your skin, wash 
them off immediately with copious amounts of water and then consult a demon
strator.
In the event that formaldehyde solution, pyridine or methanol are spilled outside 
a fume cupboard, keep others away from the area of the spill and consult a de
monstrator. The liquid should be absorbed on an inert absorbent (e.g. vermicu
lite) and removed to a fume cupboard to be packaged for disposal. Consult a de
monstrator about spillage of any other chemicals involved. Skin contamination 
by, or inhalation of, these materials must be avoided.

Material

Hexa-aquocobalt(II)chloride, CoCl2 ■ 6H2O
Dimethylglyoxime
Ethanol

Hazards

Toxic, Irritant
Harmful
Harmful, Flammable

Pyridine Harmful, Flammable
Diethyl ether Highly Flammable, Harmful
Dichloromethane Harmful
[Chloropyridinebis (dimethylglyoximato) - Properties unknown,
cobalt(III)] Assume toxic
Sodium borohydride Toxic, Flammable
lodomethane Highly toxic, Cancer suspect 

agent
Methanol Toxic, Flammable
Petroleum ether 40/60 Irritant, Flammable
Ruthenium trichloride trihydrate Harmful by skin absorption, 

Corrosive
2-Methoxyethanol Toxic, Mutagenic
Triphenylphosphine Irritant
Potassium hydroxide Corrosive
40 % aqueous formaldehyde solution Toxic, Cancer suspect agent
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Disposal of Wastes

Waste solvents must be disposed of into the containers provided, in the fume 
cupboard. These must be removed before commencing the next reactions.

3.18.3
Experimental

Part 1

Avoid skin contact with, or inhalation of, any of the materials used. All operations 
should be performed in a fume cupboard. Wash all contaminated apparatus thor
oughly with water before removing it from the fume cupboard. In the event of spil
lage, see the Special Safety Precautions.

Chloropyridinebis(butane-2,3-dioximato)cobalt(lll)
In a fume cupboard place 95% ethanol (200 cm3) in a 400 cm3 beaker and add bu- 
tane-2,3-dioxime (5.5 g). Warm the mixture on a steam bath and stir the mixture to 
dissolve the solid then add CoCl2 • 6H2O (5.0 g). When this too has dissolved, add 
pyridine (4 cm3) to the mixture and allow it to cool to room temperature. Transfer 
the solution to a 500 cm3 Buchner flask and fit a rubber bung with a dip tube which 
projects to just below the surface of the liquid in the flask. Using a water pump draw 
a slow steam of air through the solution via the dip tube for about 30 minutes. Allow 
the solution to stand for 30 minutes then collect the deposited brown solid by filtra
tion. Wash the brown product with aliquots (5 cm3) of water, then ethanol and finally 
diethyl ether. Allow the product to air dry. Record the yield. Redissolve the product 
in the minimum volume of dichloromethane necessary, filter the solution and add 
an equal volume of 95% ethanol. Using a rotary evaporator, reduce the volume of 
solvent to about 1/3 the original volume. A brown crystalline product should be de
posited and may be collected by filtration and dried in air. Record your yield of puri
fied product and submit all of your unused product for assessment. Obtain IR (KBr 
disc) and XH NMR (CDCI3) spectra of your product.

Methylpyridinebis(butane-2,3-dioximato)cobalt(lll)
In a fume cupboard set up equipment for carrying out a reaction under nitrogen as 
shown in Figure 3.18-3. Allow nitrogen to pass through the system for 5 minutes, 
escaping via a loosened stopper in the flask. Place methanol (10 cm3) in the round- 
bottomed flask and bubble nitrogen slowly through the liquid for 30 seconds using 
a glass tube. Remove the tube, stopper the flask and allow nitrogen to pass over the 
apparatus and out through the bubbler.

Remove a stopper only briefly to add reagents, the nitrogen escaping when a stop
per is removed should limit the entry of air into the flask. Add chloropyridine-bis- 
(dimethylglyoximato)cobalt(III) (0.8 g) to the methanol followed by iodomethane
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Fig. 3.18-3 Apparatus for the methylation of chloropyridine cobaloxime.

(2 cm3). While stirring the mixture, slowly add sodium borohydride (0.4 g) in por
tions. Stir the mixture for 10 minutes, allowing the evolved gas to vent through the 
bubbler. After this time, remove the condenser and other fittings and add water 
dropwise to the reaction mixture to precipitate the orange product. Do not add too 
much water. Collect the orange solid by filtration and wash it with aliquots (5 cm3) 
of petroleum ether (boiling range 40-60 °C). Allow the product to air dry, then re
cord the yield and submit all of your product in a tube wrapped in aluminum foil as 
the compound is light sensitive. Obtain IR (KBr disc) and JH NMR spectra (CDC13) 
of your product.

Part 2

Avoid skin contact with, or inhalation of, any of the materials used and wear protec
tive gloves. Ruthenium trichloride is highly coloured and will stain skin and cloth
ing. The solvents used are flammable and iodo methane and formaldehyde are toxic 
so that all operations must be performed in a fume cupboard. Wash all contaminated 
apparatus thoroughly with water before removing it from the fume cupboard. In the 
event of spillage, see the Special Safety Precautions.

Chlorohydridocarbonyltris(triphenylphosphine)ruthenium(ll)
In a fume cupboard, set up a 100 cm3 round-bottomed flask fitted with a reflux con
denser and small magnetic stirrer bar above a stirrer hotplate and small oil bath. To 
the flask add triphenylphosphine (1.0 g) followed by 2-methoxyethanol (30 cm3). 
While stirring, heat the mixture under reflux. Shake the sample of ruthenium, 
trichloride hydrate (0.15 g) provided with 2-methoxyethanol (10 cm3) in a stoppered 
50 cm3 flask to produce a solution. Using a dropping pipette, add this solution to the 
reaction vessel via the condenser. Immediately afterwards add the 40% aqueous for
maldehyde solution (10 cm3), again added via the condenser using a dropping pip
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ette. Continue to heat the mixture under reflux for 20 minutes. After this time, re
move the flask from the oil bath and slowly add ethanol (25 cm3) via the condenser. 
Remove the condenser and allow the flask to stand on a cork ring to cool to room 
temperature. A cream solid should be desposited. If not, cool the mixture further in 
ice and allow to stand longer. Collect the solid product by filtration and wash it with 
a little water (10 cm3), followed by ethanol (20 cm3). Place the filtrate in the bottle 
provided for Ru wastes in the fume cupboard. Dry the product in a vacuum dessica- 
tor, then record the yield and submit all of your product in a tube wrapped in alumi
num foil as the compound is light sensitive. Obtain the IR (KBr disc) spectrum of 
your product.

Dihydridocarbonyltris(triphenylphosphine)ruthenium(ll)
In a fume cupboard, set up a 100 cm3 round-bottomed flask fitted with a reflux con
denser and small magnetic stirrer bar above a stirrer hotplate and small oil bath. Pre
pare the following three solutions in 25 cm3 conical flasks: a) ruthenium trichloride 
trihydrate (0.15 g) in ethanol (10 cm3), b) 40% aqueous formaldehyde (10 cm3) (avail
able in prepared form), c) postassium hydroxide (0.5 g) in ethanol (10 cm3). To the 
round-bottomed flask add triphenylphosphine (1.0 g) followed by ethanol (20 cm3). 
While stirring, heat the mixture to reflux, then quickly and successively add solutions 
a), b) and c) via the condenser. Continue to heat the mixture under reflux for 15 min
utes. After this time, remove the flask from the oil bath and allow the reaction mix
ture to cool to room temperature. Collect the deposited white solid product by filtra
tion and wash it with a little ethanol (5 cm3), then water (5 cm3) followed by ethanol 
(5 cm3). Place the filtrate in the waste bottle provided. Redissolve the product in the 
minimum volume of dichloromethane necessary, filter the solution and add ethanol 
dropwise to induce precipitation of the purified material. Allow the mixture to stand 
to complete the crystallisation, then collect the product by filtration. Dry the product 
in a vacuum desiccator, then record the yield and submit all of your product in a tube 
wrapped in aluminum foil as the compound is light sensitive. Obtain IR (KBr disc),

NMR and 31P-{3H} NMR spectra (CDC13 and C6D6) on your product.
(Note: 31P-{3H} NMR means the 31P NMR spectrum is recorded with the coupling to 

removed by irradiation of the sample at the frequency of the XH signals).

3.18.4
Exercises

Examine the IR, 3H NMR and 31P-{1H} NMR spectra obtained, list the bands or sig
nals observed and identify which bands or signals arise from which groups in the 
molecules you have synthesised. Your report on this experiment should also contain 
the following information:
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Part 1

1. The equations of the reactions carried out indicating the reference molecular 
masses of the compounds on which your yield calculation is based. Cite the mass 
of product obtained and calculate the % yield for each product.

2. A list of the principle infrared bands for each product identifying which vibration 
they arise from. In each case, indicate how the spectral bands confirm the pre
sence of particular groups in the molecule (e.g. Co-Cl, C=N).

3. A list of the shifts, integrations and, where appropriate, coupling constants for 
each signal in the NMR spectra, along with its assignment indicating how the 

NMR spectra confirm the formulations of your products.
4. A brief comment on the limitations of cobaloximes as models for coenzyme.

Part 2

1. The equations of the reactions carried out indicating the reference molecular 
masses of the compounds on which your yield calculation is based. Cite the mass 
of product obtained and calculate the % yield for each product.

2. A list of the principle infrared bands for each product indentifying which vibra
tion they arise from. In each case, indicate how the spectral bands confirm the 
presence of particular groups in the molecule (e.g. Ru-H, Ru-CO, PPh3).

Fig. 3.18-4 The 300 MHz ’H NMR spectrum of methylpyridinecobaloxime in CDCl3. 
The inset shows an expansion of the aromatic region.
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Fig. 3.18-5 The 270 MHz ]H NMR spectrum of chloropyridinecobaloxime recorded in CDCI3 solution.

Fig. 3.18-6 ]H NMR spectrum of[Ru(H)2(CO)(PPh3)3] in CDCl3 at 300 MHz.
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Fig. 3.18-7 109 MHz 31P-{’H} NMR spectrum of [Ru (H)2(CO) (PPh3)3] in CDCI3.

3. A list of the shift and coupling constants for each hydride signal in the NMR 
spectrum and the signals in the 31P-{1H} NMR spectrum, along with its assign
ment indicating how the NMR spectra confirm the formulations of your pro
ducts. You should measure the P-H and P-P coupling constants from the NMR 
spectra obtained. (The signals due to the aryl protons in PPh3 may not be well re
solved, do not try to analyse these).

4. An explanation of why more than one carbonyl stretching frequency is observed 
in the IR spectrum of Ru(CO)(H)(Cl)(PPh3)3.

5. A suggestion about how you could determine which of the bands in the 2000 cm-1 
region of the IR spectra of these carbonyl hydrides is due to Ru-H and which to 
C-O stretching vibrations.

Further Reading

F. A. Cotton, G. W. Wilkinson, Advanced Inorganic Chemistry, 5th ed., Wiley Interscience, New 
York, 1988, Chapters 11 and 30 and pp. 894-895.

M. N. Hughes, The Inorganic Chemistry of Biological Processes, 2nd ed., Wiley, Chichester, 1981, 
pp. 177-181.

J. E. Huheey, Inorganic Chemistry, 3rd ed., Harper and Row, Cambridge, 1983, pp. 878-880.
G. N. Schrauzer, Acc. Chem. Res. 1968, 1, 97.
G. N. Schrauzer, L. P. Lee, J. Am. Chem. Soc. 1968, 90, 6541
L. Vaska, E. M. Sloane, J. Am. Chem. Soc. 1960, 82,1263.
B. N. Chaudret, D. J. Cole-Hamilton, R. S. Nohr, G. Wilkinson, J. Chem. Soc., Dalton Trans 1977 

1546.
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3.19
Nickel-Catalysed Cross-Coupling of Alkylmagnesium 
with Haloarene
C. Brent Young

The metal mediated formation of carbon-carbon bonds is an important aspect of or
ganic synthesis. In this experiment, selective coupling of two precursors can be 
achieved by the formation and rearrangement of labile organonickel species partici
pating in a catalytic cycle. Organonickel complexes, though, may have a variety of re
arrangement options which may depend, for example, on the nature of the ancillary 
ligands (phosphines, in this case) and which may lead to loss of regioselectivity. You 
will make and study two dichlorobis(phosphine)nickel(II) complexes and examine 
their suitability as catalysts for coupling of 2-propylmagnesium chloride with chloro
benzene. Most of the manipulations must be carried out with strict exclusion of oxy
gen, and this experiment is intended as a preparation for sophisticated anaerobic 
handling techniques. It is especially important to read the experimental procedure 
throughly before embarking on this experiment. Careful planning is vital to smooth 
operation.

Special Safety Precautions

All halocarbons, phosphines and nickel compounds should be regarded as irri
tant and toxic. Wear gloves and avoid inhalation. Diethyl ether is highly flam
mable. Organomagnesium solutions are caustic and may be flammable and toxic. 
Avoid ingestion.

3.19.1
Experimental

a) The Dichlorofl ,2-bis(diphenylphosphino)ethane]nickel(l I) Catalyst

Equip a 100 cm3 round-bottomed flask with a reflux condenser and magnetic stirrer 
bar. Add NiCl2 • 6H2O (0.71 g) to ethanol (10 cm3) in the flask and warm the mixture 
in an oil bath, with stirring, until all the nickel complex has dissolved. Remove the 
oil bath and carefully add l,2-bis(diphenylphosphino)ethane (dppe, 1.20 g) to the 

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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warm but not boiling solution. Precipitation of product should occur immediately. Re
place the condenser and restore the oil bath and continue stirring at reflux for two 
hours. Allow the mixture to cool, filter off the product and wash with ethanol and 
diethyl ether before drying in a vacuum desiccator. Record the yield.

b) The Dichlorobis(triphenylphosphine)nickel(ll) Catalyst

NiCl2 • 6H2O (1.5 g) is dissolved in water (1.5 cm3) and added to glacial acetic acid 
(30 cm3). To this solution is added a suspension/solution of triphenylphosphine 
(3.25 g) in glacial acetic acid (15 cm3) and the mixture stirred until all the phosphine 
has dissolved (ca. 1 hour). Keep the precipitate in contact with the solution for 
ca. 24 hours, filter and wash thoroughly with diethyl ether. Dry at 70 °C under 
vacuum for 2-3 hours.

c) 2-(Chloromagnesio)propane

All glassware should be oven dried (but do not place plastic stopcock keys in ovens). 
Equip a 250 cm3 2- (or 3-)necked flask with reflux condenser, pressure-equalising 
addition funnel and magnetic stirrer bar. A glass T-piece adaptor should be fitted to 
the top of the reflux condenser, one arm connected to the nitrogen supply and the 
other to a mineral oil (Nujol) bubbler (a Drechsel bottle is best). Any remaining 
openings can be closed by glass stoppers. The whole apparatus can be flushed with 
nitrogen by removing the stopper(s) for ca. 2 minutes while a brisk current of nitro
gen is flowing.

Magnesium turnings (8.3 g) are placed in the flask and dry diethyl ether (45 cm3) 
is added. (Nitrogen is kept flowing during addition). A solution of 2-chloropropane 
(9.5 cm3) in dry ether (40 cm3) is prepared and thoroughly mixed in the addition fun
nel, and a small quantity (ca. 5 cm3) is added to the magnesium. Reaction is initiated 
by introduction of a few drops of 1,2-dibromoethane. Once effervesence is observed, 
the chloropropane solution is added at a rate sufficient to maintain a gentle reflux. 
During reflux, the nitrogen supply should be reduced to a slow steady flow. Continue 
stirring for 15-30 minutes after addition is complete. Increase the nitrogen flow, re
move the additon funnel and replace it by a rubber (Suba-Seal) septum.

Immediately before employing any organomagnesium reagent it should be stan
dard practice to estimate its concentration. Using a 5 cm3 syringe with a narrow 
gauge 18 cm needle, withdraw exactly 2 cm3 of the solution and inject into distilled 
water (20 cm3) in a 100 cm3 conical flask. Add a few drops of a suitable indicator 
(phenolphthalein or bromothymol blue) and titrate against 0.1 M aqueous HC1. 
Hence, estimate the concentration of RMgCl, assuming that OH“ arises only from 
Mg-C hydrolysis. Dismantle and clean the syringe (see next section).

d) Catalysed Cross-Couplings

This apparatus should be set up during preparation of the organomagnesium re
agent. All glassware should be oven dried. Equip each of two 100 cm3 3-necked 
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round-bottomed flasks with a pressure-equalising addition funnel, a reflux conden
ser and a magnetic stirrer bar. A plug of glass wool should be wedged (not too tightly) 
in the outlet tube from the reservoir of each funnel, above the stopcock. Each con
denser should be fitted with a glass T-piece adaptor, one arm of which is connected 
to the nitrogen supply and the other to a mineral oil bubbler vent (the two assem
blies can be joined “in-series”).

Fit Suba-Seal septa to both additon funnels and close any other openings with 
glass stoppers. Make sure the whole apparatus is thoroughly flushed with briskly 
flowing nitrogen (the Suba-Seals should each be removed for ca. 1 minute to allow 
flushing of the funnel).

To each flask, add chlorobenzene (4.15 cm3) and diethyl ether (10 cm3). Into one 
flask, place (dppe)NiCl2 (0.36 g) and into the other (Ph3P)2NiCl2 (0.44 g). Stir both 
mixtures and cool in ice.

After determination of the concentration of iPrMgCl in ether, introduce equal por
tions of this solution (40 x 10-3 moles) to each addition funnel, using a syringe with 
a wide bore 18 cm needle. Try not to draw up large solid particles in the syringe. Care 
should also be taken at this stage not to (1) inject yourself or anyone else with the so
lution and (2) spill the solution, especially on your skin. Spillage is best avoided by 
measuring the correct amount into the syringe by ejecting gas bubbles back into the 
source flask with the syringe pointing upwards, and then drawing enough nitrogen 
into the syringe to fill the needle and introduce a little gas above the solution. The 
needle is now removed from the source flask and inserted into the addition funnel, 
and then, with the barrel still pointing up, the gas is expelled first, followed by the li
quid. (Ensure that the stopcock on the funnel is already closed). Draw some gas back 
into the syringe and remove the needle from the septum. The procedure (which is 
standard practice for anaerobic manipulation) is repeated for the other funnel. If in 
any doubt, ask a demonstrator. As soon as transfer is complete, take the syringe to a 
fume cupboard and remove the plunger. Leave the assembly for 5-10 minutes, then 
wash both components with water, followed by IMS (or methanol).

Add the organomagnesium solution - cautiously at first in case of an exothermic 
reaction - to the cooled, stirred solution of PhCl. The glass wool will act as a filter for 
any suspended solids. When addition is complete, remove the ice bath. Dry the exter
iors of the flasks and substitute oil baths. Heat the mixtures at gentle reflux with stir
ring for 4 hours. During reflux, reduce the nitrogen flow to a slow steady trickle 
(ca. one bubble per second).

Unused organomagnesium solution must be quenched by cooling and slow (at 
first) addition of water (the hydrolysis is exothermic). Unreacted magnesium metal 
can be destroyed by introduction of dilute aqueous HC1 (fume cupboard).

e) Analysis of Cross-Coupling Reactions

After cooling the reactions in ice baths (be careful to turn up the nitrogen supply 
during cooling so as to avoid sucking the bubbler oil back into the flasks), water 
(20 cm3) is introduced first into the addition funnels via syringe, then into the 
reaction mixtures, slowly at first, to quench any unreacted iPrMgCl. More ether
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(20-30 cm3) can now be added to aid in separation. Anaerobic handling is no longer 
necessary. Each reaction flask is treated identically. The contents are poured into a 
separatory funnel (filtration may be necessary to remove excessive amounts of solid) 
and the organic layer separated. The aqueous phase is shaken with fresh diethyl 
ether (25 cm3) and the ether fractions combined and washed successively with satu
rated aqueous sodium thiosulfate (2 x 20 cm3) and distilled water (2 x 20 cm3). The 
organic phase is then dried over anhydrous MgSO4. Relative quantities of propylben
zenes and benzene as well as any residual chlorobenzene can now be analysed by glc 
using an OV-11 (or related silicone gum) column. Set the injection port and detector 
temperatures to 150 °C and the column oven to 90 °C. Adjust the mobile phase (ni
trogen) gas pressure to 30-35 psi. Identify components by comparison of their re
tention times with those in a standard mixture (provided). Integrate the peak areas 
by cutting them from the chart paper and weighing them on an analytical balance. 
(Two chromatograms for each sample will be necessary so that one of each can be in
cluded in your report). Tabulate your results. (Assume that the detector response-fac
tor for each of your components is 1.0; a flame ionisation detector responds to the 
mass of each solute present).

3.19.2
Exercises

1. Comment on the notable colour difference between the two catalysts. How could 
you verify your explanation ?

2. Estimate (a) the relative extent of overall coupling and (b) the relative extent of 
regioretention for the two catalysts, noting any other reactions which are evident.

3. Suggest a plausible catalytic cycle for the cross-coupling reaction, explaining, by 
way of a suitable scheme, the nature of each step (the reference literature will 
help).

4. Suggest why the two catalysts differ in their activity, particularly with respect to 
the regioselectivity of the coupling reaction. Give a mechanistic explanation for 
the observed rearrangement.

Further Reading

M. Kumada, et al., (a) J. Am. Chem. Soc. 1972, 94, 4374; (b) idem., ibid. 1972, 94, 9268; (c) idem., 
Pure and Applied Chem. 1980, 52, 669.

H. Felkin, G. Swierczewski, Tetrahedron, 1975, 31, 2735.
R. J. P. Corrin, J. P. R. Masse, B. Mennier, J. Organomet. Chem. 1973, 55, 73.
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3.20
Transition Metal Catalysis
Neil M. Boag

Transition metal complexes may be used as catalysts for a wide variety of organic 
syntheses. In this experiment, a catalyst precursor is prepared and used to prepare 
an alkyne.

Diarylacetylenes may be prepared by a variety of routes. In recent years, two meth
ods based on transition metals have been developed. The first method devised by 
Castro involves the use of copper acetylides. These reagents are prepared by treat
ment of an aqueous ammonia solution of cuprous iodide with an ethanol solution of 
mono-substituted aryl acetylenes (Eq. 1).

nCuI + nArC=CH -> (CuC=CAr)n + nHI (1)

Treatment of these cuprous acetylides with aryl iodides in refluxing pyridine under 
nitrogen yields diaryl acetylenes stoichiometrically (Eq. 2).

(CuC=CAr)n + nAr'I -> nAr'C=CAr + nCuI (2)

The second method, developed independently by Cassar and Heck, utilises a palla
dium complex to effect this reaction catalytically (Eq. 3).

ArC=CH + Ar'X + NaOMe -> ArC=CAr'+ NaX + HOMe (3)

The early procedure has been modified through the use of amines as solvents with 
Cui as a co-catalyst. These modifications allow the reaction to proceed at room tem
perature and has enabled the introduction of alkyl substituents. The mild conditions 
have resulted in this method being used for the introduction of carbon-carbon triple 
bonds during the synthesis of natural products.

In this experiment, a catalytic precursor is prepared which may be identified. This 
precursor is then be used to catalytically synthesise an alkyne using the conditions 
devised by Cassar. Under these conditions, the precursor generates the active species 
Pd(PPh3)4.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.20.1
Experimental

a) The Catalytic Precursor

Note: It is important to determine the yield of product as accurately as possible 
(Exercise 1).

Add water (5 cm3) to a mixture of palladous chloride (0.15 g) and sodium chloride 
(0.12 g). Stir the slurry and slowly warm to about 50 °C. While the resultant solution 
is cooling, prepare a solution of triphenylphosphine (0.5 g) in ethanol (75 cm3). Add 
the palladous chloride solution to the triphenylphosphine solution dropwise with 
stirring using a Pasteur pipette. Be careful not to add any residue which may remain. 
When the addition is complete, use an extra 1 cm3 of water to ensure all the palla
dium salts are transferred. Warm the resultant slurry to about 50 °C over 30 minutes 
to coagulate the precipitate, cool and filter. Wash well with water, acetone and ether. 
Dry the product in a 50 °C oven for 30 minutes. Weigh the product.

b) The Catalytic Reaction

Add the following reagents to a B14 100 cm3 round-bottomed flask.

4-bromoacetophenone (note 1) 
palladium complex 
sodium methoxide 
triphenylphosphine 
phenylacetylene 
dimethylformamide (dmf) 
magnetic stirrer bar

2.00 g
0.42 g
0.60 g
0.31g
1.00 g
40 cm3

Using a Pasteur pipette, bubble nitrogen through the solution for ten minutes. Attach a 
condenser to the flask. To the top of the condenser attach a B14 T-piece. Connect one end 
of the T-piece to a nitrogen cylinder and the other to an outlet bubbler consisting of 
a Drechsel bottle 1/4 full of water. Using a water bath, heat the reaction mixture with stir
ring to 100 °C and maintain this temperature for four hours. Cool and pour into 200 cm3 
of water. Extract with 3 x 40 cm3 of diethyl ether. Wash the ether extracts with 2x30 cm3 
of water and dry with sodium sulfate. Filter and take to dryness on a rotary evaporator. 
Dissolve the residue in the minimum of hot methanol, add decolourising charcoal and 
filter. Cool in ice and filter off the product. Wash with a little cold methanol. Air dry.
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3.20.2
Exercises

1. Deduce a structure for the catalytic precursor based on the yield of product (which 
is essentially quantitative) and the fact that only one palladium chloride stretch is 
observed in the IR spectrum of this material. What physical measurement could 
be made to support the structural formulation ?

2. Record an IR spectrum of the product of the catalytic reaction as a Nujol mull 
and identify any important absorption bands.

3. Record a proton NMR spectrum of the product from the catalytic reaction in 
CDC13. Integrate the spectrum. (A better result will be obtained if the sample is 
left overnight or dried in a vacuum desiccator to ensuure complete removal of the 
recrystallisation solvent which can interfere).

4. A13C{1H} NMR spectrum of the catalytic product is reproduced in Figure 3.20-1. 
Use all the spectroscopic information to confirm the identity of this material.
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Fig. 3.20-1. 13C{1 H} NMR spectrum of catalytic product.
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5. Complete the following catalytic cycle. Calculate the electron counts and oxidation 
states of the transition metal intermediates.

6. Based on the yield of product from the catalytic reaction, calculate the number of 
turnovers obtained.

3.20.3
Notes

1. A large variety of alkynes can be prepared (see references by Cassar and Heck for 
details).

2. Copies of proton, carbon-13 and infrared spectra of the catalytic product are avail
able from the author. These can be supplied as HPGL or Word for Windows files 
if required.

Further Reading

R. D. Stephens, C. E. Castro, J. Org. Chem. 1963, 28, 3313.
L. Cassar, J. Organomet. Chem. 1975, 93, 253.
H. A. Dieck, R. F. Heck, J. Organomet. Chem. 1975, 93, 258.
Y. Abe, A. Ohsawa, H. Arai, H. Igeta, Heterocycles, 1978, 9,1397.
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3.21
Nitration of Cobalt(lll) Acetylacetonate
David J. Otway

Coordination of organic molecules to metal ions frequently modifies the nature of 
their chemical reactions. In this experiment coordinated acetylacetone can be readily 
nitrated.

Special Safety Precautions

Acetic anhydride is an irritant. Avoid contact, handle in a fume cupboard.
Chloroform should be used in a fume cupboard.

3.21.1
Experimental

a) Preparation of Cobalt(lll) Acetylacetonate

A mixture of cobalt(II)carbonate (1.25 g) and acetylacetone (10 cm3) in a 100 cm3 
conical flask is heated to 90 to 100°C. Heating is stopped while 12% hydrogen per
oxide (kept in a refrigerator) - avoid skin contact - (15 cm3) is added dropwise with ra
pid stirring over a period of 10-15 min. (Do not add the hydrogen peroxide rapidly 
or the heat evolved will cause frothing). When addition is complete, cool the mixture 
in an ice-bath and then filter off the green solid and dry it at 110 °C. Dissolve the pro
duct in the minimum amount of hot toluene, filter if necessary, and then add 80
100 petroleum ether (ca. 75 cm3) to the warm toluene solution. Cool in an ice-bath 
and filter off and air-dry the dark green crystals. Record the m.p.

b) Nitration of Cobalt(lll) Acetylacetonate

A mixture of finely ground copper(II) nitrate trihydrate (2.7 g) and acetic anhydride 
(50 cm3) is stirred for 15 minutes at 0 °C in a conical flask fitted with a calcium chlor
ide drying tube. To the resulting slurry add cobalt(III) acetylacetonate (1.25 g) and 
then stir for 2 hours at 0 °C, followed by 1 h at room temperature. The blue-green so

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32472-9
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lution is then mixed with water (150 cm3), ice (150 g), and sodium acetate (4 g). Stir 
the two-phase liquid for 2 hours, during which time a finely divided green precipi
tate appears. Continue stirring until any gummy substance has gone (the mixture 
should consist of a green solution and a fine green powder). Filter off the green so
lid, wash it with two portions of water (15 cm3) and one portion of cold ethanol 
(15 cm3) and then air-dry it. Dissolve the dry solid in boiling chloroform (10 cm3) in 
a beaker (in a fume cupboard as chloroform is toxic and flammable). Add hot etha
nol (10 cm3) and boil the mixture carefully, allowing the chloroform to distil off until 
crystals appear in the solution. Allow the mixture to cool, chill in an ice bath and 
then filter off the green solid. Wash with two portions of cold ethanol (5 cm3) and air 
dry. Record the decomposition point of the product.

Record the IR spectrum of both complexes and make band assignments [1]. 
Record the 'H-NMR spectra of both complexes in CDC13.

3.21.2
Report

1. Briefly indicate the aims of the experiment.
2. Do not reproduce the experimental procedure unless your experiment differed.
3. Write balanced equations for both reactions giving yields and m.p. of the 

products.
4. Tabulate the IR spectra of both complexes and give full band assignments [1, 2].
5. What are the point groups for both Co(acac)3 and the product from the nitration?
6. Tabulate and fully assign the 1H NMR of both complexes.
7. Write a short conclusion.

Hand in with the report:

Samples ofcobalt(III) acetylacetonate and its nitration product.
Infrared spectra of both samples.
Fully labelled NMR spectra of both samples.

References

1 J. P. Collman, R. L. Marshall, W.L. Young, S.D. Golby, Inorg. Chem. 1962, 1, 704.
2 K. Nakamoto, P. J. McCarthy, A. Ruby, A. E. Martell J. Am. Chem. Soc. 1961, 83, 1066.
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3.22
Phenyllithium and Tetraphenylsilane
Petr Kilian

The most widely used synthesis of organo-element derivatives involves the reaction 
of a preformed organolithium with a covalent halide. Metal-carbon and non-metal- 
carbon bonds can vary greatly in their reactivity with water and oxygen. Highly oxy- 
gen/moisture-sensitive lithium alkyls and aryls are relatively easy to prepare pro
vided that an atmosphere of argon is used. In this experiment, phenyllithium is pre
pared and used for the synthesis of (moisture- and air-stable) tetraphenylsilane:

PhBr + 2Li -> PhLi + LiBr

4PhLi + SiCl4 -»• Ph4Si + 4LiCl

Tetraphenylsilane is characterised by m.p„ and 13C NMR measurements. In or
der to exercise manipulation of structural data and discussion of molecular struc
tural parameters in a form used in a journal paper, output files from a single-crystal 
X-ray diffraction experiment are supplied. Furthermore, an experimental powder dif
fraction pattern is provided, which can be compared with the powder pattern gener
ated from single-crystal X-ray data. The molecular geometry of Ph4Si is optimised 
using quantum chemical calculations and the optimised geometry is compared with 
that from the single-crystal X-ray diffraction experiment.

Special Safety Precautions

Diethyl ether is highly flammable; silicon tetrachloride releases hydrogen chlor
ide fumes on contact with atmospheric moisture. Perform the reactions in a 
fume cupboard.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
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3.22.1
Experimental

a) Phenyllithium

The apparatus required is shown in Figure 3.22-1; use a 250 cm round-bottomed 
flask. The apparatus should be set up empty, using glassware pre-dried by heating in 
an oven. At this stage do not attach the addition funnel, keep the side neck stop
pered. Set it up quickly, while the glassware is still hot. Use thick gloves to protect 
yourself from burns. Think ahead: prepare everything you will need before taking 
the preheated glassware out from the oven. Connect the apparatus quickly to the 
argon and purge it well.

Under a flow of argon, pour in dry diethyl ether (100 cm3) via the side neck. Weigh 
3 g of lithium wire, wash it quickly with diethyl ether and rapidly cut the metal into 
small (1-2 mm) lengths with the aid of scissors, allowing each freshly cut piece to 
fall into the flask containing the dry ether. Stopper the side neck with a glass stopper. 
All this should be done as quickly as possible as this ensures the presence of fresh, 
clean metal surfaces which will subsequently react easily with bromobenzene. Mix 
anhydrous bromobenzene (20.6 cm3, 31.4 g) with dry diethyl ether (30 cm3) in the 
addition funnel. Attach it quickly to one side neck with a drying tube as shown in 
Figure 3.22-1. Add a few cm3 of bromobenzene solution at once to the reaction mix
ture stirred with a magnetic stirrer. The reaction soon begins and boiling is observed 
in the vicinity of the metal fragments. If the reaction fails to start, warm the flask 
with a hair dryer until boiling continues in the absence of the heat. The bright, clean 
metal surfaces develop black spots. The ethereal solution of bromobenzene is then 
added in small portions (several cm3 at a time) from the addition funnel at a rate 
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sufficient to enable the exothermic reaction to maintain a reasonable rate of reflux 
(the addition should be complete in about 30 minutes). The solution becomes grey
black. When the addition of bromobenzene is complete and the ebullition is weaken
ing, reflux the mixture on an electric heating mantle or using an oil bath for about 
30 minutes. Cool the mixture (ice-water) to about room temperature and, having 
dried the outside of the reaction flask, carefully filter the mixture as rapidly as pos
sible through a filter funnel containing a loose glass-wool plug into a dry three
necked 250 cm3 flask. To protect the phenyllithium solution, the filtration can be per
formed under a flow of argon via a gas inlet adaptor in one of the side necks.

Dispose of the excess lithium. Using a spatula, transfer the unreacted metal and 
glass-wool from the filter funnel into a beaker and cover with ethanol. Beware of the 
vigorous reaction between the phenyllithium (some of which is bound to remain on 
the glass-wool) and the ethanol. The metal dissolves in the ethanol, with liberation of 
hydrogen. Cautiously add water (1 cm3), wait until reaction has ceased, then further 
water (5 cm3, then 10 cm3). When there is no further reaction, the beaker can be 
washed out.

b) Tetraphenylsilane

Silicon tetrachloride deposits a hard layer of silica on glass, and it is therefore recom
mended to use dedicated glassware for this reaction repeatedly. Add slowly and cau
tiously silicon tetrachloride (4.6 cm3, 6.9 g; use a plastic syringe to measure) to 
40 cm3 of dry diethyl ether in the unstoppered addition funnel. Do not shake the ad
dition funnel to mix as the reaction is exothermic and diethyl ether is a highly vola
tile solvent. Place a drying tube on the addition funnel, swirl the contents gently to 
mix and attach the funnel to the flask containing phenyllithium (to one of the side 
necks). Keeping the reaction mixture cool in a bath of ice and water and under a 
flow of argon, add the silicon tetrachloride dropwise, with stirring. When the addi
tion is complete, boil the mixture for 1 minute, cool it and pour it on to crushed ice 
in a suitable beaker. When the ice has melted, filter off the solid tetraphenylsilane 
(note its water-repellent properties) and wash it thoroughly with water.

Recrystallise the crude product from boiling toluene (about 200 cm3; quickly filter 
hot through a dry, warmed sinter to remove any insoluble SiO2 impurity) to give 
pure tetraphenylsilane as white, needle-like crystals. The typical yield is about 4.7 g 
or 30-40%. Concentration of mother liquors will yield a further small quantity.

c) Characterisation

Record the m.p. and 3H NMR spectrum (CDC13) of tetraphenylsilane. Figure 3.22-2 
shows the 13C{3H} NMR spectrum. Assign the spectra as far as possible.

Prepare samples for single crystal X-ray diffraction (several milligrams of crystal
line material will be needed) and submit your sample for a measurement. Alter
natively, SiPh4.cif and SiPh4.rtf files, containing the crystallographic data, are avail
able as supplementary material from the web site (http://www.wiley-vch.de/books/ 
sample/students/p00.php?p=3527324720&lang=en). The molecule can be visualised

http://www.wiley-vch.de/books/


214 3 Intermediate Experiments

■ i... ......... i............. i...... .  1 ■ ’ i............ i. .......................... - I.....................................
140 120 100 80 60 40 20 ppm

Fig. 3.22-2 ^CfH} NMR spectrum (DEPT-Q) of SiPh4 (in CDCl3).

on a computer using Mercury software.11 Label important atoms and print a picture 
of the molecule from which the geometry of the molecule is observable, and attach it 
to your report. Discuss the molecular structure in a few sentences. You should start 
with a description of the overall shape of the molecule (planar, tetrahedral coordina
tion of Si, etc.) and the position of the phenyl rings with respect to each other. Dis
cuss briefly the bonding around the central atom (C-Si bond lengths, C-Si-C-bond 
angles). Compare the bonding situation around the silicon atom with that in the 
related chelated molecule [(C6H5)2Si(r|6-C6H5)2]Cr (see the structure below), the 
X-ray structure of which has been published in the literature.1 2'

1) Freeware for your own PC: download from www.ccdc.cam.ac.uk.
2) C. Elschenbroich, J. Hurley, B. Metz,W. Massa, C. Baum, Organometallics, 1990, 9, 889-897.

http://www.ccdc.cam.ac.uk
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Powder diffraction data can be calculated from single-crystal X-ray data. Generate 
the powder data of SiPh4 using Mercury software (Fig. 3.22-4) and compare it with 
the experimental pattern (Fig. 3.22-3).

Build and optimise the structure of SiPh4 using suitable chemistry calculations 
software. We used GaussView to build the initial model of the SiPh4 molecule, which 
was then submitted for optimisation to Gaussian03 software, using the DFT/B3LYP 
method and 3-21G* basis set (the calculation runs for several hours). Open the re
sulting log file in GaussView and briefly compare the optimised geometry from the 
calculations with that obtained from X-ray structure determination. Focus on dis
cussing the Si-C bond lengths and geometry around the silicon atom.
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Fig. 3.22-3 Experimentally obtained powder pattern of SiPh4.
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3.23
Synthesis and Reactivity of Tertiary Phosphines
Neil M. Boag

The common oxidation states of phosphorus are P(III) and P(V). A particularly im
portant class of complexes are the tertiary phosphines PR3 and phosphites P(OR)3. 
These species have an extensive chemistry in their own right, but are often encoun
tered in their common role as 2e“ Lewis bases.

Organophosphine complexes are generally unstable towards oxidation and are no
toriously malodorous. However, the triarylphosphines are relatively air-stable com
pounds with no discernible smell. In this experiment, you will synthesise an exam
ple of this type of species and investigate its chemistry.

An important feature of phosphorus is that it exists as a single isotope, 31P, with a 
nuclear spin of 1/2. The nucleus may be easily detected by NMR spectroscopy and 
31P{1H} NMR spectroscopy will be used as a diagnostic tool.

Triarylphosphines are generally synthesised from halophosphines by metathesis 
using aryl Grignard reagents (Eqs. 1 to 3).

PC13 + 3ArMgCl -> PAr3 + 3 MgCl3 (1)

PhPCl2 + 2ArMgCl -> PhPAr2 + 2MgCl2 (2)

Ph2PCl + ArMgCl -> Ph2PAr + MgCl2 (3)

The experiment makes use of this reaction to synthesise an example of a triarylpho
sphine and explores the chemistry of these species.

Special Safety Precautions

Phosphine halides are colourless fuming liquids with a penetrating, obnoxious 
odour. They react violently with water, liberating hydrochloric acid. When using, 
calculate quantities as volumes using the appropriate densities (Aldrich or Merck 
catalogue) and only use in a fume cupboard.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.23.1
Experimental

Important: This method is applicable to PPh2Ar, PPhAr2 and PAr3. The reaction 
conditions given below are for the synthesis of PPh2Ar and uses one equivalent of 
ArMgBr. If PhPAr2 is to be synthesised, then the scale of the Grignard synthesis 
must be doubled. If PAr3 is to be synthesised, the scale of the Grignard reaction 
should be tripled.

Perform this synthesis in a fume cupboard

a) Grignard (Scale as Appropriate)

Set up an apparatus consisting of a 250 cm3 3-neck flask containing a magnetic stir
ring bar, a dropping funnel and a condenser equipped with a CaCl2 drying tube. Add 
magnesium turnings (1.2 g) to the flask and just cover the magnesium with dry 
THF (see Section 3.23.3, Note 1). Place 0.05 moles of the appropriate aryl bromide 
dissolved in 25 cm3 of dry THF in the dropping funnel. Add a little of this solution 
to the magnesium followed by one crystal of iodine. Do not stir at this stage. Sur
round the reaction flask with a warm water bath (about 40 CC). After a few minutes, 
the iodine crystal should dissolve and lose colour and the reaction mixture start to re
flux. Start the magnetic stirrer and drop the aryl bromide solution into the reaction 
mixture at ca. 1 drop per second. After addition, remove the warm water bath and 
stir the solution for a further hour.

b) Phosphine

Add a solution of 0.045 moles of the appropriate phosphine halide in 10 cm3 of dry 
THF to the dropping funnel. Add the solution of phosphine halide dropwise to the 
Grignard solution with stirring. When the addition is complete, surround the flask 
with a hot water bath and reflux the solution for 3 hours. Cool the solution and pour 
onto 100 cm3 of ice. Neutralise the resultant solution with dilute hydrochloric acid 
and remove the THF on a rotary evaporator. Extract the solution with 3 x 40 cm3 of 
toluene and then extract the toluene solution with 4 x 40 cm3 on cone, hydrochloric 
acid (care!)

Carefully (dropwise - strong acid/strong base neutralisation generates a lot of 
heat) neutralise the acid with 0.880 ammonia (more than 100 cm3 required). An oil 
should result which, upon cooling, will solidify (see Section 3.23.3, Note 2). Filter the 
solid, wash well with water (break up the lumps) and air dry. Recrystallise from hot 
methanol.

Measure the infrared spectrum of the product as a Nujol mull and record its melt
ing point. Use Chemical Abstracts to obtain a literature value of the melting point.
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c) Phosphine Oxide

Prepare a solution/suspension of the phosphine (1 g) in acetone (10 cm3). Dissolve 
sufficient hydrogen peroxide to furnish 1.1 moles of peroxide per mole of phosphine 
in a few cm3 of water and slowly add this solution to the acetone solution of phos
phine. After five minutes, remove the acetone on a rotary evaporator and extract the 
phosphine oxide with 2 x 20 cm3 of toluene. Wash the toluene extracts with ferrous 
ammonium sulfate solution and dry with anhydrous magnesium sulfate. Remove 
the toluene on a rotary evaporator. Recrystallise the product (try methanol first, if 
this is not successful try toluene/petroleum ether).

Record the infrared spectrum of the product as a Nujol mull. Identify the P=O 
stretching frequency by comparing the infra-red spectrum with that of the phos
phine.

d) Phosphine Plus Methyl Iodide Reaction

Add approx. 0.2 g of the phosphine to a small ignition tube (which should fit in a 
centrifuge). Add toluene to the tube until it is 3/4 full and dissolve the phosphine by 
warming gently (water bath). Using a Pasteur pipette, add six drops of methyl iodide 
and seal the tube with a stopper.

Heat in a 40 °C water bath for thirty minutes. A white solid should form. Decant 
off the supernatant liquid (centrifuge if necessary) and wash the solid three times 
with diethyl ether. Break up any lumps to ensure the material is well washed. Air dry 
and store in a desiccator (see Section 3.23.3, Note 3).

Record proton NMR spectra of the three phosphorus compounds you have synthe
sised using approx. 50 mg of sample in CDC13. It is better if the products are left to 
dry for at least several hours (or in vacuo) before the NMR samples are prepared so 
as to ensure there is no residual solvent which would complicate the spectra.

Record 31P{JH} spectra of the three phosphorus compounds (spectra of a typical 
phosphine, P(4-MePh)3, and its products are reproduced in Figure 3.23-1).

3.23.2
Exercises

1. Assign the resonances in the proton NMR spectra of the phosphine and phos
phine oxide. Use the NMR spectra to identify the product formed by the reaction 
of the phosphine with methyl iodide. What is the oxidation state of the phos
phorus in this complex? Are the 31P{1 2 3H} spectra useful in assigning oxidation 
states ?

2. What is the chemistry behind the cone. HC1 extraction and why is it undertaken?
3. How would a phosphite, P(OR)3, be prepared? A particularly important reaction 

of phosphites is the Arbusov reaction. What is the Arbusov reaction?
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P(4-MePh)3

O=P(4-MePh)3

P(4-MePh)3 + Mel

40 20 0 -20 -40 PPm

Fig. 3.23-1 31P{1H} NMR spectra of P(4-MePh)3 and its derivatives.

3.23.3
Notes

1. Tetrahydrofuran may be dried and stored over molecular sieves.
2. The oil can sometimes take several hours to solidify, particularly if it is hot.
3. The product can be very hygroscopic and oily. It may be prepared in situ by the ad

dition of a drop of methyl iodide to a CDC13 solution of the phosphine in an NMR 
tube.

4. Copies of proton and phosphorus NMR as well as infrared spectra of P (4-MePh)3 
and its derivatives are available from the author. These can be supplied as HPGL 
or Word for Windows files if required.

Further Reading

F. A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, 5th ed., pp. 404-415 and 421-423.
F. A. Cotton, G. Wilkinson, Inorganic Chemistry, 4th ed., pp. 459-473.
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3.24
Two-stage Synthesis of Ph2P(O)(CH2)4P(O)Ph2
Andrew C. Platt

Phosphine oxides have the general formula R3P=O and have applications ranging 
from fungicides to extractants in nuclear fuels reprocessing. They are generally very 
stable molecules and can tolerate a wide variety of functional groups in the R part of 
the molecule.

This experiment involves the formation of compounds with two phosphine oxide 
groups linked by a chain of methylene groups as illustrated in the scheme below:

Ph3P +

(0 (H)

NaOH

+ 2NaBr

In this example, 1,4-dibromobutane (II) reacts with excess triphenylphosphine (I). 
The reaction can be considered as an oxidation of the phosphorus centre giving the 
bis-phosphonium salt (III).

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
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The mechanism can be thought of as a nucleophilic substitution:

Phosphonium salts can be hydrolysed by strong sodium hydroxide solution to 
give the corresponding phosphine oxides.

Special Safety Precautions

Haloalkanes have the potential to be mutagenic. Handle dibromobutane and di
bromopentane with care. Dispense in a fume cupboard, using a clean pipette - 
do not pour from the bottle. In the event of contact with the skin, wash with 
plenty of soapy water. Phosphonium salts have the potential to be lipophilic and 
can be absorbed through the skin. Avoid all contact and in the event of contami
nation wash immediately with plenty of soapy water. Sodium hydroxide solutions 
are extremely corrosive. Any spillage should be washed immediately with plenty 
of running water. Although phosphine oxides have not been evaluated for their 
toxic or long-term effects, it is prudent to assume that they have high toxicity and 
they should be treated accordingly.
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3.24.1
Experimental

3.24.1.1
Preparation of the Diphosphonium Salt

Weigh 5 g of triphenylphosphine into a 100 cm1 2 3 round-bottomed flask and add 
a small piece of porous pot to aid smooth boiling. Add 1 cm3 of dibrornobutane, 
10 cm3 of dimethylformamide (DMF), equip the flask for reflux and boil the mixture 
for 1 hour.

1. Flectrospray mass spectrometry (ESMS) is a means of obtaining mass spectra 
from substances that are insufficiently volatile or too unstable for other forms of 
mass spectrometry. For ESMS, a dilute solution of the sample is evaporated in the 
mass spectrometer. During evaporation, charging of the droplet occurs by applica
tion of a voltage to the sample. For materials which are not readily charged, ioni
sation can be achieved by binding to ionic impurities in the solvent such as H+, 
Na+ and NH4+ ions. The electrospray mass spectrum of Ph2P(O)C4H8P(O)Ph2 is 
shown below. Assign as many of the peaks as possible. A useful website for help
ing predict the mass spectrum from a given formula is http://www.shef.ac.uk/ 
chemistry/chemputer/- click on the isotope match icon.

2. Assign the bands due to the C-H absorptions in the infrared spectra of 
[Ph3PC4H8PPh3]2+ 2[Br]~ and Ph2P(O)C4H8P(O)Ph2. You should quote the wave
number and assign the absorption as a stretch or bending mode.

3. By comparing the two infrared spectra, identify the P=O stretch in the infrared 
spectrum of the final product. The P=O stretch is generally intense and found in 
the region below 2000 cm-1.

Allow to cool to room temperature and pour the contents into 100 cm3 of diethyl 
ether. Stir the resulting solid until complete crystallisation occurs. Filter the solid, 
wash with diethyl ether and dry at the pump. Record the weight obtained. Record 
the infrared spectrum of the diphosphonium salt.

3.24.1.2
Hydrolysis of the Diphosphonium Salt

Place the solid from the first stage in a 100 cm3 round-bottomed flask, add 20 cm3 of 
methylated spirits and 5 cm3 of water, then add 5 g of sodium hydroxide. Reflux the 
mixture for 1 hour. Cool and pour into 100 cm3 of 2 M HC1. Filter the solid, dry at 
the pump and record the weight and the infrared spectrum of the product.

3.24.2
Exercises

http://www.shef.ac.uk/
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Fig. 3.24-1 Electrospray mass spectrum of Ph2P(O)C4HgP(O)Ph2
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Further Reading

This section is adapted from P. Calcagno, B. M. Kariuki, S. J. Kitchin, J. M. A. Robin
son, D. Philp, K. D. M. Harris, Chem. Eur. J. 2000, 6 (13), 2338.
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3.25
Inorganic Heterocycles: Cyclophosphazenes

Josef Novosad and Milan Alberti

Cyclophosphazenes constitute an important class of inorganic heterocyclic ring sys
tems. Hexachlorocyclotriphosphazene. (NPC12)3, is the earliest reported inorganic 
heterocycle, dating back to 1834. The ring system is made up of alternating phos
phorus and nitrogen atoms. Phosphorus is pentavalent and tetracoordinate while 
nitrogen is trivalent and dicoordinate. The phosphorus atom has two exocyclic substi- 
tutents but the ring nitrogen atom has none. The best studied examples are hexachlor
ocyclophosphazene, (NPC12)3 (1), and octachlorocyclotetraphosphazene, (NPC12)4 (2).

m C1CL ( 

zcl
N ? Cl

CI*-^P. N

cr’’ p/
5 xi

Cl
2

Nucleophilic substitution reactions involving replacement of the labile P-Cl bonds 
in 1 and 2 by nucleophiles such as aliphatic and aromatic amines, alcohols, phenols 
and organometallic reagents are known.

Cyclophosphazenes are interesting as inorganic pseudo-aromatic systems, as well 
as being commercially important. Polymers derived from (NPC12)3 are useful, for ex
ample, in high temperature applications. This experiment involves the preparation 
of two cyclotriphosphazenes: (NPC12)3 and its anilino analogue.

Special Safety Precautions

• Aniline: highly toxic, cancer suspect agent.
• Phosphorus Pentachloride: violently decomposed by water with formation of 

hydrochloric acid and phosphoric acid; corrosive, moisture-sensitive.
• Phosphorus Oxychloride: violently decomposed by water with formation of 

hydrochloric acid and phosphoric acid; corrosive, moisture-sensitive.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32472-9



3.25 Cyclophosphazenes 227

• 1,1,2,2 Tetrachloroethane: highly toxic, suspect cancer agent.
• Dichloromethane: toxic, irritant.
• Methanol: flammable liquid, toxic.

3.25.1
Experimental

a) Hexachlorocyclotriphosphazene,
[l,3,5-triaza-2,4,6-triphosphorin-2,2,4,4,6,6-hexachloride]

Caution: Carry out this procedure in a fume cupboard. PC15 is corrosive and HC1 is 
liberated during the reaction.

The reaction of phosphorus pentachloride with ammonium chloride produces a 
mixture of cyclic and linear chlorophosphazenes (Eq. 1).

nPCl5 + nNH4Cl -> (NPC12)„ + 4nHCl (1)

Equip a 250 cm3 three necked round-bottomed flask with a reflux condenser, a heating 
mantle, a scrubbing train consisting of one empty Drechsel bottle (reversed) and one 
half-filled with 2 M aqueous NaOH solution. Place in the flask 150 ml of 1,1,2,2-tetra- 
chloroethane, powdered ammonium chloride NH4C1 (75 mmol, 4 g), phosphorus pen
tachloride PC15 (75 mmol, 15.6 g) and phosphorus oxychloride POC13 (0.75 mmol, 
1.15 g). After addition, heat the mixture at reflux for 3.5 hours until no more HC1 
is evolved. Disconnect the scrubbing assembly, allow the mixture to cool and filter 
off any excess NH4C1. Evaporate the filtrate using a rotary evaporator. Cool the crude 
product (in a refrigerator) and extract the solid with 60-80 °C petroleum ether 
(3 x 25 cm3). Combine the extracts and reduce in volume (rotary evaporator) to 
ca. 10 cm3. Cool this solution to recover the product as an off-white solid. Filter and 
vacuum dry the product. Record its yield, melting point and infrared spectrum. The 
mass spectrum of a pure sample of (NPC12)3 is given in Figure 3.25-1. Assign the 
major features of the IR and mass spectra.

b) Hexakis(anilino)cyclotriphosphazene,
[l,3,5-triaza-2,4,6-triphosphorin-2,2,4,4,6,6-hexaaniline]

(NPC12)3 reacts with C6H5NH2 to give hexakis(anilino)cyclotriphosphazene and ani
line hydrochloride (Eq. 2).

(NPC12)3 + 12C6H5NH2 N3P3(C6H5NH)6 + 6C6H5NH2-HC1 (2)

In a 100 cm3 round-bottomed flask equipped with a reflux condenser, place 2.5 g 
(7.2 mmol) of (NPC12)3 and 32 cm3 (0.35 mol) of aniline. Using an oil bath, heat the
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Fig. 3.25-1

mixture at reflux, with stirring, for 6 hours. The resulting red-purple semicrystalline 
mass is allowed to cool, then washed successively with water (3 x 30 cm3) and etha
nol (3 x 30 cm3), and air dried. Recrystallise part of this crude product by dissolving 
in a minimum volume of hot dichloromethane and adding up to an equivalent 
volume of methanol, cooling subsequently if necessary. Record the yields and 
melting points of both the crude and purified products and the infra-red spectrum 
of the pure phosphazene. Assign characteristic infrared frequencies.

Further Reading

M. A. Armour, Hazardous Laboratory Chemicals Disposal Guide, CRC Press, 1991.
H. R. Allcock, Phosphorus-Nitrogen Compounds, Academic Press, New York, 1972.
H. G. Heal, The Inorganic Heterocyclic Chemistry of Phosphorus, Sulfur and Nitrogen, Academic 

Press, London, 1980.
C. W. Allen, Chem. Rev. 1991, 91, 119.
V. Chandrasekhar, M. G. Muralidhara, 1.1. Selvaraj, Heterocycles, 1990, 31, 2231.
J. D. Woollins, Non-Metal Rings, Cages and Clusters, J. Wiley, Chichester, 1988.
J. E. Mark, H. R. Allcock, R. West, Inorganic Polymers, Prentice Hall, 1992.
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3.26
Inorganic (Carbon-Free) Chelate Rings:
A Dithioimidodiphosphinato Ligand and Some of its
Metal Complexes
lone! Haiduc

Every coordination chemistry textbook describes [1, 2] the very stable chelate ring 
complexes of /Miketones, of which acetylacetone (pentane-2,4-dione, abbreviated 
acac) is the best known. This ligand forms a uninegative anion, a, with delocalized 
7t-electrons, which is able to form neutral chelate rings, b, in complexes of the type 
M(acac)n (n = the oxidation state of the metal). These six-membered rings are very 
stable and even exhibit some aromatic character. Replacement of oxygen by sulfur re
sults in the formation of a dithio analogue (abbreviated sacsac), which is also able to 
form similar sulfur based chelate rings, c.

CH3/ 3
e ;ch

o—c

ch3

ch3 
o—c

M , CH

o—c

ch3
b

S—c 
M '} CH

S'—C

CH3 
c

Whilst the oxygen/sulfur replacement is known by almost any student of inorganic 
chemistry, fewer people are aware that in the six-membered chelate rings b and c, 
the carbon atoms can also be replaced, leading to fully inorganic, carbon-free chelate 
rings. Thus, the C —C —C sequence can be replaced [3] by a P---N — P sequence to 
produce rings d, and e.

R2
O— P

M

O—P 
r2

d

R2 
s—p 

M ') N

S—P
r2

e
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In this case, the phosphorus atoms will bear organic groups (exocyclic substituents), 
e.g. R = CH3 or CgH5.

In this experiment, you will prepare the free ligand as the neutral compound f, tet- 
raphenyldithiodiphosphinylimide, which is readily converted to a potassium or am
monium salt as the delocalized anion g, and from this, the chelate ring complexes e 

(m = Pb, Fe, Co, Ni).

Ph Ph\ .'Ph \
S=P S—P

nh e n

S=P S—'P

Ph Ph Ph Ph

f g

The structures of the neutral ligand f, and of the potassium salt, have been con
firmed by X-ray diffraction.

The ligand described here forms the spirobicyclic complexes h with divalent me
tals, but other types of compounds are also known.

R2 r2
P—S S—P

//' ‘ \ / 'A 
n: m : n

p'—S S—IP 
r2 r2

h

Special Safety Precautions

1. Chlorodiphenylphosphine, Ph2PCl, is corrosive, irritating and very toxic by in
halation. Always use it in a good fume cupboard. Spillages should be treated 
with solid sodium carbonate and washed with large amounts of water.

2. Carbon disulfide is a foul smelling, toxic and very flammable liquid. Petroleum 
ether and diethyl ether are also very flammable, volatile liquids. Keep these prop
erties in mind when handling these solvents. Don’t keep large amounts around.

3. Grease the glass joints with silicone grease.
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3.26.1
Experimental

a) HN(PPh2S)2

2Ph2PCl + Me3SiNHSiMe3 -> Ph2P-NH-PPh2 + 2Me3SiCl

Ph2P-NH-PPh2 + 2S -> Ph2P-NH-PPh2
II II
S S

Refer to the setup in Figure 3.26-1. A solution of hexamethyldisilazane (8.4 g) in 
75 cm3 of toluene is placed in a two-neck round-bottomed flask (250 cm3) provided 
with a pressure-equalised dropping funnel on one neck and a condenser adapted for 
distillation on the second neck. The distillate (see further) will be collected in a 
round-bottomed flask (200 cm3) and the system is closed with a calcium chloride 
tube. The flask is heated with a heating mantle and the contents stirred with a 
Teflon-coated magnetic stirrer.

A solution of chlorodiphenylphosphine (23 g) in toluene (75 cm3) is placed in the 
dropping funnel. This is added dropwise to the solution of hexamethyldisilazane 
while heating. As the chlorotrimethylsilane forms, it distills out. The toluene solvent 
boils at 110 °C and the heating is maintained below this temperature (preferably at 
80-90 °C). The heating at 80-90 °C is maintained for ca. 3 hours, to completely re
move chlorotrimethylsilane. Then, the mixture is allowed to warm up to the boiling

Fig. 3.26-1 Apparatus for HN (PPh2S)2 synthesis.
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temperature of toluene and ca. 70—80 cm3 of toluene is distilled out. The mixture is 
cooled to room temperature, the dropping funnel is removed and replaced with a 
stopper. Now 3.3 g elemental sulfur are added to flask A and the mixture is heated 
again to 80-90 °C and stirred for another 3 hours, until almost all sulfur is dissolved. 
Upon cooling, the precipitated solid is filtered on a glass frit, thoroughly washed 
with cold toluene, carbon disulfide (to remove unreacted sulfur from the product) 
and petroleum ether, and dried in air.

Calculate the yield of the first crop and compare the melting point of your product 
with the literature value (m.p.: 213.5-214.5 °C). Record and interpret the infrared 
spectrum, identifying the P-N, P-S and N-H vibration bands.

b) K+[N(PPh2S)2]“

Ph2(S)PNHP(S)Ph2 + KO(Bu -> K+[N(PPh2S)2]’ + ‘BuOH

In a round-bottomed flask (200 ml), 10 g of HN(PPh2S)2 in 100 ml methanol is trea
ted with 2.5 g potassium tert-butoxide. The solution is evaporated to dryness and the 
product is recrystallised from methanol to give the colorless crystalline potassium 
salt (m.p.: 363-366 °C).

c) NH}[N (PPh2S)2]~

Ph2(S)PNHP(S)Ph2 + NH3 -> NH:[N(PPh2S)2]-

Dry ammonia gas is bubbled through a solution of 1 g HN (PPh2S)2 in 100 ml 
CH2C12. The ammonium salt precipitates as a needle-like crystalline solid, which 
decomposes on heating with evolution of ammonia and regeneration of the neutral 
ligand. Therefore, the melting point will be that of the ligand.

d) Some Metal Complexes

Lead
Lead acetate (0.4 g) is treated with the potassium salt (1 g) in 20 cm3 methanol. The 
bright yellow precipitate which is formed can be recrystallised from a methylene 
chloride/diethyl ether mixture (1:1). m.p.: 239-241 °C.

Iron
A pale green precipitate is formed by adding an excess of [Et4N][FeCl4] (ca. 1 g) to a 
solution of the potassium salt (0.9 g) in 100 cm3 methanol. The solid is filtered, 
washed with methanol and dried. The complex Fe[(SPPh2)2N]2 can be recrystallised 
from a mixture of CH2C12 and petroleum ether to give pale green crystals (m.p.: 
285-286 °C).
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Cobalt
The cobalt complex can be prepared similarly, from CoCl2 ■ 6 H2O and the potassium 
salt of the ligand, in the form of green, air-stable crystals (m.p.: 304-309 °C).

Nickel
This brown complex (m.p. 265-266 °C (dec)) can be obtained as above, from [Et4N] 
[NiCl4] and the potassium salt. Calculate yourself the amounts of reagents required.

Other metal complexes described in the literature contain manganese, palladium, 
platinum, copper, gold, silver, indium, zinc, bismuth and tellurium. The structures 
of some of these metal compounds have been confirmed by X-ray diffraction. Orga
nometallic derivatives i, with RnM = PhTe, R2Au, Me3Sn and Me2Sn have also been 
reported.

References
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3.27
Inorganic (Carbon-Free) Chelate Rings II: 
Asymmetric Mixed-Donor P-N-P Ligand and its 

Palladium Complex
David J. Birdsall and Josef Novosad

In the previous experiment the preparation of symmetrically substituted P—N—P 
ligand is described, the following method deals with the synthesis of ligands with 
the phosphorus atoms bearing different organic substituents, particularly of electro
nically unequivalent natures.

Whilst the condensation reaction using Ph2PCl and hexamethyldisilazane is suitable 
for the preparation of Ph2P-NH-PPh2, the usage of such method would most prob
ably lead to a mixture of at least three different ligands when starting with two differ
ent chlorides. Instead, the reaction of R2P(E)NH2 and R2P(E)C1 using sodium hy
dride was introduced. The amino compound is deprotonated in the first step to give 
its sodium salt which is then reacted with an equimolar amount of the chloro com
pound. The effervescence of the hydrogen gas liberating in both reaction steps can 
be used as an indication of the reaction progress. The salt of the ligand formed can 
be readily converted into protonated form using water solution of hydrogen chloride.

nh2 NaHZDMF(THF) NH Na+

Cl 
(RO)2p' 

XE
+ NaH

-Hj/NaCl

Na+
HC1

-NaCl
% h(or)2

E E
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Similarly to imidodiphoshinates, the asymmetric analogues are easily coordinated to 
a variety of metals. Interestingly, there are two kinds of chelate rings in the square- 
planar palladium complexes. While most P-N-P compounds form two six-mem
bered chelate rings [Pd(E-P)2N], there are a few examples of four-membered chelate 
rings [Pd-S-P-N] found, with nitrogen and chalcogen as donor atoms. Most 
probably this phenomenon is related to electronically different organic substituents 
bound to the phosphorus atoms of the ligand.

Ph2 P-----S O

(PhO)2 P-----N-----Pd—N-----P (OPh)2

O S----- P Ph2 Ph2 Ph2

Special Safety Precautions

1. Chlorodiphenylphosphine, Ph2PCl, and similar tertiary phosphines are corro
sive, irritating and toxic by inhalation. Always use them in a good fume cup
board.

2. Sodium hydride, NaH, is corrosive, pyrophoric matter, which must be treated 
in the absence of water, both liquid and gaseous in the air. These unpleasant 
properties can be reduced by mixing NaH with paraffin oil as a precautionary 
agent. Nevertheless, handle such dispersion with care too.

3. A violent exothermic reaction between sodium hydride and hot DMF has been 
reported earlier. Take care when using sodium hydride suspension in DMF 
and avoid the excessive increase in reaction temperature.

3.27.1
Experimental

All glassware should be carefully dried to eliminate the traces of water, the storage in 
the hot oven (125-130 °C) before the experiment is preferred. The synthesis must be 
carried out under dry nitrogen or argon except the final part when diluted hydrochlo
ric acid is involved in the protonation of the sodium salt of the ligand.

The experiment is designed as almost ‘total’ synthesis of the asymmetrical ligand 
from basic starting materials, POC13 and Ph2PCl.

a) (PhO)2P(O)Cl

POCI3 + 2 PhOH -> (PhO)2P(O)Cl + 2 HC1

Perform the synthesis in fume cupboard! Place 50 cm3 POC13 (0.54 mol, 82.4 g) and 
102.8 g (1.09 mol) phenol into a 250 cm3 round bottomed flask and attach a reflux 
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condenser. The condenser has to be equipped with a drying tube filled with phos
phorus pentoxide. Keep in mind the tube has not to be blocked since the hydrogen 
chloride is liberated during the reaction. While stirring maintain the temperature 
around 200 °C for next 24 hours. Then increase the temperature up to 230 °C shortly 
(for 15 minutes approximately). Replace the reflux condenser and distil the mixture 
in vacuo (0.1 Torr/13.3 Pa). The fraction between 148-155 °C should be collected.

b) (PhO)2P(O)NH2

Perform the ammonolysis in a fume cupboard! Dissolve 10.0 g (PhO)2P(O)Cl 
(0.037 mol) in dry diethyl ether (50 cm3) in two- or three-necked 100 cm3 round-bot
tomed flask and bubble the dried ammonia gas through the solution for 20 minutes 
(the gas flow should be adjusted above the level allowing the counting of ammonia 
bubbles). The mixture has to be stirred and the inlet tube should be checked for am
monium chloride plugs. After the ammonolysis is completed, the mixture is filtered 
using celite, and the filtrate is evaporated to dryness using rotary evaporator.

c) Ph2P(S)CI

Ph2PCl + S -> Ph2P(S)Cl

Using a syringe, add 5 cm3 95% Ph2PCl (6.15 g, 26.5 mmol) into a mixture of 
toluene (15 cm3) and sulfur powder (0.85 g, 26.5 mmol) in a Schlenk tube of appro
priate size. Heat the mixture under reflux for 3 hours, then filter any excess sulfur, 
and evaporate the toluene to dryness using a vacuum line.

d) (PhO)2P(O)-NH-P(S)Ph2

(PhO)2P(O)NH2 + NaH [(PhO)2P(O)NH]“Na++ H2

[(PhO)2P(O)NH]"Na+ + Ph2P(S)Cl + NaH -+ [(PhO)2P(O)-N-P(S)Ph2]Na+ + H2

[(PhO)2P(O)-N-P(S)Ph2]'Na++ HC1 -» (PhO)2P(O)-NH-P(S)Ph2 + NaCl

Place 100 cm3 THF and 3.20 g of the NaH (60% dispersion in paraffin oil, 80 mmol) 
in a 250 cm3 three-necked, round-bottomed flask. Add slowly 6.60 g (26.5 mmol) 
(PhO)2P(O)NH2 while stirring the suspension intensively. After the hydrogen effer
vescence is complete, use a syringe to introduce previously prepared Ph2P(S)Cl 
(6.70 g, 26.5 mmol) dropwise. Then attach a reflux condenser and bring the mixture 
to its boiling temperature and continue the heating for 3 hours. After cooling add 
5 ml methanol to destroy any excess sodium hydride. Reduce the volume of the THF 
by half under vacuum using a rotary evaporator and add 150 cm3 2 M aqueous 
hydrochloric acid. Extract the mixture with dichloromethane (3 x 50 cm3). Dry the 
combined dichloromethane extracts over Na2SO4 for 30 minutes, then distil the 
solvent off partially (50 cm3), and store the extract in a freezer.
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You will obtain the product as a crystalline white solid, which should be collected 
by vacuum filtration and washed with cold ether (2x5 cm3).

Since the resulting compound is air and water stable, it can be stored without ad
ditional precautions.

e) [(PhO)2P(O)-N-P(S)Ph2]2Pd

(PhO)2P(O)-NH-P(S)Ph2 +KOlBu -> [(PhO)2P(O)-N-P(S)Ph2]“K++‘BuOH

2 [(PhO)2P(O)-N-P(S)Ph2]~K+ + Pd(OAc)2 ->
[(PhO)2P(O)-N-P(S)Ph2]2Pd + 2 KOAc

The potassium salt of the ligand is prepared in methanol (10 cm3) stirring 
(PhO)2P(O)-NH-P(S)Ph2 (0.233 g, 0.5 mmol) along with potassium tert-butoxide 
(0.056 g, 0.5 mmol) in a 50 cm3 one-necked flask, until the suspension turns into a 
clear solution. Then palladium acetate (0.056 g, 0.25 mmol) in MeOH (30 cm3) is 
added, and the mixture is stirred for next 6 hours at room temperature. The red pre
cipitate is filtered, washed with methanol (5 cm3), and dried in air.

f) Crystal Preparation

Both (PhO)2P(O)-NH-P(S)Ph2 and [(PhO)2P(O)-N-P(S)Ph2]2Pd can be prepared 
as monocrystals, suitable for X-ray structure analysis, by slow diffusion of hexane 
into a dichloromethane solutions of the compounds. The crystallization can be per
formed in a small test-tube, where the dichloromethane solution is carefully overlaid 
by hexane (in volume ratio 1:5 — 1:7). If the interphase turns cloudy when adding 
hexane, it is necessary to dilute the dichloromethane solution. The final arrange
ment is depicted in Figure 3.27-1.

hexane

dichloromelhane 
solution Fig. 3.27-1 The arrangement of the liquid diffusion process.
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3.37.2
Exercises

Measure the melting points of the monocrystals prepared by the diffusion process. 
Record the proton-decoupled 31P NMR spectrum of both the ligand and its complex 
dissolved in dichloromethane and discuss the result. Read the chemical shift(s) and 
calculate the coupling constant. Try to assign the signals and compare obtained va
lues to the literature data of starting phosphorus materials and similar compounds.
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3.28
Amidosulfuric Acid, Trisilveramidosulfate Monohydrate 
and SO3 • N (CH3)3 Complexes
Antonin Ruzicka and Zdirad 2dk

Amidosulfuric acid, HSO3NH2, is a white non-hygroscopic crystalline solid. It is a 
strong acid and serves inter alia as a titrimetric standard substance for acidimetry. In 
strongly alkaline solutions, it is possible to exchange up to all three H atoms in its mo
lecule by metal ions. Thus, various salts have been prepared e.g. KSO3NHAg • H2O, 
NaSO3NHAg, KSO3NHAg and AgSO3NAg2 • H2O.

This experiment involves the preparation of HSO3NH2, AgSO3NAg2 • H2O and, by 
the reaction of the trisilver salt with CH3I, SO3 • N (CH3)3. This donor-acceptor com
plex is usually prepared by the direct reaction of SO3 with N (CH3)3 and its formation 
during the action of CH3I on AgSO3NAg2 • H2O indicates that all three Ag ions of 
the trisilver salt are bonded to the nitrogen atom as has been confirmed by X-ray 
structure analysis. A large excess of AgNO3 is required for the preparation of AgSO3 
NAg2 • H2O, but silver can be recovered from the mother liquid in elemental form.

Special Safety Precautions

1. a) Fuming sulfuric acid (30% SO3, oleum) is a very corrosive substance and 
reacts violently with water. Extensive care must be taken to avoid contact 
with skin — it can cause severe bums.

b) You must work in a fume cupboard.
c) Protective clothing, gloves and goggles should be worn at all times, do not 

inhale the vapours.
d) For measuring, use only a dry graduated cylinder.

2. Clamp securely the Erlenmeyer flask with the reaction mixture in the water 
bath to prevent overturning.

3. The residue of oleum after the isolation of HSO3NH2 may be destroyed by 
adding it dropwise to a large amount of cold water.

4. CH3I and HCOH are highly toxic and mutagenic. All manipulations should 
be done in a fume cupboard, do not inhale the vapours.

5. Solutions of AgNO3 leave black stains of elemental silver on contact.
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3.28.1
Experimental

a) HSO3NH2

The formation of the amidosulfuric acid can be expressed by the overall Eq. (1).

OC(NH2)2 + H2SO4 • SO3 -> 2HSO3NH2 + CO2 (1)

15 g of urea is dissolved in 25 cm3 of concentrated H2SO4 (caution - the mixture 
warms up strongly!) in a 500 ml Erlenmeyer flask. The flask is immersed in a boil
ing water bath (clamp securely!) and 60-70 cm3 of 30% oleum is added in small 
quantities (5-10 cm3). After approx. 30 ml of oleum has been added to the flask, it is 
necessary to stop the addition of oleum and wait until the reaction starts (CO2 
evolves), otherwise a violent evolution of CO2 can occur and the reaction mixture 
will be lost in the water bath. When the reaction proceeds, the addition of oleum is 
continued in the same manner. After all oleum has been added, leave the flask in 
the boiling water bath for a further 30 minutes. Then remove it from the bath and 
cool it down in an ice bath (ice water bath). FISO3NH2 crystallises out of the solution. 
Filter the product off through a sintered glass funnel, placing a trap between the fil
tering medium and the suction pump, and press out all the mother liquid you can. 
This raw amidosulfuric acid is contaminated by sulfuric acid which can be removed 
by recrystallisation from water as follows.

Dissolve the crude HSO3NH2 at 70°C in as little water as possible (see Note), filter 
if necessary through a sintered glass funnel and cool in an ice bath to 0-2 °C. 
Vacuum filter the crystallised acid using a sintered glass funnel and a suction flask, 
wash with ethanol (15 cm3), ether (15 cm3) and allow to dry in air.

Note: The solubility of HSO3NH2 at 70 °C is 40 g of HSO3NH2 in 100 g of H2O.
Test for SOf~ ions: Dissolve a pea-sized quantity of dry HSO3NH2 in 2-3 cm3 water 

in a test tube. Add a few drops of a 5% solution of BaCl2. The presence of SO4~ ions 
is manifested by the formation of a white precipitate of BaSO4 (barium amidosulfate 
is soluble in water).

Acidimetric titration of HSO3NH2 with a 0.1 M solution of NaOH: Use standard pro
cedure and calculate the purity of the prepared acid.

b) AgSO3NAg2 • H2O

The preparation proceeds according to Eqs. (2) and (3).

2HSO3NH2 + K2CO3 -»• 2KSO3NH2 + H2O + CO2 (2)

KSO3NH2 + 3AgNO3 + 2NH4OH ->
AgSO3NAg2 • H2O + KNO3 + 2NH4NO3 + H2O (3) 
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Dissolve 3.0 g HSO3NH2 in 50 cm3 water in a beaker and neutralise the solution 
with solid K2CO3. Add 5 ml of cone. NH4OH solution and then, under continuous 
stirring with a magnetic stirrer, add slowly the solution of 25 g AgNO3 in 100 cm3 of 
water. A yellow precipitate of an amorphous form of AgSO3NAg2 • H2O is formed 
immediately. Filter off approx. 1/2 of the precipitate using a sintered glass funnel. 
Return the filtrate to the remaining unfiltered precipitate, cover the beaker with a 
watch glass and allow to stand for several days in a dark place. The bright yellow 
amorphous precipitate will recrystallise into a yellow-green crystalline product.

Wash the amorphous salt on the filter with a small amount of water (25 cm3), 
ethanol (15 cm3) and ether (15 cm3), and allow to dry in air. Isolate the crystalline 
product in the same way.

Note: Before washing the crystalline product with ethanol and ether, save the 
mother liquid for silver revovery!

c) SO3 N(CH3)3

The reaction scheme is given by Eq. (4).

AgSO3NAg2 • H2O + 3CH3I -> SO3 • N(CH3)3 + 3Agl + H2O (4)

Transfer 2.0 g of the dry amorphous salt to a 25 cm3 distillation round-bottomed 
flask with a ground joint. Attach a reflux condenser to the flask and using a funnel, 
pour 3.0 cm3 of CH3I down the condenser onto the silver salt. After a few seconds, 
an exothermic reaction starts and the contents of the flask warms up to the boiling 
point of CH3I. (Note: The crystalline yellow-green salt reacts with CH3I very slowly). 
After 15 minutes, distill off under vacuum the unreacted methyl iodide and the 
water formed into a cold trap until dry (use a water vacuum pump). (Dispose of the 
distillate as instructed by the supervisor).

Sublime SO3 • N (CH3)3 from the dry reaction product in vacuo at 160-170 °C (use 
an oil bath) using an oil vacuum pump and the apparatus depicted in Figure 3.28-1. 
The crystals of the complex thus obtained are up to several centimeters long.

Determine the melting point in a sealed glass capillary (240 °C). Record the IR 
spectrum and compare it (400-1600 cm*1, KBr pellet) with that in the literature.

d) Recovery of Silver

2AgNO3 + NaOH Hz° > Ag2O • %H2O + 2NaNO3 (5)

Ag2O + NaOH + HCOH -> 2Ag + HCOONa + H2O (6)

Transfer the mother liquid from the filtration of AgSO3NAg2-H2O into a 1000 cm3 
beaker and keep adding a 10% solution of NaOH until all the silver is precipitated as 
hydrated silver oxide. Then add the same amount of 10% hydroxide solution as was 
required for the silver oxide precipitation and bring the contents to boil. Add dropwise 
under continuous stirring a 37% water solution of formaldehyde until all the Ag2O
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is reduced to elemental silver - the colour of the suspension will change from dark 
brown to greyish and the supernatant will clear rapidly when stirring is interrupted. 
Allow the contents to cool, decant the supernatant, fill the beaker with distilled water, 
stir, leave to settle and decant. Repeat this procedure several times until the neutral 
reaction of the liquid is reached. Vacuum filter, wash the silver with water and dry in 
an oven at 100 °C.

Further Reading
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A. B. Burg, J. Amer. Chem. Soc. 1943, 65, 322.
F. Belaj, Ch. Kratky, E. Nachbaur, A. Popitsch, Mh. Chem. 1987, 118, 947.
F. Watari, Z. Anorg. Allg. Chem. 1964, 332, 322.
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3.29
Anomalous Paramagnetism in Some Iron(lll) Chelates
Studied by the Evans NMR Method
David J. Otway

Crawford and Swanson have described the use of the nuclear magnetic resonance 
technique to determine magnetic moments in solution [1] based on the original 
Evans method. The method relies on measuring the separation (A/) in the reso
nance positions of two identical protons in two solutions. One of the solutions con
tains the paramagnetic material and the other contains pure solvent. The separa
tion (A/ in hertz) is related to the mass susceptibility, %g, of the dissolved paramag
netic substance by the following relationship 

where / is the frequency of operation of the machine, m is the concentration of para
magnetic substance (g cm-3) and xo is the mass susceptibility of the pure solvent. 
The magnetic moment is then calculated using Eqs. (2) and (4).

Xm = Xg ■ M (2)

where xm is the molar susceptibility and M is the molar weight of the complex. This 
gives your answer in cgs. units. Convert it to SI using Eq. (3).

Xm (SI) = Xm cgs x 4n x IO-6 (3)

Xm is obtained from xm by including a diamagnetic correction for the ligands. This 
is done by summing the diamagnetic corrections for each ligand atom [2], Calculate 
peff from Eq. (4).

geff = 797(x'MT)1/2 (4)

where Tis the temperature of the NMR probe.
In this experiment the technique is applied to the study of the anomalous para

magnetism of iron(III) N,N-dialkyldithiocarbamates. These complexes are anoma
lous in that their behaviour is neither “high spin” nor “low spin” [3, 4]. Depending 
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on the nature of the alkyl substituents on the ligand, the value of the magnetic mo
ments can be pure low spin, pure high spin, or intermediate between these values.

The explanation is that the ligand field energies for these complexes lie close to 
the crossover between the high-spin, weak field ground state configuration (t2geg) 
and low-spin strong-field (t^g) states. Thus the spin pairing energy for these com
plexes must be close to the ligand field strength. The high-spin configuration has 
5 unpaired electrons and the low-spin configuration has one unpaired electron. For 
Fe(S2CNR2)3 complexes, the low-spin case occurs for R = isopropyl, and isobutyl, 
and high spin for 2R = pyrrolidyl. Intermediate magnetic moments are observed for 
R = methyl, ethyl, benzyl. A spin equilibrium is suggested for these complexes [3].

The iron dithiocarbamates also have the advantage of being easy to prepare and 
purify and of having good solubility in solvents such as chloroform. As paramagnetic 
shift, Af, in Eq. (1) depends on concentration, it is an advantage to have as high a 
concentration as possible for accurate measurement of the shift. Make sure that you 
carry out all of the measurements for the spectroscopic part of the experiment 
as carefully as possible. For these complexes, shifts of 5-40 Hz are observed for 
0.02 g cm-3 chloroform solutions.

Special Safety Precautions

Chloroform should be used in a fume cupboard. Carbon disulfide is toxic and 
must be used in a fume cupboard (wear gloves too). Both amines are irritating to 
eyes, face and respiratory system, again use gloves and work in a fume cupboard.

3.29.1
Experimental

Make Fe(S2CNR2)3 for NR2 = N,N-dicyclohexyl and N,N-dibenzyl as follows: solu
tions of sodium salts of the ligands are prepared by adding CS2 (0.05 mol) to a stir
red solution of the amine (0.05 mol) in ethanol (50 cm3). 6 M NaOH (10 cm3) is 
then added with stirring.

The complexes are prepared by mixing 0.017 mol of 60% w/v FeCl3 aqueous solu
tion with the solution from the ligand preparation. A black-brown precipitate imme
diately forms. This should be recovered by vacuum filtration, the precipitate washed 
with ethanol and air-dried. The complex is recrystallized by dissolution in hot CHC13 
(30 cm3) (in a fume hood), vacuum filtration, and addition of ethanol (30 cm3) to the 
filtrate. Black or dark brown crystals form on cooling; the crystals are recovered by 
vacuum filtration and are washed with ethanol and air-dried.

The magnetic moments are determined by preparing a chloroform solution of ac
curately known concentration of the complex (0.1 g in ca. 0.5 cm3 - use a pipette). 
An internal reference is used by placing a sealed capillary containing pure CHC13 
(provided by technicians) in an NMR tube containing the complex solution. The 
NMR spectrum is then recorded in the region of the CHC13 peak. A large, broad sol
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vent peak is observed due to paramagnetic broadening by the complex and a smaller, 
sharp peak is observed downfield to this peak. A high spinning rate (>40 Hz) is re
commended as this creates a good vortex, which keeps the capillary in the middle of 
the tube and minimizes nonhomogeneity effects. The magnetic moments can then 
be calculated [1, 2].

N.B.: For the purposes of this experiment you may calculate the susceptibility of the 
solvent using the values in [2],

3.29.2
Report

1. Briefly indicate the aims of the experiment.
2. Do not reproduce the experimental procedure unless your experiment differed.
3. Give balanced equations for the formation of the complexes and yields.
4. Give the magnetic moments (as determined by the Evans NMR method) of the 

two complexes. Comment on the values obtained.
5. What are the point groups of the compounds that you have made?
6. What sources of both systematic and random error are there in this experiment? 

Which are most significant errors and how might they be minimised?
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3.30
Cubic Molecular Aluminophosphonates
Jiri Pinkas

Framework aluminophosphates are crystalline microporous materials related to zeo
lites by the isoelectronic relationship between the [A1PO4] and [AlSiO4] formula 
units. The multitude of known three-dimensional structures is composed of a rela
tively small number of structural moieties, such as A140i2P4 cubes or A16O18P6 hexa
gonal prisms that are termed secondary building units (SBUs). The concept of SB Us 
was originally derived from the solid-state structures of zeolites and aluminophos
phates with tetrahedral frameworks. However, it was shown that in some cases the 
SBUs and their analogues are present in the reaction mixture during the synthesis 
and their isomerisation and condensation lead to the formation of extended frame
work structures. Molecular aluminophosphates and -phosphonates with polyhedral 
cores are synthesized as structural and spectroscopic models for the secondary build
ing units. These experiments are motivated by the effort to develop rational synthetic 
routes to new porous materials of several types. One area is microporous materials 
where the goal is to use these molecules as precursors and control the course of reac
tion to a particular architecture. Of special interest is the connection of cubic mole
cules through all eight vertices to form a network with a body-centred cubic topology. 
Moreover, these polyhedral units can serve as nodes in the construction of coordina
tion polymers after suitable derivatisation of their vertices with functional linker 
groups. Connection of aluminophosphonate cubic units with the linkers positioned at 
four tetrahedrally arranged vertices should result in a diamond-type network. There
fore, these cubic molecules hold promise as potential precursors to porous materials.
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Special Safety Precautions

Trialkylaluminium compounds are highly flammable and react violently with 
water. Aluminophosphonates are sensitive to moisture. Use purified nitrogen 
and a drying column.

3.30.1
Experimental

Standard techniques and equipment for the manipulation of air- and moisture-sensi
tive compounds, such as dry-box, Schlenk flasks, syringes, rubber septa and cannu
las, should be used in this preparation. Distil toluene and tetrahydrofuran from Na- 
benzophenone under dry nitrogen. A solution of Et3Al in toluene can be purchased 
from commercial vendors. Prepare a solution of C6HnPO(OH)2 (2.00 g, 12.2 mmol) 
in tetrahydrofuran (60 cm3). Fill a syringe with the Et3Al solution in toluene (1.9 M, 
6.4 cm3, 12 mmol). Add both solutions simultaneously by syringes through a sep
tum dropwise to freshly distilled toluene (60 ml) which is vigorously stirred at 50 °C 
in a 250 crn3 Schlenk flask. Stir for 1 hour and than leave the reaction mixture to 
cool to room temperature. Continue stirring with a magnetic stirrer for an additional 
20 hours. Reduce the volume of the clear, colourless reaction mixture slowly to 
10 cm3 and then cool to -20 °C in a freezer. After the first fraction of colourless 
crystals has formed (ca. 2 days), decant the mother liquor by a syringe and use it to 
obtain next fractions. Wash the crystals with a small amount of hexane and dry in 
vacuo. Transfer the evacuated reaction flask into a dry=box. Weigh the resulting 
product and calculate the reaction yield (the first fraction 15%, total usually 50%). 
Prepare the samples for and 13C NMR spectrometric measurements in CDC13 or 
CD2C12. Place a small amount of the product in capillaries and seal them with 
Apiezon wax to record mass spectra. Flame-seal the capillaries outside the box with a 
small gas torch. Record the IR spectrum in a KBr pellet prepared with a mini-press.

The crystalline solid from the first fraction is identified as [EtAl(^-O)3PC6H11]4 
(yield 0.410 g, 0.47 mmol, 15%), m.p. >300 °C. JH NMR (300 MHz, CD2C12): <5-0.18 
(q, 3Jhh = 8.2 Hz, 8H, A1CH2), 1.02 (t, 3JHH = 8.1 Hz, 12H, A1CH2CH3), 1.29-1.35, 
1.78, 1.86, 2.00 (br m, 44H, C6Hn). 13C{3H} NMR (75 MHz, CD2C12): d -3.9 (br s, 
CH3CH2A1), 9.02 (s, CH3CH2A1), 26.41 (s, C4-C6Hn), 26.44 (d, 3JPC = 4.7 Hz, C3- 
C6Hn), 26.54 (d, 2Jpc = 17.6 Hz, C2-C6Hn), 35.74 (d, Vcp = 162.6 Hz, P-CH). 
31PfH} NMR (121.5 MHz, CDC13): <512.7 (s, 1JVC = 162.6 Hz, 13C satellites). IR (KBr 
pellet, cm'1): v 2936 (s), 2863 (m), 2793 (w), 1283 (w), 1204 (s), 1176 (vs), 1126 (s), 
1099 (s), 1003 (m), 898 (w), 669 (m), 628 (w), 581 (w), 503 (s). MS (El, 70 eV), m/z (rela
tive intensity, ion): 871 (10, M- H+), 843 (100, M -Et+), 731 (10, M -2Et-cHex+), 407 
(10,1/2M - Et+), 393 (15,1/2M - Pr+).
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3.31
Preparation and Optical Properties of Zinc Sulfide Quantum Dots
Andrew L. Hector

Quantum dots are nanoparticles (crystals with dimensions of a few nanometres) of a 
semiconducting material. They are of particular interest for optical applications due 
to the higher quantum yield that they exhibit for fluorescence (light emission) com
pared with bulk semiconductors. This is a measure of the likelihood of a photon 
being produced after absorption of a higher energy photon. Often their emission is 
brighter and they are stable for longer time periods than organic fluorescent dyes. 
Research into their applications is focused on light-emitting diodes, diode lasers, so
lar cells, optical amplifiers, photocatalysis and biological labels.

At particle sizes below the Bohr exciton radius, the band structure of semiconduc
tors is incompletely developed. The properties are therefore intermediate between 
those of molecules and of bulk semiconductor materials. The most obvious sign of 
this is an increased band gap compared with the bulk semiconductor, which in
creases (is ‘blue-shifted’) as the particle size is reduced (Fig. 3.31-1).

LUMO

HOMO

Diatomic 
molecule

Quantum 
dot

Particle size

Fig. 3.31-1 Band structure diagrams showing the intermediate properties of semiconductor 
nanoparticles between molecules and bulk materials.
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This reduction in the observed band gap is an effect referred to as quantum con
finement. A good approximation to the relationship between particle size r (nm) to 
the energy’ of the band gap E in electronvolts (eV) is given by the Brus equation, 
which simplifies for cubic ZnS to

0.31 - 2.91VE - 3.53
r~ 2(3.54 - E)

Colloidal quantum dots can be synthesised in solution by controlled growth of the 
very small crystallites. This may be achieved through thermal decomposition of a 
precursor compound or simply by controlling a precipitation process. In order to 
take advantage of the high quantum yield and of quantum confinement effects, it is 
essential to produce particles of a controlled size that do not aggregate (stick to
gether). As the surface energy of these very small particles is high, aggregation oc
curs readily and is often irreversible. Hence the particles need to be synthesised with 
a coating on the surface - this helps to control the particle size in addition to inhibit
ing aggregation. The choice of this capping agent determines the solubility of the 
particles - often a surfactant is used with a hydrophilic end group that sticks to the 
growing particle and an organic chain which provides solubility in an organic sol
vent. The aim of this experiment is to synthesise zinc, sulfide quantum dots capped 
with polyphosphate groups, which results in water-soluble particles. These will also 
be doped with other metal ions to modify their optical properties.

Special Safety Precautions

Sodium sulfide is corrosive, is toxic in contact with the skin and liberates toxic 
H2S on contact with acids. Wear gloves, work in a fume cupboard and destroy sul
fide residues with sodium hypochlorite (bleach) solution. Salts of Zn, Cu and Mn 
are harmful and irritants. Manganese acetate is also a possible teratogen. Contact 
with the skin, eyes, etc., should be avoided. Ethanol is highly flammable.

3.31.1
Experimental

a) Quantum Dot Synthesis

First prepare the following standard solutions using 100 cm3 volumetric flasks and 
deionised water. Note that Na2S should be handled in a fume hood with a plastic spa
tula.

1.00 mol dm-3 sodium sulfide from the solid Na2S • 9H2O (MW 219.5) 
1.00 mol dm 3 zinc acetate from Zn(O2CCH3)2 • 2H2O (MW 240.2) 
0.10 mol dm"3 manganese acetate from Mn(O2CCH3)2 (MW 173.0) 
0.01 mol dm"3 copper acetate from Cu(O2CCH3)2 (MW 181.6).
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The three quantum dot samples (A-C) are produced by the same method. Dissolve 
sodium polyphosphate in deionised water immediately before use in a 250 cm3 coni
cal flask. Stir rapidly while adding the zinc acetate solution using a graduated pipette, 
followed by any copper or manganese acetate and finally the sodium sulfide in one 
quick addition. Stir the mixture for a further 5 minutes. Place the mixture in a 
50 cm3 centrifuge tube with a screw-top lid. Centrifuge for 5 minutes at 3500 min-1. 
Decant the solution into a sulfide waste beaker for disposal after bleach treatment.

Component
A

Sample
B C

Deionised water (cm3) 40 35 35
Na(PO3)n (g) 5.10 5.10 5.10
1.00 M Zn(O2CCH3)2 (cm3) 5.50 5.45 5.00
0.01 M Cu(O2CCH3)2 (cm3) 0 5.00 0
0.10 M Mn(O2CCH3)2 (cm3) 0 0 5.00
1.00 M Na2S (cm3) 5.00 5.00 5.00

Wash the samples with deionised water and then with ethanol. To do this, add 
40 cm3 of solvent to the centrifuge tube, screw the lid on firmly and shake thoroughly 
until the solid is finely suspended in the solvent. Balance the tube weights and centri
fuge (60 minutes with water or 5 minutes with ethanol, both at 3500 min-1) and de
cant the solvent into the sulfide waste beaker. Dry the sample in a desiccator under 
vacuum. When dry, gently powder with a pestle and mortar.

b) Particle Size Analysis Using X-Ray Diffraction

Record X-ray diffraction patterns over a 20 range of 20-70° (Cu Kal) for your sam
ples. Peaks or reflections are observed in the diffraction patterns when constructive 
interference between scattered X-ray photons occurs. This requires an ordered ar
rangement of the atoms. Sharp peaks arise because interference is destructive when 
the angle is changed by a small amount from that at which constructive interference 
occurs. This requires ordering over a large number of unit cells and the lattice can 
be considered infinite. With small crystals, both constructive and destructive interfer
ences are weaker and the peaks are broadened. This is a useful phenomenon in the 
study of nanocrystals as the broadening can be related to the average crystallite size 
(t) in nm using the Scherrer equation:

0.89U

where X is the X-ray wavelength (0.154 nm), BM is the peak width at half-height in ra
dians (180° = Ji rad), Bs is the peak width for a highly crystalline standard and hence 
a measure of diffractometer resolution and 0 is the diffraction angle in degrees 
(usually measured in 20).
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Calculate the size of your particles, using the 111 reflection at -28° and the data 
provided for bulk ZnS powder and a silica diffraction standard.

Sample data:

Sample PXD linewidth, ° (rad) Crystallite size (nm)

SiO2 standard
Bulk ZnS
Sample A, ZnS
Sample B, ZnS;Cu
Sample C, ZnSrMn

0.1 (0.002)
0.67 (0.012) 12
4.0 (0.070) 2.0
4.0 (0.070) 2.0
3.67 (0.064) 2.2

c) Optical Band Gap Measurement

The energy difference between the valence and conduction bands in zinc sulfide is 
similar to that of a photon of ultraviolet light, hence exposing ZnS to such photons 
can excite an electron from the filled valence to the empty conduction band. Thus, 
UV-visible spectroscopy can be used to measure the band gap. A step function is ob
served in the absorption at the band gap energy and this is usually converted to and 
expressed in electronvolts (1 nm = 1240 eV). Large cubic ZnS crystals have a band 
gap of 3.54 eV.

Samples for spectroscopic analysis should be made up in deionised water as dilute 
solutions. Weigh 3 mg of quantum dots, wash into a 25 cm3 standard flask and 
make up to the fill line. Dissolve using an ultrasound bath (this may take -15 min) 
and shake well. Collect UV-visible spectra from 600 to 250 nm using quartz cells, 
with deionised water in the second beam as standard.

Measure the wavelength at half the height of the step in the absorbance and con
vert this to electronvolts to obtain the band gap. Use the Brus equation to obtain an 
estimate of the particle size of the quantum dot samples.

Sample data:

Sample Band gap (nm) Band gap E (eV) Particle size (nm)

Bulk ZnSa* 350 3.54 00
Sample A, ZnS 318 3.90 2.0
Sample B, ZnS:Cu 314 3.95 1.9
Sample C, ZnS’.Mn 317 3.91 2.0

For bulk ZnS a diffuse reflectance spectrum was provided; the particle size calculation shows that its 
size is above the Bohr exciton radius.

d) Photoluminescence Behaviour

Light can be re-emitted from semiconductors by various mechanisms (Fig. 3.31-2) 
and this can be investigated using photoluminescence spectroscopy. Relaxation di-
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rectly from the conduction band to the valence band is referred to as band edge emis
sion and is only observed in very high-quality semiconductors. More commonly, the 
electron transfers to a defect state, in this case associated with S2- ion vacancies. 
Emitted photons are then of lower energy than the absorption band gap, in the violet 
region. If particles are doped with other ions, dopant states can also become involved 
in the relaxation mechanism, reducing still further the energy of emitted photons. 
Doping tetrahedral Cu2+ into ZnS provides an energy state just above the valence 
band, the t2 level of Cu2+. When Mn2+ ions are doped into ZnS, a higher energy state 
is also available and relaxation between the two Mn2+ states results in red emission.

Fig. 3.31-2 Relaxation mechanisms for ZnS and doped ZnS.

Collect photoluminescence spectra using the solutions prepared for part c) using 
quartz cells. Use a 300 nm excitation wavelength and an emission range of 350
700 nm. Your data should contain a strong emission peak above 400 nm. Note the 
position of the maximum and convert the emission wavelength to electronvolts. If 
any other strong peaks are observed, note their energies.

Discuss the photoluminescence data with respect to the band theory description 
above. Comparing the photoluminescence data on samples 1 and 3, what can we 
learn about the relative rates of electron transfer to the S2- defect state compared 
with the higher energy Mn2+ state?

Sample data:

ZnS
ZnS:Cu
ZnS:Mn

408 nm, 3.04 eV
421 nm, 2.95 eV
421 and 593 nm, 2.95 and 2.09 eV
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3.32
Four Methods for Analysing First Order Kinetics
Wronique Pimienta, Dominique Lavabre, Jean-Claude Micheau, 
and Gaston Levy

A chemical reaction always corresponds to the relaxation of a nonequilibrium situa
tion (AG -> 0). The concentrations of the substrates, intermediates and products 
change as a function of time. The simplest method to induce a chemical reaction 
is to mix two compounds with different chemical potentials. An alternative and 
convenient way is to exploit the property of photochromism (a single compound + 
light). A photochromic compound is one that undergoes a reversible colour change 
under UV or visible irradiation. Photochromic compounds are used in such diverse 
applications as optical information storage, imaging and in the construction of sun
glasses.

The purposes of this study is to familiarise yourself with four general methods for 
analysing first-order kinetics and investigating reaction mechanisms. In this experi
ment, you will be examining the thermally reversible orange/blue photochromism 
of the mercury dithizonate bis(l,5-diphenylthiocarbazonato-NS)mercury(II)). The 
kinetic study is based on the first-order thermal return reaction blue -> orange. The 
colour change is easily monitored using a UV/visible spectrophotometer or a colori
meter (Fig. 3.32-1).

A typical pattern of the absorbance at 606 nm (blue isomer) prior to, during and 
after irradiation of mercury dithizonate in xylene solution is shown in Figure 3.32-2.

As the process can be repeated many times without appreciable fatigue, a single 
sealed or stoppered cell can be used for several kinetic runs.

Special Safety Precautions

1. Mercury acetate is toxic. Its toxicity stems from the ability of mercury to com
bine with sulfhydryl groups (-SH) that are essential for enzymatic activity.

2. Diphenylthiocarbazone (C13H12N4S) is known as dithizone and has long been 
used as a reagent for the colorimetric analysis of metal traces. Exercise caution 
as it is potentially dangerous.

3. Concentrated ammonia solutions must always be used in a fume cupboard.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4. Xylene is flammable and toxic. Significant neuro and cardiac toxicity is de
scribed for this compound.

5. Limit exposure values; mercury vapour (0.05 mg m~3); ammonia: (18 mg m 3); 
xylene (130 mg m-3).

0
time (s)

400

Fig. 3.32-1 The photochromic mecha
nism of mercury dithizonate involves 
a N4 to N2 H-transfer and a cis-trans 
isomerisation about the C=N3 bond. 
There is an S-H hydrogen bond and a 
PhN]N2CN3 conjugated system in the 
stable orange isomer and an N4-H bond 
and a Ph4N3CS conjugated system in 
the blue form.

Fig. 3.32-2. Photochemical formation 
and thermal decay of the blue isomer 
of mercury dithizonate. A = light on;
B = light off. Note that under irradia
tion, the system reaches a steady state 
during which the thermal return rate 
exactly counterblances the photo
chemical rate. If is not necessary to 
start from the steady state for kinetic 
measurements.
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3.32.1
Experimental

a) Mercury(ll) Dithizonate

3.2 g (0.01 mol) of mercury(II) acetate are dissolved in 6 M aqueous ammonia and 
added to 5.1 g (0.02 mol) of dithizone in hot 6 M ammonia. The solution is then 
poured onto ground ice and the mercury dithizonate precipitate filtered. The product 
is purified by recrystallisation from chloroform and is dried under vacuum. Red crys
tals are obtained (m.p.: 225-226°C dec.) Analysis for C26H22N8S2Hg, FW = 710.6 
(theoretical): C, 43.91; H, 3.10; N, 15.76; S, 9.01; Hg, 28.22 (found): C, 43.8; H, 3.2; 
N, 15.6; S, 9.5; Hg, 27.2.

b) Kinetic and Spectrophotometric Measurements

Dry xylene is a good solvent for kinetic and spectrophotometric measurements. 
A 2 x 10‘5 M mercury dithizonate solution exhibits an absorbance of about 0.86 at 
484 nm (£(484)= 43000 M-1 cm'1). Under irridiation (sunlight, overhead projector or 
flashlamp), the orange isomer is converted to the blue isomer and the solution turns 
deep blue (2max = 606 nm). After vigorous shaking, the cuvette (1 cm x 1 cm) is 
placed in the compartment of a spectrophotometer and the evolution of the absor
bance at 606 nm (decreasing) or at 484 nm (increasing) is recorded continuously. In 
the dark, the blue complex reverts spontaneously to the stable orange isomer, follow
ing first-order kinetics. Be careful to screen from stray light which could induce par
tial rephotolysis.

c) Data Processing

All studies of first-order kinetics are based on Eq. (1).

Pt-Poo = (yo-Poo) exp(-kobst) (1)

in which yt, y0 and Poo are the magnitudes of the observed signal (here the absor
bance) at time t, 0 and oo; kobs is the apparent first-order rate constant.

There are several methods for determining an accurate value of kobs. Four main 
methods are presented here. If an estimation of y^ is easily available, the half-time 
and semi-log methods can be used.

Half-time Method

The half-time equation (Eq. 2) is derived directly from Eq. (1) since at t = 
(yt-yoo)/(yo-Poo) = 1/2. For pure first-order kinetics, the successive values of t1/2 
must be independent of the choice of y0 (Fig. 3.32-3).

^obs ~ In 2/tjy2 (2)
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Fig. 3.32-3. First-order decay leading 
to a good estimation of y^. Half-time 
method (a, = a2; b] = b2; C] = c2). Note 
the regularity of the successive half
time (d] = d2 = d3).

Semi-log Method

The semi-log equation (Eq. 3) is also easily derived from Eq. (1).

In |yt - yro| = -kobst + In |y0 - Pool (3)

In the semi-log plot (Fig. 3.32-4), since all the experimental points are (in principle) 
included in the linear regression analysis, it is more accurate than the simple half
time method.

If an estimation of y^ is not possible, one must use a time-lag method whereby 
the reaction time is divided into regular intervals (A), the value of which being cho
sen so as to obtain around six or more regular intervals over the whole reaction 
curve. Guggenheim’s and the R/Rd methods are time-lag methods.

Guggenheim’s Method

Fig. 3.32-4. Linearization of a first- 
order kinetic curve. Semi-log plot: 
Z({) = IVt - Foo I- Guggenheim plot: 
Z(t) = IVt+A - ft|- In both cases, kobs is 
calculated from the slope of the straight 
line.

This is quite similar to the semi-log plot, although the value of is not required. 
Guggenheim’s formula (Eq. 6) derives from the relationship in Eq. (1).
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Thus, at any t:

yt= (yo-yoo) exp(-kobst) + yoo 

and at (t + A):

yt+A = (y0-yoo) (exp(-kobst)) (exp(-kobs A)) +yoo (4)

and

yt+A - yt = (yo- yoo) (exp(-kobst)) (exp(-kobs A) - 1) (5)

Taking the logarithm leads to Gugenheim's formula (6), see Figure 3.32-4.

In |yt+At - yt I = - kobs t + (exp (kobs A) - 1) In |y0 - yoo | (6)

R/Ra Method (Ratios of Rates)

This is a convenient alternative to Guggenheim’s method which can be used directly 
on the recorded chart. The R/R& relationship in Eq. (10) derives from the rates at t 
and (t + A).

At t:

Rt= (dy/dt)t = -(y0-yco) (exp(-kobst))kobs (7)

and at (t + A):

Rt+A = (dy/dt)t+A = -(y0-yoo) exp(-kobsf) exp(-kobs A)kobs (8)

Taking the ratio R/Rt+& and the In reduces to Eq. (9).

kobs — In [Rt/Rt+A]/A (9)

With pure first-order decays, the successive ratio must remain constant.

kobs ~ (In An)/A (10)

where rm is the mean value of the successive ratios Rt/Rt+A along the whole kinetic 
curve.

Using a continuous recorded kinetic curve, it is quite easy to draw the tangents 
carefully by hand and estimate their respective slopes (dy/dt). As only the successive 
ratios of rates are needed, convenient arbitrary units can be used. This is shown in 
Figure 3.32-5.

When used in a comparative fashion, these four methods give sufficient accuracy 
to demonstrate first-order decay and detect the effects of the purity of the solvent 
(traces or acid, bases, free dithizone, photolysis products, water, etc.), which acceler-



260 3 Intermediate Experiments

Fig. 3.32-5. First-order decay leading to a poor estimation ofy^. A is the time-lag.
a and b Guggenheim calculations of the successive steps yt-yt+A- % Rs'- successive rates 
(dy/dt)., (dy/dt)t+A, (dy/dt)t+2A for the R/R& method. For the sake of clarity, only 2A intervals 
and 3 tangents are shown.

ate the thermal return rate constant. A spontaneous monomolecular isomerization 
and/or a catalyzed pseudo first-order bimolecular process with a large excess of a cat
alytic species ([cat]) could be deduced from the data obtained. Thus kobs = k1 + k2 [cat], 
the usual range lies between 5 x 10-3< kobs< 5 x 10-2 s'1.

Further Reading

R. L. Petersen, G. L. Harris, J. Chem. Educ. 1985, 62, 802.
A. T. Hutton, J. Chem. Educ. 1986, 63, 888.
B. Borderie, D. Lavabre, G. Levy, J. C. Micheau, J. Chem. Educ. 1990, 67, 459.
See also: J. Photochem. Photobiol. A, 2000, 134,163.
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3.33
Molecular Orbital Calculations of Inorganic Compounds
Carole A. Morrison, Neil Robertson, Andrew Tamer, Jano van Hemert, 
and Jos Koetsier

The structure and bonding of simple compounds can be reliably predicted by mole
cular orbital (MO) theory. The practical application of MO theory (called ab initio 
MO theory) allows us to run computer simulations that will reliably predict the sizes, 
shapes and properties of molecules and in this way we can interpret chemistry at the 
most fundamental of levels. In this practical, you will run some ab initio MO theory 
calculations to explore the bonding properties of some inorganic compounds. Before 
doing this, you will use valence shell electron pair repulsion (VSEPR) theory to 
make sensible predictions prior to running the calculations. Complete the prelimin
ary VSEPR exercise on the worksheet.

At the heart of MO theory is obtaining an approximate solution to Schrodinger’s 
equation:

HT = ET

where H is the Hamiltonian operator (describing the kinetic and potential energies 
of the nuclei and electrons in the molecule). This we approximate using a specified 
level of theory, which in this practical will be done using Hartree-Fock theory. The 
symbol T denotes the molecular wavefunction, which has the job of describing the 
sizes and shapes of the molecular orbitals for the molecule. In practical terms, this 
is done by defining a basis set, which is typically a collection of Gaussian functions 
that describe the atomic radial functions for each element present in the molecule. 
In this exercise you will use a medium-quality basis set called 6-31G*.

The computational chemistry program you will use is called Gaussian and you will 
submit your calculations and receive your results through a specially designed web 
portal. Properties that can be obtained from the calculation include the molecular 
geometry, atomic charges, bond energies and images of the electron density and 
shapes of orbitals, e. g. HOMO (highest occupied molecular orbital), LUMO (lowest 
unoccupied molecular orbital), etc. In addition to stating the level of theory and basis 
set, the input file for the calculation must also give an approximate starting geometry 
for the molecule of interest. For small molecules, this is most easily done using a 
Z-matrix, which defines the location of all atoms with respect to one another in
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terms of bond lengths, bond angles and dihedral angles. For example, ammonia can 
be defined by the following:

<- the first atom
H2 N1 rl <- H2 connects to N1 by distance rl
H3 N1 rl H2 angl <- H3 to N1 by rl and H2by angle angl
H4 N1 rl H3 angl H2 -angl <- H4 connects to N1 by rl, H3 by angl and

H2 by -angl (i. e. anticlockwise)

rl = 1.0 <- starting values for parameters
angl = 109.0 defined in the Z-matrix (in angstroms and degrees)

Most of the input files needed to run the ab initio MO calculations will be supplied 
for you through the web portal, but some you will be asked to modify for yourself.

3.33.1
Experimental

Note for Demonstrators
The web portal for the experiment and instructions for its use can be found at: 
http://www.chem.ed.ac.uk/undergrad/portal/comp_portal.html. The portal has been 
designed to submit jobs from the web to a separate workstation that runs the Gaussian 
calculations. The students should not need to download any of the output files to the 
local PCs as the portal has the Jmol molecular viewer directly embedded within it.

3.33.1.1
Exercise A: The Reaction Between NH3 and BF3

This exercise involves running ab initio MO theory calculations to follow the struc
tural changes that take place to NH3 and BF3 when they combine to form NH3BF3. 
You will also be able to draw conclusions on the nature of the new chemical bond 
formed.

http://www.chem.ed.ac.uk/undergrad/portal/comp_portal.html
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Part I. Geometry Optimisation of NH3

Log into the web portal using the account name and password you have been given. 
Click on the first tab, labelled Ammonia, and display the input file, which will appear 
as shown below:

%chk=nh3. chk
# hf/6 31G* opt

Calculation on NH3

«- checkpoint file
«- command line

<- comment line

0 1 <— charge, multiplicity
N1
H2 N1 rl
H3 N1 rl H2 angl
H4 N1 rl H3 angl H2 -angl
rl=1.0
angl=109.0

The checkpoint file <nh3.chk> stores results from the last calculation for the com
puter1 s benefit. The command line states the level of theory (hf = Hartree-Fock) and 
basis set (6-31G*) to be used. Opt denotes geometry optimisation. Charge = 0 means 
the molecule is neutral; multiplicity = 1 sets the electronic structure to be a singlet 
(there is an even number of electrons in ammonia and they are all arranged in 
pairs). Follow the instructions on the web portal on how to run this calculation and 
how to visualise the results.

On the worksheet (see p. 266/267), complete the relevant entries in the tables 
(given in question 1) for the bond lengths, angles and atomic charges for NH3. 
Sketch and write a short description of the HOMO in the space provided in question 
5. Try using several different values for the orbital cutoff and comment on the result.

Part II. Geometry Optimisation of BF3

Click on the second tab on the web portal, labelled Boron Trifiuoride. The original in
put file used for the NH3 optimisation will be listed. You must edit this file to submit 
a new calculation to optimise the structure of BF3. Change the ‘N’ labels to ‘B’ and 
the ‘H’ labels to ‘F’. (Note there are four N and six H entries in the Z-matrix. Make 
sure you change them all!) Change the name of the checkpoint file to <bf3.chk>. 
You will also calculate the LUMO for BF3. To do this, change the name of the cube 
file (from nh3.cube to bf3.cube) and the orbital identity from HOMO to LUMO. Fol
low the instructions on the web portal on how to run this calculation and how to vi
sualise the results.

Note is BF3 flat or pyramidal? Fill in the columns relating to BF3 on the tables in 
question 1 on the worksheet. Sketch and write a short description of the LUMO in 
the space provided in question 5.
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Part III. Geometry Optimisation of NH3BF3

Click on the third tab on the web portal, labelled NH3BF3 optimisation. The input file 
nh3bf3.com will be listed. Note that this file is incomplete - you have to provide sen
sible guess values for parameters rl, r2, r3, angl and ang2 by analysing the Z-matrix 
and the structure given below.

B2 N1 rl
N1

H3 N1 r2 B2 angl
H4 N1 r2 B2 angl H3 120.0
H5 N1 r2 B2 angl H3 -120.0
F6 B2 r3 N1 ang2 H3 60.0
F7 B2 r3 N1 ang2 F6 120.0
F8 B2 r3 N1 ang2 F6 -120.0

rl= 
r2= 
r3= 
angl= 
ang2=

F7

Follow the instructions on the web portal on how to run this calculation and how 
to visualise the results. The calculation will take a couple of minutes to run. Com
plete the columns on NH3BF3 in the tables in question 1 on the worksheet and an
swer question 2. Now complete questions 3, 4 and 5 on the worksheet.

3.33.1.2
Exercise B: Hypervalent Compounds

Compounds of main group elements in the second row of the periodic table (such as 
C, N and O) have eight valence electrons. In contrast, main group elements from the 
third row (such as Cl, Si, P and S) may contain more than eight electrons in their va
lence shells. These are called hypervalent compounds and examples include C1F3, 
SF4, SF6 and PF5.

This exercise will focus on the pair of compounds SF4 and SF6 and discover that 
increasing the bond order of S from 4 to 6 comes at a price: the resulting S—F bonds 
are less strong. In order to calculate the bond strengths of the two different com
pounds you will need to know:

• the atomic energies of S and F (i. e. the energy of a single atom at infinity) ;
• the molecular energies for SF4 and SF6 (i. e. when the atoms are brought together 

and the bonds are formed).

We will give you the atomic energies and molecular energies for SF4; you have to de
termine the molecular energy for SF6 yourself.

nh3bf3.com
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Click on the final web portal tab, labelled Sulphur Hexafluoride. This file will per
form a geometry optimisation assuming that the geometry of SF6 is a perfect octahe
dron. Follow the instructions on the web portal on how to run this calculation. It will 
take a couple of minutes to run this calculation. The level of theory has been in
creased from HF to B3LYP - this means that the way in which electron interactions 
are modelled has been improved. Note: The energy of the optimised structure from 
the bottom-left comer of the J mol window.

Enter the number given in the relevant place on your worksheet. Complete the cal
culation on the worksheet to determine the strength of the S-F bond in SF4 and SF6 
and answer question 2.
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Worksheet

Molecular Orbital Calculations of Inorganic Compounds

Name:______________________ — Bench:----------------------  Date.----------

Preliminary Exercise: Use VSEPR theory to predict the shapes of BF3, NH3, SF4 
and SF6. Draw the structures below:

Exercise A: The Reaction Between NH3 and BF3

1. Complete the following tables with data obtained from the ab initio MO geo
metry optimisation calculations.

Parameter nh3 bf3 nh3bf3
N-H bond length/A

H-N-H angle/degrees

B-F bond length/A
.«■ ZJ................ "

F-B-F angle/degrees

Atomic charge/ 
electron units

nh3 bf3 nh3bf3

N

H '' \

B

F ___ ~ 1......... .....A

2. Account for the changes in geometry in NH3 and BF3 observed upon forma
tion of NH3BF3.

3. For the atomic charges you calculated for NH3BF3, sum the charges for the 
NH3 and the BF3 components. Hence deduce the amount of charge transferred 
from NH3 to BF3 by the formation of the chemical bond.
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4. The bond formed between NH3 and BF3 is an example of a dative bond. 
Define a dative bond and how this differs from a standard covalent bond.

5. Sketch images of the HOMO on NH3, the LUMO on BF3 and the electron 
density in NH3BF3. Write a sentence to describe each of the two orbitals and the 
electron density image.

Exercise B: Hypervalent compounds

1. Below is a worked example to obtain the calculated enthalpy of the S-F bond 
in SF4. Note that the hartree is the atomic unit of energy (1 hartree = 
2625.5 kJ mol-1). Read and understand the worked example then use the same 
method to calculate the S-F bond enthalpy in SF6 using your computational re
sults.

S-F bond strength in SF4 - worked example

Calculated molecular energy of SF4 = -797.45952 hartree
Atomic energy of S = -398.04257 hartree
Atomic energy of F = -99.71554 hartree
Binding energy = (atomic energy S + 4 x atomic energy F) - molecular energy SF4 

= -796.90473 - (-797.45952) 
= 0.5548

Dividing by 4 (i. e. per bond) gives 0.139 hartree
Multiplying by 2625.5 (convert to kJ mol-1) gives 364.1 kJ mol-1

S-F bond strength in SF6 - complete the calculation

Molecular energy of SF6 =hartree (enter from your calculation) 
Binding energy = (atomic energy S + 6 x atomic energy F) - molecular energy SF6

Dividing by 6 (i. e. per bond) gives hartree
Multiplying by 2625.5 (convert to kJ mol-1) gives kJ mol-1

2. Compare the calculated values of S-F bond enthalpy for SF4 and SF6 and 
comment on the values.
(Note: For comparison the values derived from experimental data are quoted in 
Shriver and Atkins’ Inorganic Chemistry, 4th ed., p. 42 as 343 and 327 kJ mol-1 for 
SF4 and SF6, respectively).
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4.1
2,2':6',2"-Terpyridine Complexes and Metal Directed Reactivity
Edwin C. Constable

Ligands such as 2,2'-bipyridine and 2,2': 6',2"-terpyridine have been of great impor
tance to coordination chemists over the past one hundred years. The photochemical 
and photophysical properties of their transition-metal complexes have been the sub
ject of intense interest. Recently, derivatives of these ligands have been developed in 
which the photochemical and redox properties of the metal centre may be tuned by 
the nature of the peripheral substituents on the ligands. In modem coordination 
chemistry, it is usually necessary to prepare the organic ligands that you require. In 
this experiment, you will prepare 4'-(4-pyridyl)-2,2': 6',2"-terpyridine, and then make 
an iron complex and investigate its reaction with methyl iodide.

Special Safety Precautions

1. 2-Acetylpyridine and 4-pyridinecarboxaldehyde are toxic and irritants. They 
also smell very unpleasant. Always use these reagents in a fume cupboard, 
and perform part a) entirely in the fume cupboard. The residues from this pre
paration should be quenched in hydrochloric acid.

2. Tetrafluoroborate salts can hydrolyse in contact with water to give hydrofluoric 
acid. Do not allow either solid ammonium tetrafluoroborate or its solutions to 
come in contact with your skin. Do not keep solutions of ammonium tetra
fluoroborate made up for long periods of time.

3. Methyl iodide is toxic and may be carcinogenic. Always use it in a fume cup
board. Remember that it is very volatile.

4. The health hazards of the 4'-(4-pyridyl)-2,2': 6',2"-terpyridine and its complexes 
are unknown. Like all chemicals, they should be treated with extreme caution.
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4.1.1
Experimental

a) 1,5-Bis (2-py ridy I)-3 - (4-py rid y I)-1,5-pentanedione

2-Acetylpyridine (8.4 cir?j and 4-pyridinecarboxaldehyde (3.0 cm ) are dissolved in 
ethanol (35 cm3) in a 100 cm3 round-bottomed flask and a solution of sodium hydro
xide (2.0 g) in water (25 ml) added. The mixture is stirred for one hour at room tem
perature, and then 30 ml of water added. This should give an off-white precipitate of 
l,5-bis(2-pyridyl)-3-(4-pyridyl)-l,5-pentanedione. Collect this by filtration, wash well 
with water and a little cold ethanol, and dry in a desiccator.

Calculate the yield of your product and measure its IR spectrum.

b) 4'-(4-pyridyl)-2,2':6',2"-terpyridine (pytpy)

Heat a solution of l,5-bis(2-pyridyl)-3-(4-pyridyl)-l,5-pentanedione (0.40 g) and am
monium acetate (5.0 g) in 50 cm3 of ethanol to reflux for two hours. Allow the solu
tion to cool and add 50 cm3 of water to precipitate the product. Recrystallise the pro
duct from a small amount of ethanol.

Calculate the yield of your product and measure its IR spectrum as a Nujol mull 
and, if possible, its 3H NMR spectrum in CDC13 or CC14.

c) [Fe(pytpy)2] [BF4]2

Add 0.366 g of pytpy to 50 cm3 of methanol in a 100 cm3 twin-necked round- 
bottomed flask, attach a water condenser and a small dropping funnel containing a 
solution of [Fe(H2O)6] [BF4]2 (0.1 g) in 10 cm3 of methanol to the flask, and then 
heat the pytpy solution to boiling. Add the solution of the iron salt dropwise over 
10 minutes, and then continue heating for another 10 minutes. Cool the dark purple 
solution and add to it a solution of [NH4] [BF4] (0.5 g) in 5 cm3 of methanol. Collect 
the purple solid and dry it.

Calculate the yield of your product and measure its IR spectrum as a Nujol mull 
and, if possible, its 3H NMR spectrum in CD3COCD3. Record the electronic spectrum 
(250 -700 nm) of your product in acetonitrile solution. You should accurately weigh 
your sample so that you can report extinction coefficients. As a guide to the concentra
tion required, the bands have e values between 10000 and 40000 dm3 mol-1 cm-1.

d) [Fe(Mepytpy)2]2[BF4]2

Fit a 100 cm3 round-bottomed flask with a double surface reflux condenser. Dissolve 
[Fe(pytpy)2] [BF4]2 (0.1 g) in 50 cm3 of acetonitrile and add the solution to the flask. 
Add 2 cm3 of methyl iodide and heat to reflux for one hour. Add a solution of 
[NH4] [BF4] (0.5 g) in 5 cm3 of methanol and concentrate the dark blue solution on a 
rotary evaporator to about 10 ml volume and allow to cool. Collect and dry the blue
black solid.



4.1 2,2': 6',2"-Terpyridine Complexes and Metal Directed Reactivity 273

Calculate the yield of your product and measure its IR spectrum as a Nujol mull 
and, if possible, its 1H NMR spectrum in CD3COCD3. Record the electronic spectrum 
(250-700 nm) of your product in acetonitrile solution. You should accurately weigh 
your sample so that you can report extinction coefficients. As a guide to the concentra
tion required, the bands have e values between 20000 and 65 000 dm3 mol-1 cm'1.

You will find additional details about these reactions in the references.

Further Reading

E. C. Constable, Adv. Inorg. Chem. Radiochem. 1987, 30, 69; 1989, 34,1.
R. J. Watts, J. Chem. Educ. 1983, 60, 6536.
L. De Cola, F. Barigelletti.V. Balzani, P. Belser, A. von Zelewsky, C. Seel, M. Frank, F. Vbgtle, 

Coord. Chem. Rev. 1991, 111, 255.
N. Armaroli, V. Balzani, E. C. Constable, M. Maestri, A. M. W. Cargill Thompson, Polyhedron, 

1992, 11, 2707.
E. C. Constable, A. M. W. Cargill Thompson, J. Chem. Soc. Dalton Trans. 1992, 2947.
E. C. Constable, Metals and Ligand Reactivity, Ellis Horwood, Chichester, 1990.
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4.2
4'.(4-Pyridyl)-2,2':6,2"-terpyridine: Coordination to Iron(ll) 
and Protonation Studies
Catherine E. Housecroft, Edwin C. Constable, and Emma L. Dunphy

The 2,2':6',2"-terpyridine (tpy) ligand has a well-established coordination chemistry, 
with functionalized [M(tpy)2]n+ units being attractive supramolecular building blocks 
[1, 2], The free ligand adopts a trans,trans-configuration and must rearrange to a cis,cis- 
configuration upon binding in a tridentate mode to a metal ion (Scheme 4.2-1).

2,2':6',2"-terpyridine (tpy) 
with numbering scheme

Scheme 4.2-1 Change in conformation of tpy upon coordination to M”+.

The bis(tpy) motif has an advantage over the ubiquitous tris(bpy) (bpy = 2,2'-bipyrr- 
dine) unit in that the former is achiral (unless asymmetrically substituted or functio
nalized with a chiral auxiliary), whereas the latter is complicated by the presence of 
A- and A-enantiomers (Scheme 4.2-2). Stability constants for [Fe(tpy)2]2+ (kinetically 
labile metal ion) and [Ru(tpy)2]2+ (kinetically inert metal centre) complexes are high, 
making manipulation of these complexes and their derivatives straightforward in an 
undergraduate laboratory.

Substituents in the 4'-position of tpy are readily incorporated, allowing the intro
duction of functionalities with a wide range of applications. For example, carboxylate 
groups provide an anchoring point for complexes on metal oxide surfaces, and this 
is of current interest in the development of dye-sensitized solar cells (DSCs) [3-5],
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can be 
represented as

A-Enantiomer

Scheme 4.2-2 The formation of enantiomers in a tris (chelate) complex.

The introduction of a donor group such as pyridine into the 4-site of tpy to give 
4'-(4-pyridyl-2,2': 6',2"-terpyridine (pytpy) converts the [M(tpy)2]n+ unit into an ‘ex
panded ligand’ [6], and takes the ligand into the nanoscale domain (Scheme 4.2-3).

4,4'-Bipyridine has long been utilized as a building block in the construction of 
coordination polymers, and similarly [M(pytpy)2]2+ (M = Fe, Ru) is an ideal con
struct for one-dimensional coordination polymers [7]. Salts of both [Fe(pytpy)2]2+ 
and [Ru(pytpy)2]2+ are highly coloured (purple and orange-red, respectively) and 
the observed colour can be tuned by protonation of the pendant pyridine ring [8]. 
The colour arises from a metal-to-ligand charge-transfer band (MLCT) [9] that 
appears at 569 and 488 nm for MeCN solutions of hexafluoridophosphate salts of 
[Fe(pytpy)2]2+ and [Ru(pytpy)2]2+, respectively.

Scheme 4.2-3 The concept of the expanded ligand: a comparison of 4,4'-bipy rid in e 
with [M (pytpy)2]”+-
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In the practical assignment described below, students prepare the pytpy ligand 
and the iron(II) complex [Fe(pytpy)2][PF6]2. Investigation of the 3H NMR spectra of 
the ligand and complex provides an exercise in NMR spectral assignment using 2D 
techniques. UV-VIS spectroscopy is used to investigate the effects of protonation, in 
addition to illustrating the types of absorption band that arise in complexes of this 
type.

4.2.1
Experimental

All reactions can be carried out open to the atmosphere, but must be in a fume cup
board.

Special Safety Precautions

Wear disposable gloves for handling chemicals. Solid KOH is caustic and skin 
contact must be avoided. 2-Acetylpyridine, pyridine-4-carbaldehyde and 4-(4-pyri- 
dyl)-2,2':6',2"-terpyridine may cause skin irritation and should not be inhaled. 
Ammonium hexafluoridophosphate is hygroscopic and may cause skin or eye 
burns; it must not be inhaled. Trifluoroacetic acid is volatile and must be opened 
in a fume cupboard; both liquid and vapour can cause severe bums to all parts of 
the body, and must not be inhaled.

a) 4'-(4-Pyridyl)-2,2':6',2"-terpyridine (pytpy)

4'-(4-Pyridyl)-2,2':6',2''-terpyridine is prepared by the one-pot method of Wang and 
Hanan [10]. Add 2-acetylpyridine (4.84 g, 40.0 mmol) to a solution of pyridine-4-car- 
baldehyde (2.18 g, 20.4 mmol) in ethanol (100 cm3) contained in a 250 cm3 round- 
bottomed flask equipped with a stir-bar. Add solid KOH pellets (2.7 g, 50 mmol) and 
aqueous NH3 (60 cm3, 25%, 0.85 mol) to the ethanol solution. Using a magnetic stir
rer, stir the reaction mixture at room temperature for 4 hours. An off-white solid 
forms during this period. Filter the mixture through a frit using vacuum/water 
pump and collect the solid product. Wash it with H2O (3 x 15 cm3) and EtOH (3 x 
15 cm3). The pytpy ligand is isolated as a white crystalline solid after recrystallization 
from CHCl3-MeOH: add the solid pytpy to -100 cm3 of methanol contained in a 
250 cm3 conical flask equipped with a stir-bar. Heat to boiling point while continu
ously stirring. Add CHC13 dropwise until the solid has just dissolved. Allow the mix
ture to cool to yield crystalline solid; yield -40%.

Record the melting point, the IR spectrum and the CDC13 solution 3H and 
13C{3H} NMR spectra of your product and compare with the literature data [11], As
signment of the 3H NMR spectrum and interpretation of mass spectrometric and 
UV-VIS spectroscopic data are discussed below.
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b) [Fe(pytpy)2][PF6]2

Dissolve 4'-(4-pyridyl)-2,2':6',2"-terpyridine (0.20 g, 0.64 mmol) and FeCl2-4H2O 
(0.064 g, 0.32 mmol) in methanol (30 cm3) in a 50 cm3 conical flask equipped with a 
stir-bar. Using a magnetic stirrer, stir the reaction mixture at room temperature for 
30 minutes. Add an excess (1.2 equiv.) of aqueous NH4PF6. This results in the preci
pitation of purple [Fe(pytpy)2][PF6]2. Filter the mixture through Celite contained in a 
frit and wash the purple solid that collects on the Celite with H2O, EtOH and Et2O. 
Remove the collecting flask, dispose of the washings and clean the flask. Reassemble 
the filtration apparatus. Redissolve the solid in a minimum amount of acetonitrile to 
remove it from the Celite and wash it through the Celite into the collecting flask. 
Transfer the filtrate to a small round-bottomed flask and remove the solvent under 
reduced pressure. [Fe(pytpy)2][PF6]2 is isolated as a purple microcrystalline solid; 
typical yield -90%.

Record the IR spectrum (solid sample) and look for the characteristic absorption 
of the [PF6]~ ion at 840 cm-1. Compare the IR spectrum of the free pytpy ligand with 
that of the complex.

Record the CD3CN solution 3H NMR spectrum of your product and compare with 
the data in the table on page 279 and Figure 4.2-2. Measure the coupling constants 
(in hertz) for each signal. With only this information, how far can you go in assign
ing the spectrum? Full assignment of the 3H NMR spectrum and interpretation of 
mass spectrometric and UV-VIS spectroscopic data are discussed below.

4.2.2
Discussion

4.2.2.1
Synthetic Route to 4'-(4-Pyridyl)-2,2':6',2"-terpyridine

The synthesis of 4'-(4-pyridyl)-2,2':6',2"-terpyridine uses the one-pot method de
scribed by Wang and Hanan [10] and is based on the general method of Krbhnke [12] 
for the synthesis of tpy (R = H in Scheme 4.2-4) or 4'-substituted tpy ligands (R = var
ious in Scheme 4.2-4).



Scheme 4.2-4 Krohnke methodology for the formation of 4'-substituted tpy ligands.

4.2.2.2
Interpretation of Data

Mass Spectrometric Data

The electron ionisation (El) mass spectrum of pytpy shows peaks at m/z 310 and 
232. Assign these two peaks.

The electrospray ionisation (ESI) mass spectrum of [Fe(pytpy)2][PF6]2 (Fig. 4.2-1) 
shows peak envelopes at m/z 821 and 338. In the higher mass envelope, the peaks 
are one mass unit apart, but in the lower mass envelope, the peaks are separated by 
half mass units. Rationalize these data.

Fig. 4.2-1 Peak envelopes in the ESI mass spectrum of [Fe(pytpy)2][PF6]2.
336.5 337.5 338.5 339.5 m/Z

<D 
o:
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'H NMR Spectroscopic Data

Using the ring labelling scheme shown below (both for the free ligand and metal 
complex), the JH NMR spectra of pytpy (in CDC13) [11] and [Fe(pytpy)2][PF6]2 (in 
CD3CN) [13] are assigned as follows (<5 in ppm) (we return to how to assign the spec
trum later):

Species

Proton C2 B3 A6 A3 A4 C3 A5

pytpy 8.77 8.76 8.73 8.68 7.89 7.79 7.37

[Fe(pytpy)2]2+ 9.02 9.23 7.18 8.63 7.93 8.23 7.10

The signal for proton HB3 appears as a singlet and typical 1H-1H spin-spin coupling 
constants within ring A are as follows:

j(HA4hA6) ~ 1.8 Hz
j(HA5hA6) ~ 4.8 Hz
J(HA3HA6) ~ 0.8 Hz
j(HA4ha5) - 7.5 Hz
j(HA3hA4) - 7.5 Hz
j(HA3ha5) - 0.8 Hz

Given the values above, predict the appearance of the signals for protons HA3, HA4, 
HA5 and HA6 and compare your predictions with the signals in your spectrum. The 
small couplings [e.g. J(HA3HA5)] are not always resolved.

A significant change in chemical shift occurs for the signal assigned to proton 
HA6. As the ligand coordinates, proton HA6 of one ligand is brought within the 
shielding region above the terminal pyridine ring of the second tpy ligand (see 
Scheme 4.2-1). This is a characteristic phenomenon when tpy ligands coordinate to 
a metal centre and can be used to confirm that complexation has occurred.

Figure 4.2-2 shows the XH NMR spectrum of a CD3CN solution of 
[Fe(pytpy)2][PF6]2. The ^^H spin-spin coupling patterns aid the assignment of the 
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spectrum. Proton HB3 is easily assigned because it appears as a singlet. The two 
doublets at <5 8.23 and 9.02 ppm have the same coupling constant (/ = 6.0 Hz) and so 
arise from a coupled pair of protons. These are assigned as HC2 and HC3 and this is 
confirmed by looking at the NOESY spectrum (see below). The 2D COSY (Correla
tion Spectroscopy) spectrum is a routine means of assigning groups of coupled pro
tons. In a COSY spectrum, you must look for pairs of cross peaks that lie across the 
diagonal (Fig. 4.2-3). Only protons that are coupled to one another give cross peaks. 
The spectrum is conventionally edited so that only 2J and 3J couplings are observed. 
Figure 4.2-3 shows the COSY spectrum for [Fe(pytpy)2][PF6]2 and there are three 
pairs of cross peaks visible. One pair arises from HC2-HC3 coupling and the origin 
of the cross peaks is highlighted in the figure. The other well-resolved pairs of cross

B3

9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2
8/ppm

Fig. 4.2-2 500 MHz NMR spectrum of [Fe(pytpy)2][PF6]2 (in CD3CN) at 298 K.

Fig. 4.2-3 500 MHz COSY NMR spectrum of [Fe(pytpy)2][PF6]2 (in CD3CN) at 298 K. The cross 
peaks that confirm spin-spin coupling between pyridyl protons HC2 and Ht3 are highlighted.
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peaks arise from HA3-HA4 and HA4-HA5 coupling. Cross peaks arising from cou
pling between HA5 and HA6 coincide with the diagonal and are difficult to resolve, 
but careful inspection of the spectrum in Figure 4.2-3 allows you to see the HA5-HA6 
cross peak.

How do we know which of the signals at d 8.23 and 9.02 ppm belongs to Hc2 
and which arises from HC3? The answer lies in the 2D NOESY (Nuclear Overhau
ser Effect Spectroscopy) spectrum, which records through-space spin-spin inter
actions, usually at distances 5 A. Figure 4.2-4 shows the NOESY spectrum for 
[Fe(pytpy)2][PF6]2. Cross peaks arise from interactions between protons HB3 and 
HC3 (but not HC2) and this allows the pyridyl protons to be distinguished. Other 
NOESY cross peaks that are visible in Figure 4.2-4 are HC2-HC3 and HA3-HB3.

Fig. 4.2-4 500 MHz NOESY NMR spectrum of [Fe(pytpy)2][PF6]2 (in CD3CN) at 298 K.

UV-VIS Spectroscopic Data

The electronic absorption spectrum of an acetonitrile solution of [Fe(pytpy)2][PF6]2 
(1.87 x 10-5 mol dm-3) shows the following bands:

569 324 284 276 245

s/dm3 mol1 cm1 25 000 45 100 81 700 74 100 48 200



282 I 4 Advanced Experiments

The absorption at 569 nm arises from an MLCT transition, whereas the four lower 
wavelength bands are ligand-based, 7t*<-7i transitions.

How does an MLCT band arise?
How do the transitions arise?

This study can be extended (see below) by looking at the effect of adding CF3CO2H 
to an acetonitrile solution of [Fe(pytpy)2][PF6]2. A change in visible colour is observed 
(purple to blue), and this can be correlated with a shift in the wavelength of the 
MLCT band in the UV-VIS spectrum.

Record the UV-VIS spectrum of [Fe(pytpy)2]2+ by making an acetonitrile solution 
of [Fe(pytpy)2][PF6]2 with a concentration in the order of 10-5 mol dm 3. Check that 
the spectrum corresponds to the data in the table above. Transfer the solution to a 
sample vial.

Take up a small amount of CF3CO2H into a glass Pasteur pipette and then transfer 
it back to the bottle. Pass the Pasteur pipette mouth back and forth over the vial con
taining [Fe(pytpy)2][PF6]2 while swirling the mixture so that CF3CO2H vapour enters 
the solution. Observe the colour change from and re-record the UV-VIS spectrum. 
Does the MLCT band move to higher or lower energy upon protonation of the pen
dant pyridine nitrogen donor atoms? Confirm that the shift in wavelength corre
sponds to the change in the observed colour of the solution.
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4.3
Heteronuclear d-f Complexes Containing Binucleating Ligands
Francisco J. Arndiz, Jean-Pierre Cosies, and Javier Carcia-Tojal

The synthesis of heteronuclear complexes containing both 3d and 4/ions is an emer
ging field due to the wide range of possible luminescent, magnetic and electronic 
properties of these complexes [1], In this sense, discrete heterodinuclear compounds 
have attracted special attention because they represent the simplest models to under
stand how the mutual influences of two different metal centres modulate the physi
cal and chemical properties of such compounds. In particular, the use of methoxy 
derivatives of salen [H2salen = N,N'-bis(salicylidene)ethylenediamine] or closely re
lated compartmental Schiff base ligands represents a useful preparative strategy due 
to their specific stereochemical preferences (Fig. 4.3-1). These ligands contain an in
ner site with four, two N- and two O-donor, chelating centres suitable for the linkage 
to d-block ions. The outer coordination site with its O-donor atoms is larger than the 
inner one and can incorporate larger ions, such as lanthanide ions. On the other 
hand, the preparation of such ligands through condensation of an aldehyde and a 
diamine can be achieved in a simple manner. Furthermore, the starting materials 
are often inexpensive.

Fig. 4.3-1 Methoxy derivative of salen with the inner 
and outer coordination sites.
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The following experiments illustrate the preparation of the binucleating compart
mental H2L ligand {H2L = l,3-bis[(3-methoxysalicylidene)amino]-2,2-dimethylpro- 
pane}, along with two complexes containing 3d (M/+ = Cu2+,VO2+) and 4/ (My + = 
Ce3+, Gd3+) ions (Fig. 4.3-2). They illustrate two different ways to achieve the synth
esis of heterobinuclear compounds. The structures and properties of these com
plexes or their analogues have been described elsewhere [2]

Fig. 4.3-2 [MdM^L)(NO3)3] compounds. It can be observed that nitrato groups coordinate 
to lanthanides as bidentate ligands.

T'-- x ■ -

Special Safety Precautions

Wear rubber gloves and eye protection during the experiment. Handling must be 
carried out in fume cupboard. Avoid inhalation of vapours and contact with the 
skin. Caution must be taken with all the starting materials: o-vanillin (= 2-hydroxy- 
methoxybenzaldehyde) is an irritant, l,3-diamino-2,2-dimethylpropane is corro
sive, lanthanide nitrates are irritants and oxidizing agents, copper(II) nitrate is an 
oxidizing agent and corrosive and oxovanadium(IV) sulfate is harmful. Acetone 
is highly flammable and an irritant, diethyl ether is extremely flammable and 
harmful and methanol is highly flammable and toxic. Be careful with the pre
sence of heat sources when handling these solvents. As far as we are aware, bio
logical activities of the synthesized compounds are not known, so they must be 
considered as highly toxic products.
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4.3.1
Experimental

a) [CuCe(L)(NO3)3] Complex

Preparation of the H2L Ligand

A solution of l,3-diamino-2,2' (PRIMA)-dimethylpropane (3.3 mmol, 0.337 g in 
5 cm3 methanol) is added dropwise to a solution of o-vanillin (6.6 mmol, 1.004 g) in 
10 cm3 of methanol placed in an Erlenmeyer flask. The addition must be very slow, 
requiring ca. 10 minutes while maintaining vigorous stirring, otherwise an oily pro
duct is usually obtained. Once the addition is completed, stirring must be main
tained for 30 minutes. The yellow precipitate is filtered off in vacuum, washed with 
diethyl ether (30 cm3) and dried in air for 30 minutes at room temperature. Calculate 
the yield for H2L with MW = 370.44 g. Obtain the IR spectrum (KBr disc) and com
pare it with the following selected bands (cm1): 2960, 2906, 2835, 1630, 1525, 1464, 
1350, 1252, 1171, 1078, 1050, 972, 914, 874, 840, 779, 752, 733, 719. Record the 
3H NMR spectrum in DMSO-d6 and compare it with the following (S, ppm): 13.8 
(s, 2H), 8.53 (s, 2H), 7.04 (d, J= 8 Hz, 2H), 7.03 (dj = 8 Hz, 2H), 6.81 (t, J = 8 Hz, 2H), 
3.78 (s, 6H), 3.49 (s, 4H), 0.99 (s, 6H) and two intense signals at 2.505 and 3.34 ppm.

Preparation of the [CuCe(L)(NO3)3] Complex

A solution of Cu(NO3)2 • 3H2O (1 mmol, 0.242 g) in 10 cm3 of methanol is added drop
wise to a suspension containing H2L (1 mmol, 0.370 g) in 10 cm3 of methanol. Once the 
addition has finished, maintain stirring for 20 minutes. Subsequently, pour slowly a solu
tion of Ce(NO3)3 • 6H2O (1.5 mmol, 0.651 g in 10 cm3 of methanol) on to the green solu
tion previously obtained. Keep the reaction mixture stirring for 1.5 hours. Filter the light
green solid formed, wash with cold methanol (2 x 10 cm3) and diethyl ether (10 cm3) and 
dry in air at ambient temperature. Calculate the yield considering MW = 839.33 g, 
which corresponds to the formula CuCe(L)(NO3)3(CH3OH)2. Obtain the IR spectrum 
(KBr disc) and compare it with the following selected bands (cm1): 3465, 2955, 2925, 
1622, 1565, 1470, 1294, 1245, 1230, 1063, 1024, 999, 972, 933, 852, 815, 779, 736.

b) [VOCd(L)(NO3)3] Complex

Preparation of the (VO(L)] Precursor

Heat for 10 minutes an aqueous solution (20 cm3) containing o-vanillin (20 mmol, 
3.04 g) and l,3-diamino-2,2'-dimethylpropane (10 mmol, 1.02 g). The solution turns 
orange. Add slowly a solution of VOSO4 • xH2O (10 mmol, 1.63 g) in water (20 cm3). 
A light greenish brown precipitate appears, which is filtered off, washed with acetone 
(30 cm3) and diethyl ether (30 cm3) and dried in air. Calculate the yield forVO(L)(H2O) 
(MW = 453.39 g). Selected IR bands (cm1): 3435, 2954, 1652, 1618, 1555, 1471, 1453, 
1432,1412,1392,1326,1297,1248,1224,1086,1066, 958, 859, 733.
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Preparation of the [VOGd(L)(NO3)3] Complex

Solid Gd(NO3)3 • 6H2O (1.55 mmol, 0.70 g) is added to a suspension of VO(L)(H2O) 
(1.00 mmol, 0.44 g) in 30 cm3 of acetone. Keep the light green mixture boiling for 
5 minutes and then maintain stirring without heating for 15 minutes. Filter off the 
solid, wash with acetone (20 cm3) and diethyl ether (10 cm3) and dry it in air. Calcu
late the yield for VOGd(L)(NO3)3(C3H6O) (MW = 836.71 g). Selected IRbands (cm1): 
3391, 2962, 1703, 1630, 1609, 1567, 1521, 1489, 1473, 1435, 1311, 1283, 1245, 1230, 
1064, 995, 857, 741, 735.

4.3.2
Exercises

1. Do the methyl groups in the diamine moiety play any role in the chemistry or 
physical properties of these complexes ?

2. Think about the choice of solvents. Why is water used in the preparation of VO(L) 
but is not recommended in the step involving the addition of the lanthanide ni
trate?

3. Assign the vibrations corresponding to the bidentate nitrato ligands in the IR 
spectra of the bimetallic compounds. Conductivity measurements have been car
ried out using both 103 M methanol and acetone solutions. The results are in 
good agreement with a 1:1 electrolyte and non-electrolytic behaviour, respectively. 
Propose an explanation for these differences considering the literature dealing 
with analogous complexes [3].

4. Taking into account the JH NMR signals given above, assign those corresponding 
to methyl (CH3 and OCH3), methylene, azomethine, phenoxy and aromatic pro
tons. Deuterated DM SO contains traces of water.

5. Which of the two heterometallic compounds will give rise to intramolecular mag
netic exchange interactions ? Do you think that they are strong or weak ? Which 
complex will exhibit spin-orbit coupling? Select two pairs of metal ions that allow 
d-/heterobimetallic compounds to be obtained with (a) paramagnetic and (b) dia
magnetic behaviour.

References

1 R. E. P. Winpenny, Chem. Soc. Rev. 1998, 27, 447; C. Piguet, J.-C. G. Biinzli, Chem. Soc. Rev. 
1999, 28, 347; M. Sakamoto, K. Manseki, H. Okawa, Coord. Chem. Rev. 2001, 219-221, 379.

2 J.-P. Costes, F. Dahan, A. Dupuis, J.-P. Laurent, Inorg. Chem. 1997, 36, 3429; J.-P. Costes, 
F. Dahan, B. Donnadieu, J. Garcia-Tojal, J.-P. Laurent, Eur. J. Inorg. Chem. 2001, 363; A. Elmali, 
Y. Elerman, Z. Naturforsch., Teil B, 2003, 58, 639.

3 J.-P. Costes, F. Dahan, A. Dupuis Inorg. Chem. 2000, 39, 165, and references therein.



287

4.4
Electronic Characterisation of a Transition Metal Complex 
Using Electrochemical UV/Vis and EPR Techniques
Lesley J. Yellowlees

Many students will have encountered electroanalytical techniques where redox active 
species are detected both qualitatively and quantitatively. This experiment is designed 
to illustrate other uses of the technique — how electrochemistry can be used to 
probe the electronic characteristics of a redox active transition-metal complex and in 
the preparation and study of an air unstable species. In particular, you will investi
gate the frontier orbitals (HOMO and LUMO) of [Fe(bpy)3]2+ (bpy = 2,2'-bipyridine). 
UV/vis and EPR spectroscopies will also be employed in this study.

4.4.1
Experimental

a) [Fe(bpy)3][BF4]2

FeCl2 (0.1 g) is dissolved in a minimum amount of H2O and bpy (0.4 g) is dissolved 
in a minimum amount of ethanol. The two solutions are mixed and a solution of 
NaBF4 (0.2 g) in H2O is added. The resulting deep red precipitate is filtered and 
washed with cold water and finally cold ethanol.

Record the UV/vis spectrum of the [Fe(bpy)3]2+ in CH3CN from 850 to 250 nm. 
Calculate the maximum molar absorption coefficient, emax, for each of the absorption 
bands (emax = Ac-1!-1, where A = measured maximum absorption, c = concentration 
in mol dm-3 and I = pathlength of solution in cm). (Note: It will be necessary to re
cord spectra of [Fe(bpy)3]2+ over a range of concentrations in order to observe all 
transitions).

Construct a qualitative molecular orbital diagram for [Fe (bpy)3]2+, remembering 
that bpy is a bidentate N-donor ligand and is a fairly good u-acceptor. Where are the 
HOMO and LUMOs primarily based? Which electronic transition is responsible for 
the deep red colour?

You should be able to probe the electronic character of the HOMO and LUMO 
electrochemically since an oxidation will involve removing an electron from the 
HOMO and a reduction involves adding an electron to the LUMO. Furthermore, if 
either of the redox processes is chemically reversible, i.e. the complex does not un
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dergo a chemical raction following the electron transfer reaction, then the redox pro
duct may be studied in order to test the molecular orbital diagram derived qualita
tively.

b) Electrochemical Studies

Initially, you will probe the redox behaviour of [Fe(bpy)3]2+. There are approximately 
30 distinct perturbations of potential, current and charge which can be used in the 
study of electrode processes — however, only about 10 of these are widely used. In 
this experiment, you will consider three of the most common, namely cyclic voltam
metry (CV), stirred voltammetry (SV) and coulometry.

Electrochemical experiments will be performed in a conventional three-electrode 
cell using a Pt micro-disc (diameter approximately 1 mm) electrode, an Ag/AgCl 
reference electrode and a Pt counter electrode. The solvent is acetonitrile and the 
supporting electrolyte is tetraethylammonium tetrafluoroborate (TEABF4) (0.1 M). 
Coulometric experiments will use an H-type cell in which the counter electrode com
partment is separated by a frit from the working electrode compartment so as to 
avoid product contamination.

Make up 50 cm2 3 CH3CN/0.1 M TEABF4, set up the electrochemical cell and bub
ble the solution with Ar or N2 for approximately 20 minutes. Why is it necessary to 
bubble the gas through the solution prior to experimentation? Check that the back
ground solvent is free of any redox processes by running positive and negative CV’s. 
Add approximately 20 mg of compound. Set the starting potential to 0 V and scan 
rate to 100 mV s-1, sweep to +1.5 V and -2.0 V. Do SV at 20 mV s-1 to confirm 
whether the observed redox processes are oxidations or reductions. Note that the en
ergy gap between the first reduction process and the oxidation process is in fairly 
good agreement with the energy of the visible absorption maximum of [Fe(bpy)3]2+. 
Why should this be?

2. ia/ic =1.0 and ia vs. v1/2 is a straight line through zero. ia = anodic peak current, 
ic = cathodic peak current.

Is the [Fe(bpy)3]2+ oxidation process reversible?

Next, set up the coulometric cell and bubble the solution with Ar or N2 for 20 min
utes. Run background CVs and then add an accurately weighed amount of complex 
(approximately 20 mg). Run CVs and SVs. Perform electrogeneration of oxidised spe-

Concentrating on the oxidative process, do a reversibility study by varying the scan 
rate from 20 mV s-1 to 500 mV s-1. A reversible redox process means that the elec
tron transfer rate from/to the electrode to/from the complex is rapid and the com
plex is not undergoing a major geometric change on electron transfer. Furthermore, 
the complex is not undergoing a chemical reaction following the electron transfer 
step. If the redox couple is fully reversible, then the following criteria must hold:

1. ‘Ep is independent of v (scan rate) and Ea-Ec = 59/n mV (n = no. of electrons in
volved in the electron transfer process) at 298K and Ep = (Ea + Ec)/2 where Ea = 
anodic peak potential and Ec = cathodic peak potential.
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ties at relevant potential recording i vs. t curve throughout generation. After genera
tion of oxidised product, calculate the number of moles of electrons passed. Repeat 
CVs and SVs. Note that CVs are identical before and after electrogeneration, but SVs 
are not. Why is this so ?

Provided it is kept in an inert atmosphere, the oxidised product is relatively stable 
and may be studied using a variety of spectroscopic techniques. Record the UV/vis 
and EPR (Fig. 4.4-1) spectra of the oxidised species. Discuss them and decide 
whether they are in agreement with your qualitative molecular orbital diagram for 
[Fe(bpy)3]2+.

Comment on the electronic nature of the reductive processes and what you might 
expect to observe in the UV/vis and EPR spectra of the first reduction product.
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4.5
Chlorotris(tert-butylimido)manganese(VII)
Andreas A. Danopoulos and Geoffrey Wilkinson

Although the manganese (VII) and (VI) compounds, Mn2O7, MnO3X (X = F, Cl) 
salts of MnO;, and MnO4- have been known for over 140 years [1], no compounds 
without Mn=O bonds existed until the synthesis of MnCl(NtBu)3 [2], which is the 
analogue to the explosive MnO3Cl. Imido groups, RN = (R = alkyl or aryl), are iso- 
electronic with Q = groups and can give similar compounds of transition metals in 
high oxidation states that are poorer oxidants than the corresponding oxides, cf. 
OsO4 and Os(NtBu)4.

MnCl(NtBu)3 can be reduced, e.g. by Na/Hg to the manganese dimer 
[(tBuN)2Mn(/z-NtBu)]2 and a variety of derivatives made by substitutions of Cl, e.g. 
by CH3CO2 [2],

Special Safety Precautions

1. Trimethylchlorosilane and teri-butylsilylamine hydrolyse and the products 
(HC1, and tBuNH2) are harmful. A well ventilated fume cupboard should be 
used.

2. Acetonitrile and tBuNH2 are toxic and should be handled using gloves in a 
fume cupboard.

3. The toxicity of MnCl(NtBu)3, which has an appreciable vapour pressure at 
room temperature, is unknown. It is best kept in a sealed flask in a refrigerator.

4. Aqueous manganese residues should be safely disposed of.

4.5.1
Experimental

All glassware should be carefully dried to eliminate the possibility of hydrolysis. 
Although MnCl(NiBu)3 can be handled in air, the following syntheses must be car
ried out under dry, oxygen-free N2 or Ar.
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a) Tert-butylsilylamine [3]

In a 3 1 3-neck round-bottomed flask fitted with mechanical stirrer, a 1000 cm3 pres
sure equalising dropping funnel and coil condenser connected to an N2 line are 
placed 1.5 1 of Et2O (Note 1) and 315 cm3 (3 mol) of tBuNH2 (Note 2). The flask is 
cooled in an ice bath.

From the dropping funnel is added a solution of Me3SiCl (190 cm3, 1.5 mol) in 
200-300 cm3 Et2O (made up under dry N2). The rate of addition is adjusted so that 
refluxing of Et2O is avoided. A white precipitate of tBuNH3Cl is formed and the final 
thick white slurry is allowed to warm to ambient temperature and stirred for 
3-4 hours. The liquid is then sucked off using a ground-joint filter stick. The residue 
is washed with Et2O (3 x 300 cm3) and the combined liquids distilled under N2 at 
atmospheric pressure using a short (ca. 30 cm) column. After removal of Et2O, the 
tBuNH(SiMe3) is collected at 118-120 °C in yields ca. 50-60%.

b) Chlorotris(tert-butylimido)manganese (VII)

In a 11 3-neck flask with N2 inlet, mechanical stirrer and dropping funnel as above 
is placed Mn12O12(CO2Me)16- (H2O)4 • CH3CO2H [4] (12.5 g, 6.5 mmol) and 450 cm3 
acetonitrile (Note 3) and the flask cooled to ca. -35 °C to -40 °C in a dry-ice/acetone 
or /isopropanol bath. At this temperature (Note 4), an excess of neat Me3SiCl 
(40 cm3, 315 mmol) is added dropwise (Note 5) with stirring. The initial dark brown 
solution (which may contain some unreacted acetate) becomes dark red and finally 
shows the dark red-purple colour of MnCl3. After stirring for 0.5 hour, neat 
tBuNH(SiMe3) (50 cm3, 370 mmol) is added dropwise from the dropping funnel. 
The reaction mixture becomes orange-brown in colour. After stirring for ca. 12 hours 
whilst allowing to warm to ambient temperature, the colour changes to dark green. 
At this point, the mixture is very moisture sensitive and failure to work under N2 re
sults in low yields. The green solution is filtered under N2 using a G3 glass frit cov
ered with a Celite 521 pad (3-4 cm) and the filtrate evaporated in a rotary evaporator 
(water bath temperature should not exceed 50 °C) connected to a conventional va- 
cuum/N2 manifold. A liquid N2 trap is used to collect volatiles and prevent them en
tering the vacuum line. After removal of volatiles, the green residue (which can now 
be handled in air if necessary) is shaken thoroughly with petroleum (40°C-60°C, 
200 cm3) and water (200 cm3). The green organic phase is separated, the aqueous 
phase (also yellow-green due to formation of the MnCl4~ ion) is extracted with petro
leum (3 x 100 cm3) and the combined solvent dried over anhydrous Na2SO4 for 
2 hours. After filtration and removal of petroleum on a rotating evaporator, the green 
crystalline MnCl(NtBu)3 is collected and recrystallised from petroleum. Yield 
(2 crops): 1.6-1.9 g; m.p.: 92-93 °C. For spectroscopic data, refer to the literature 
[2], Since the complex is air and moisture stable, no special handling precautions are 
necessary.



292 4 Advanced Experiments

4.5.2
Notes

1. Et2O dried over Na wire can be used without further treatment
2. tBuNH2 is dried with solid KOH or with Na wire and preferably distilled under N2.
3. Acetonitrile is dried over CaH2 and distilled under N2.
4. The temperature is not critical for the formation of the puple solution of MnCl3 

in MeCN, but it is important to keep the temperature ca. -40 °C during addition 
of tBuNH (SiMe3).

5. Excess Me3SiCl is used to ensure removal of H2O and CH3CO2H, which will sol
vate the oxoacetate.

6. Excess tBuNH (SiMe3) is used to scavenge any acidic compounds formed by hydro
lysis in solution.
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4.6
Tetrakisphosphorane Iminato Complexes of Transition Metals
Kurt Dehnicke

Phosphorane iminato complexes of transition metals and main group elements con
tain the ligand group (NPR3)“ (R = organic residue, halogen or amido groups). De
pending on the oxidation states of the counter cations, the bonding situation and 
rate of association change from ionic to covalent and from oligomeric to monomeric 
species, respectively (Table 4.6-1).

Table 4.6-1

[K(NPPh3)]6 [ClFe"(NPEt3)]4 [Cl2Fe'"(NPEt3)]2 [Cl3Tilv(N PPh3)]

Double cube with Heterocubane with Dimeric structure with Monomeric with linear
shared K2N2 plane Fe4N4 skeleton planar Fe2N2 ring Ti =N-PPh3 moiety

Linear bonding modes of the type M =N-PR3 are also present in the homoleptic 
tetrakis-phosphorane iminato complexes [M(NPR3)4]n with n = 2+, +1, 0, -1 of transi
tion metals M = Mo,W,V, Ta, Ti, Hf,Yb, forming a series of valence-isoelectronic spe
cies with MNP angles from 145 to 165°: 

[W(NPR3)4]C12 [Ta(NPR3)4][TaCl6] [Hf(NPR3)4] Cs[Yb(NPR3)4]

The MN bond lengths depend on the increase in the atomic radius of the metal 
atom, which is accompanied by a decrease in the oxidation state on going from tung
sten to ytterbium (Table 4.6-2).

Table 4.6-2

Compound MN separation/pm 
(average values)

[W(NPPh3)4]2+ 
[Ta(NPPh3)4]+ 
Hf(NPPh3)4] 
[Yb(NPPh3)4]~

180.9
185.0
200.9
214.6

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
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The bonding mode of complexes with a linear M = N-P arrangement can best be 
described as pseudo-isolobal with the p5-bonded cyclopentadienyl group; both li
gands formally exist as a (<7,27t)-donor set of six elections with the same charge:

0[:N—pr31'

[M]=N—pr3

[C5H5]-

0

Indeed, quantum chemical calculations show a striking analogy in the bonding be
haviour of these two complex species, even on closer inspection of the real interac
tion and of their a and n components. The different demands of the bulky Cp“ 
ligand and the ‘slim’ [NPR3]~ ligand cause high reactivity of the phosphorane imi- 
nato complexes, which makes them promising candidates as catalysts for the poly
merization of olefins and lactones.

Synthetic routes to prepare homoleptic phosphorane iminato complexes of tung
sten, tantalum, hafnium and ytterbium are shown in Eqs. (1) to (4).

WO2C12 + 4Me3SiNPPh3 CHjCN [W(NPPh3)4]Cl2 + 2 O(SiMe3)2 (1)

[TaCl5]2 + 4Me3SiNPPh3 _CHjCN [Ta(NPPh3)4][TaCl6] + 4ClSiMe3 (2)

HfCl4 + 4Cs(NPPh3) thf 
------------> [Hf(NPPh3)4] + 4 CsCl (3)

[Yb(NPPh3)3]2 + 2 Cs(NPPh3) thf 
------------► 2 Cs[Yb(NPPh3)4] (4)

2YbCl3 + 6NaNPPh3 thf 
------------► [Yb(NPPh3)3]2 + 6 NaCl (5)

The preparation of Cs[Yb(NPPh3)4] requires the dimeric complex [Yb(NPPh3)3]2 as 
starting material (Eq. 4), which is easily available by reaction of YbCl3 or Y(O3S-CF3)3 
with NaNPPh3 (Eq. 5).

In some cases, metal nitrido complexes are also suitable to give phosphorane imi
nato derivatives (Eq. 6).

Mo(N)C13 + 4 Me3SiNPMe3 22 >
[Mo(NPMe3)4]Cl2 + ClSiMe3 + N(SiMe3)3 (6)

Special Safety Precautions

1. Tungsten hexachloride (WC16), tungsten dioxodi chloride (WO2C12) and tanta
lum pentachloride (TaCls) are moisture sensitive and therefore likely to hydro
lyse to give HC1 (which is toxic by inhalation), WO3-nH2O and Ta2O5-nH2O, 
respectively.

2. The preparation of silylated phosphanimines (Me3SiNPR3) requires the corre
sponding phosphanes (PR3) and trimethylsilylazide (Me3SiN3), which are 
available from Aldrich or Merck. Always use an inert solvent (e. g. toluene) for 
PR3 and add a solution of Me3SiN3 in toluene dropwise at boiling tempera
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ture. Make sure that dinitrogen as a result of the Staudinger reaction can leave 
the reaction apparatus. Never distil trimethylsilylazide prior to use!

3. Grease all joints carefully with silicone. All procedures must be carried out un
der dry nitrogen. Use dried solvents only.

4. The solvents dichloromethane, acetonitrile and tetrahydrofuran are toxic by in
halation or contact. Use a fume cupboard.

4.6.1
Experimental

a) [W(NPPh3)4]2+ 2 Cl"

Tungsten dioxodichloride (1.0 g, 3.5 mmol) and acetonitrile (20 cm3) are placed in a 
100 ml two-necked flask. To this suspension, a solution of trimethylsilyltriphenyl- 
phosphoranimine, Me3SiNPPh3 (2.75 g, 7.0 mmol), in acetonitrile (20 cm3) is slowly 
added dropwise while stirring (magnetic stirrer). The reaction mixture is now re
fluxed until a clear yellow solution is obtained. After cooling to room temperature, 
1 cm3 of diethyl ether is added and the reaction tube is separated for 2 days. White 
single crystals are filtered off, washed with 3 ml of diethyl ether and dried in va
cuum.

The yield can be increased by evaporating the filtrate (use a magnetic stirrer!) to a 
volume of 20 cm3. The remaining crystal powder is filtered off and worked up as 
above.

Calculate the yield, measure its IR spectrum (KBr plates, Nujol mull) and give an 
explanation for the relative broadness of the absorption bands. Compare the results 
with literature data. The progress of slow hydrolysis on exposing the sample to hu
mid air can be observed by IR spectroscopy. The following reaction sequence occurs 
step by step:

[W(NPPh3)4]Cl2 + H2O -► [WO(NPPh3)3]Cl + [Ph3PNH2]+Cl" 

[WO(NPPh3)3]Cl + H2O -► [WO2(NPPh3)2] + [Ph3PNH2]+ Clj 

[WO2(NPPh3)2] + H2O -► WO3 + 2HNPPh3

HNPPh3 + H2O -> NH3 + OPPh3

[Ph3PNH2]+Cr + H2O -» NH4C1 + OPPh3

(7)

(8)

(9)
(10)

(11)

Take samples for measuring the IR spectrum at regular intervals (e. g. every 
5 minutes) and identify the resulting species by assignment of NH, WO and PO 
stretching vibrations.
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b) [ra(NPPh3)4]+ cr

Tantalum pentachloride (4.7 g, 13.1 mmol) and acetonitrile (70 cm3) are placed in a 
250 cm3 two-necked flask. Me3SiNPPh3 (10.3 g, 29.5 mmol) is added with stirring 
(magnetic stirrer) and refluxed until a clear solution occurs. After cooling to room 
temperature, the white crystalline solid is filtered off, washed with 10 cm3 of diethyl 
ether and dried in vacuum. The filtrate is separated for 2 days to give single crystals.

Calculate the yield, measure the IR spectrum (CsI plates, Nujol mull) and com
pare it with literature data. Identify the [TaCl6]~ anion by assignment of the triply de
generate antisymmetric stretching vibration (Flu).

Further Reading

Reviews

K. Dehnicke, Chem. Soc. Rev. 2001, 30, 125-135.
K. Dehnicke, Z. Anorg. Allg. Chem. 2003, 629, 729-743.
K. Dehnicke, A. Greiner, Angew. Chem. Int. Ed. 2003, 42, 1340-1354.

Specific References

[W(NPPh3)4]C12: E. Rentschler, D. Nusshar, F. Weller, K. Dehnicke, Z. Anorg. Allg. Chem. 1993, 
619, 999-1003.

[Ta(NPPh3)4][TaCls]: D. Nusshar, F. Weller, A. Neuhaus, G. Frenking, K. Dehnicke, Z. Anorg. Allg. 
Chem. 1992, 615, 86-92.

[Ph3PNH2]Cl: M. B. Hursthouse, N. P. C. Walker, C. P. Warrens, J. D. Woollins, J. Chem. Soc., Dal
ton Trans. 1985, 1043-1047.

W(O)2C12: V. C. Gibson,T. P. Klee, A. Shaw, Polyhedron, 1988, 7, 579-580.
Ph3PNSiMe3: L. Birkofer, A. Ritter, P. Richter, Chem. Ber. 1963, 2750-2757.



297

4.7
Magnetochemistry Experiments:
Exchange Coupling in Copper(ll)-Nickel(lI) Bimetallic Complexes 
and Spin Transition in Iron Complexes
Eugenio Coronado and J. J. Borrds-Almenar

The aim of this experiment is to illustrate two phenomena of current interest in mo
lecular magnetism, namely magnetic exchange interaction in bimetallic complexes 
and spin transition1*, both of which can easily be detected by means of magnetic sus
ceptibility measurements at variable temperatures. In the former case, two bimetal
lic coordination isomers of the trans-cyclohexane-l,2-diamine-N,N,N',N'-tetraacetate 
(CDTA) containing Cu(II)-Ni(II) pairs are prepared and magnetically characterised. 
These compounds belong to an extensive series of bimetallic materials, the so-called 
EDTA family, in which the ability of the EDTA-like ligands to selectively coordinate 
to metal ion while still providing carboxylate bridges to link a second metal provides 
the possibility of preparing a wide variety of ferrimagnetic systems of variable di
mensionality. Furthermore, the inertness of these CDTA complexes in solution 
makes these systems of particular interst to illustrate the possibility of kinetic control 
of their syntheses.

In the second case, the compound di-isothiocyanatobis(l,10-phenanthroline) iro- 
n(II), Fe(phen)2(NCS)2, is particularly suitable since it shows an abrupt S = 0 « S = 2 
spin transition at a critical temperature close to 175 K, which may be detected by mag
netic measurements.

4.7.1
Experimental

a) The Bimetallic Complexes NiCu(cdta) • 6H2O (1) and CuNi(cdta) • 7H2O (2)

Both compounds are prepared following the same general procedure. To 2 mmol of 
H4CDTA acid (Titriplex IV), a concentrated solution containing 8 mmol of NaOH is 
added dropwise with stirring until complete deprotonation of the acid is effected 
(final pH ca. 11.7). To this solution, an equimolar solution of the relevant metal 
nitrate (Cu or Ni respectively) is added. After allowing a short period (ca. 15 minutes)

1) Equivalent terms found in the literature are spin crossover, magnetic crossover or spin equilibrium.
For a review see P. Giitlich, Struct. Bonding (Berlin), 1981, 44, 83; see also E. Konig, G. Ritter, S. K. 
Kalshreshtha, Chem. Rev. 1985, 85, 219.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
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to ensure complexation of this metal ion, an equimolar aqueous solution of the sec
ond metal nitrate is added. Then, acetone is added dropwise with stirring until inci
pient turbidity. The resultant solutions are filtered and stored at ca. 5 °C. Blue crystal
line solids of 1 and 2 appear after a few hours.

Caution: In the preparation of 2 small modifications of the experimental conditions 
(for example, heating the solutions) and allowing long periods of time for crystalliza
tion (slow evaporation of the solution at room temperature with no addition of acet
one) can lead to a different compound formulated as Cu3Ni2(cdta)2(NO3)2 • 15H2O. 
This compound can easily be identified by the presence of nitrates in its IR spectrum 
(sharp absorption at ca. 1390 cm-1). Record the IR spectra of the obtained compounds 
as KBr pellets in order to verify this point.

The structures of 1 and 2 (see Fig. 4.7-1) show the presence of bimetallic dimers 
with two different coordination sites in which the two metal atoms are linked through 
a carboxylate bridge. In 1, the CDTA hexacoordinates the Cu11 ion while the Ni11 ion is 
in an octahedral site formed by five water molecules and an oxygen atom from the 
carboxylate bridge. In 2, the CDTA site is occupied by Ni11, while Cu11 is now occupy
ing a square pyramidal site with four water molecules and an oxygen atom.

Determine the magnetic susceptibilities of the two products as a function of the 
temperature with a Faraday balance equipped with a helium or nitrogen cryostat. 
Correct the experimental data for the diamagmetic contributions of the constituent 
atoms using the Pascal tables and from T.I.P. contributions of the metal ions. Plot 
the product magnetic susceptibility times the temperature (proportional to vs. 
the temperature.

Fig. 4.7-1 Structures of 1 and 2.
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The magnetic behaviour of 1 follows a Curie law with a constant value of the pro
duct /T (« 1.6 emu K mol-1) over the temperature range 4-300 K. Conversely, as 
the temperature is lowered, 2 exhibits a continuous decrease of /T down to 15 K. 
Below this temperature a constant value of/T (« 0.4 emu K mol-1) is observed.

Derive the susceptibility expression for an exchange-coupled pair with spins 1/2-1 
in terms of the exchange coupling, J, and the Lande factor, g. Use this expression to fit 
the magnetic data of 2. Explain the different behaviours of the two compounds on the 
basis of the presence or absence of magnetic exchange interactions between the Cu11- 
Ni11 pairs. Correlate this result with the structural differences in the bridging network 
and in the two coordination sites of the two complexes. For a general discussion see 
Fuertes et al.

b) Fe(phen)2(NCS)2

This is one of the spin-crossover systems that have been most investigated through 
various techniques including magnetic and calorimetric measurements, Mossbauer, 
IR, UV-visible, NMR and XPS spectrometries, and X-ray diffraction and absorption. 
Depending on the method of synthesis, two different polymorphs can be prepared.

Method A: All operations are carried out under inert atmosphere. A suspension 
of potassium thiocyanate K(SCN) (8 mmol) and hydrated iron(II) sulfate, Fe(SO4) 
• 6H2O, (4 mmol) in methanol is stirred until the reaction is complete. The colourless 
solution containing Fe2+ and SCN- is separated from the white precipitate of potas
sium sulfate by filtration. The eventual colouring of the solution indicates the pre
sence of traces of Fe3+, and can be eliminated by addition of some crystals of ascorbic 
acid. A stoichiometric amount of 1,10-phenanthroline (phen) in methanol is added 
dropwise to the above stirred solution. The pink-violet precipitate of Fe(phen)2(NCS)2 
is filtered off, washed several times with methanol and dried in an argon stream. The 
purity of the compound can be checked by IR (the presence of a broad band at 
1100 cm-1 is indicative of sulfate impurities).

Method B: In this case Fe(phen)2(NCS)2 is prepared by extracting a phenanthroline 
group from Fe(phen)3(NCS)2 • H2O in a Soxhlet apparatus using acetone. The 
extraction is carried out for a period of 3 weeks under argon atmosphere. 
Fe(phen)3(NCS)2 • H2O can be prepared by adding the stoichiometric amount of 
phen to a solution of Fe2+ and SCN- prepared as described in method A. A more sim
ple method for preparing Fe(phen)3(NCS)2 • H2O consists of adding a saturated aqu
eous solution of K(SCN) to a mixture of Fe(SO4) ■ 6H2O and phen (in stoichiometric 
amounts) dissolved in the minimum quantity of water. The precipitate is washed with 
acetone and ether. In such a case the use of an inert atmosphere is not necessary.

c) Magnetic Properties of Fe(phen)2(NCS)2

Determine the magnetic susceptibilities on the polycrystalline samples in the tem
perature range 77-300 K. Correct the molar susceptibilities for diamagnetism and 
plot the '/Tproduct vs. T An abrupt increase associated to the singlet quintet spin 
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transition should be observed around Tc ® 176 K; such a transition is much sharper 
in sample B than in sample A. Determine the relative amounts of high- and low- 
spin isomers above and below Tc in sample A. For a general discussion see Gallois 
et al. and Ganguli et al.

Further Reading
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F. Sapina, E. Escriva, J. V. Folgado, A. Beltran, D. Beltran, A. Fuertes, M. Drillon, Inorg. Chem. 
1992, 31, 3851.

E. Sinn, Coord. Chem. Rev. 1970, 5, 313.
B. Gallois, J. A. Real, C. Hauw, J. Zarembowitch, Inorg. Chem. 1990, 29, 1152, and references 
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E. Kbnig, A. Madeja, Inorg. Chem. 1967, 6, 48.
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4.8
Metal-Containing Liquid Crystals.
The Synthesis of trans-bis(4-Alkyl-4'-cyano- 
l,T-biphenyl)dichloroplatinum(ll) and Related Species -
The Use of Melt Syntheses
Duncan W. Bruce

Almost everyone will now own some device or other containing a liquid crystal dis
play (LCD), be it a flat-panel television, a calculator, a lap-top computer or even the 
display on the washing machine. The wholesale commercialisation of LCDs began 
in the early 1970s following the synthesis of the alkylcyanobiphenyls, alkoxycyanobi
phenyls and alkycyanoterphenyls (shown below) by Gray and coworkers at the Uni
versity of Hull.

Alkylcyanobiphenyls Alkoxycyanobiphenyls

Alkylcyanoterphenyls

These materials were important as they had the correct combination of physical 
properties and chemical inertness for exploitation. Research on liquid crystals has 
boomed since that time and groups are internationally active in all areas of the sub
ject from biology (cell membranes are liquid crystals) to device engineering, from 
the applied to the pure and from the experimental to the theoretical.

One of the more recent areas to come to prominence involves the design and 
synthesis of metal complexes which are liquid crystalline and these are discussed in 
several review review articles. The area is of considerable fundamental interest, but 
one of the driving forces is the fact that certain properties of metals can be incorpo
rated into liquid-crystalline media in this way, for example paramagnetism, polarisa
bility or even colour.

The complexes described in this synthesis are platinum(II) complexes of the origi
nal cyanobiphenyls, being readily prepared from PtCl2 and the ligand directly.

The liquid-crystalline state is a true state of matter which exists between the liquid 
and the solid state and as such, has properties reminiscent of each. Thus, in com
mon with a liquid it is fluid, while in common with a solid, it possess order - a useful 
way to think about these systems is as ordered liquids. There are several different 
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classifications of liquid crystals of which the broadest are thermotropic, in which the 
solid-liquid crystal-liquid transitions are thermally induced, and lyotropic, where they 
are solvent induced. We will concentrate solely on thermotropic systems.

Thermotropic liquid crystals can be further classified as polymeric, discotic (i. e. 
disc-shaped), bent-core and calamitic (or rod-shaped). This experimenta deals only 
with the last of these. The point about rod-like molecules is that they are structurally 
anisotropic and hence there are anisotropic dispersion forces existing between mole
cules. It is these rather weak forces which stabilise liquid crystal phases. This is not 
the place to discuss the various structural criteria which will promote the formation 
of liquid crystalline behaviour, but for our purposes, it is sufficient to say that rods 
built up of a rigid core (usually aromatic with at least two rings either linked directly 
or via groups such as ester, imine or vinyl) and terminated at one end by a flexible 
alkyl (or alkoxy) chain and at the other either by the same or by a small polar group 
(e.g. -CN, -NO2, -OMe) are often liquid crystalline.

Such molecules generally form two general types of liquid crystal phase, nematic 
and smectic. If our rods were in a fluid state with one-dimensional orientational order 
and no positional order, then they would describe the nematic phase (N) (Fig. 4.8-1). 
The nematic phase is the most disordered type of mesophase and is the one used in 
most display applications.

nn u rifA
//faJHU\\ Fig. 4.8-1 Schematic picture of a nematic phase

U (from Inorganic Materials by permission of John Wiley & Sons).

If we then introduce partial positional order in addition to the orientational order, 
a family of smetic phases is generated, which are characterised by having some layer
ing of the molecules. In the smectic A (SmA) phase (Fig. 4.8-2 a), the molecules are 
loosely associated within layers and point on average in a direction perpendicular to 
the layers. In the smectic C phase (SmC), the situation is similar (Fig. 4.8-2b), except 
that the molecules now make some angle, 9, to the layers. There is, however, no posi
tional correlation between molecules within the SmA or SmC layers and there is 
considerable fluidity within, and easy diffussion between, the layers. Other types of 
smectic phase exist but will not be described here.

/////////
Mii/ii //////////

/!////!/// b}
Fig. 4.8-2 Schematic representation of 
a) the SA and b) the Sc phases 
(from Inorganic Materials by permission 
of John Wiley & Sons).
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Special Safety Precautions

Cyanobiphenyls: Are effectively non-toxic and non-irritants.

Platinum(II) chloride: Is an eye and skin irritant, but should prevent no hazard 
in the quantities to be used. Gloves should be worn as a 
precaution.

Chloroform: Handle in a ventilated area and avoid exposure to skin.

Diethylether: Flammable. Use in ventilated area and avoid skin con
tact.

Celite: Is a silica dust and so inhalation should be avoided.

4.8.1
Experimental

This is a very general procedure which is applicable to a whole host of cyanobiphe
nyl-type liquid crystals. It is described in detail here for 4-octyl-4-cyanobiphenyL

An oil bath is heated to 140 °C. On reaching the temperature, a round-bottomed 
flask (capacity 25 or 50 cm3 and preferably with a B24 socket) equipped with a small 
magnetic stir bar and containing 4-octyl-4-cyanobiphenyl (873 mg, 3 molar equiva
lents; abbreviated 8CB) is placed in the oil. Stirring is commenced and PtCl2 (269 mg, 
1 molar equivalent) is added. The temperature is maintained for about 30 minutes 
during which time the mixture solidifies, turning a dirty yellow. After cooling to room 
temperature, the solid mixture is dissolved in chloroform (-15-20 cm3) and filtered 
twice through celite to remove unreacted PtCl2. A large excess of diethyl ether is added 
to precipitate the complex. Ideally, the precipitated solid is recovered by centrifugation 
(as the precipitate tends to be quite fine), but it can be obtained by decanting off the 
mother liquor after standing (don’t let all the ether evaporate off!). A small amount of 
residual solvent is not too important at this stage. The precipitate is then crystallised 
from hot chloroform/diethyl ether to give yellow crystals, which are recovered by filtra
tion, washed with diethyl ether and air dried.

Obtain the 3H NMR spectrum in CD2C12 at 250 MHz and the infrared spectrum 
(4000-200 cm-1) as a Nujol mull between CsI plates. The 250 MHz 3H NMR spec
trum of trcms-[PtCl2(8CB)2] is shown in Figure 4.8-3 for reference. Analyse the spec
trum.

In the 13C NMR spectrum, the cyanide carbon is seen at <5 117, but coupling to 
195Pt (2Jpt-c = 289 Hz) is seen at 80 MHz with a little difficulty. There is no advan
tage in going to higher field. Why?

The infrared spectrum can be used to confirm the geometry of the complex and to 
say something about its purity. Consult the literature, identify vCN for the bound 
ligand in your spectrum and determine whether your sample contains any free 
ligand. Similarly, confirm the trans geometry of the complex by locating vPt_C] and
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identifying the number of stretching vibrations. If you are familiar with the use of 
group theory, then identify the points groups for cis-and trans-[PtCl2(8CB)2] and de
termine the predicted number of Pt-Cl stretching vibrations which are active in the 
infra-red and Raman spectra. Compare these predictions with the spectrum you ob
tained.

Ideally, liquid crystal phase characterisation is carried out by a combination of 
techniques, namely polarising optical microscopy, differential scanning calorimetry 
and X-ray scattering. The most immediately useful of these is microscopy which is 
described below.

Sample and hot-stage

Observer

Crossed Polarisers

Light source

Fig. 4.8-4 Schematic diagram 
of a polarising microscope 
(from Inorganic Materials by 
permission of John Wiley & Sons).
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Fig. 4.8-5 Representation of the molecular organisation in a 
nematic phase showing the origin of the two refractive indices.

A sample is placed between two glass slides which are then placed on a hot stage, 
mounted on a microscope stage. The light which falls on the sample is plane po
larised. Between the sample and the objective lens, there is another piece of polaroid 
whose polarisation direction is at right angles to that of the first polariser (Fig. 4.8-4). 
In the absence of any sample, or in the presence of a ‘normal' liquid such as water, 
the observer would see nothing as no light would pass through. However, when a 
material is in a liquid crystal phase, its physical parameters become anisotropic (i. e. 
different in different directions). One of these anisotropic properties is refractive in
dex and nematic liquid-crystalline phases have two of these as shown in Figure 4.8-5.

Thus, it is convenient to think that two refracted rays are produced when light is 
incident on the sample in its liquid crystal phase. These two rays can then interfere 
with one another to produce an interference pattern which is now not absorbed by 
the polariser. These patterns, known as textures, are characteristic of individual liquid 
crystal phases, although in certain circumstances a given liquid crystal phase can ex
hibit more than one type of texture. A characteristic texture of the nematic phase is 
shown in Figure 4.8-6. The fluid nature of these phases can be demonstrated by the

Fig. 4.8-6 Characteristic optical texture of the 
nematic phase (fromJ. Chem. Soc., Chem. Commun., 
1994, 729, by permission of the Royal Society of 
Chemistry).
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application of mechanical stress (i. e. tap the cover slip); this can result in character
istic optical ‘flashing' for the nematic phase.

The complex you have just made has the following phase behaviour:

K 166 > N 176 > I

This means that the complex melts from the crystal phase (Crys) into the nematic 
phase at 166 °C. The nematic phase then persists until 176 °C, when the fluid be
comes isotropic (Iso - i.e. a ‘normal’ liquid). If held in this latter state for any length 
of time, the material will decompose.

Although you may not have access to the correct equipment to see this properly, a 
standard melting point experiment should show the crystals melt to a turbid fluid at 
166 °C.

The synthetic method described above has been used for compounds with the 
structures shown below, with n varying typically between 1-12 when there is no cy
clohexyl ring present, and taking the values 2, 3, 5 and 7 when there is a cyclohexyl 
ring. Not all of these results are published as yet, but interested parties are invited to 
contact the author for advice if they wish to look at other derivatives. All of these ma
terials are commercially available. The method also works with PtBr2, although the 
yields are smaller unless the conditions are modified slightly. Ptl2 does not work 
with these ligands. Further, this method works with other ligands and readers are di
rected to the literature for further details.

It is also possible to make palladium equivalents of these platinum systems, 
although there are drawbacks. They are synthesised by stirring two equivalents of 
the desired ligand for three hours at room temperature with [PdCl2(PhCN)2] in acet
one, removing the solvent on a rotary evaporator, chilling the residue in the freezer 
for two hours, and then triturating with ethanol to leave the pure, solid product after 
drying; yields are in the range 50-90%. This route is superior and generally more 
reliable than that published by Adams, et. al. Unfortunately, these complexes are la
bile in solution and so cannot be readily crystallised, which is why the ‘melt’ route is 
inappropriate. However, the melt route can be used with palladium if more inert 
complexes are to be synthesised.

The palladium complexes are also liquid crystalline and at lower temperatures 
than the platinum homologues. However, for complexes with alkylcyanobiphenyls, 
the nematic phase is monotropic, meaning that it is less stable that the crystal phase 
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and so is found on supercooling the complex from its isotropic state (i.e. crystals 
melt straight to ‘norma? liquid and the liquid crystal phase is found on supercool
ing). Therefore, it is suggested that alkoxycyanobiphenyls be used with palladium 
for convenience; all complexes with ligand chains up to and including octyloxy show 
only a nematic phase.

It would be possible to construct two general types of phase diagrams from the 
materials obtained above. In one scenario, the experiment could be made into a class 
experiment with different groups using ligands of different chain lengths. Thus, for 
one particular series, a phase diagram with chain length plotted on the x axis and 
temperature plotted on the y axis could be constructed, which would show the limits 
of liquid crystal phase stability.

In another scenario, it would be possible to construct binary phase diagrams at dif
ferent percentage compositions. The clearing point of a mixture consisting of com
plexes with similar shape and type is simply expressed as:

T^EaiTi 
i

where Tm = clearing point of the mixture; ax is the percentage of component i in the 
mixture and I) is its clearing point, i.e. it is a linear function of composition. A typical 
phase diagram for a mixture of two nematic compounds is shown in Figure 4.8-7.

This shows the linear behaviour of the clearing point and the eutectic behaviour 
of the melting point. Such phase diagrams can typically be constructed at composi
tional increments of 10%. Further, they can be used to effect if one or both of the 
components has a monotropic phase as the drop in melting point can lead to an en
antiotropic phase (i. e. observed on heating and cooling) for the mixture within a par
ticular composition range. An example of this is the binary phase diagram con
structed for the Pd complexes of propyl- and pentyl-bicyclohexylcarbonitrile (abbre
viated CCH3 and CCH5 respectively), although in this case the lability of the palla-
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dium complexes meant that all three possible complexes (i. e. [PdC12(CCH3)2.], 
[PdCl2(CCH5)2] and [PdCl2(CCH3)(CCH5)] were present in statistical proportions. 
In our experience, mixtures for binary phase diagram studies are best made by mix
ing the two components in the correct proportion in solution (e. g. CHC13) and then 
removing the solvent.

4.8.2
Note

The idea for this synthesis came from examination of the synthesis of 
[PtCl2(NCPh)2]. This complex can be made in its cis form by reaction of aqueous 
K2[PtCl4] with PhCN at room temperature. Mixtures of cis- and trans-[PtCl2(NCPh)2] 
can be made by direct reaction of PtCl2 with PhCN and the trans/cis ratio increases 
with the increased temperature of the reaction, although in this method, pure trans 
isomer is never recovered and the mixture must be separated by chromatography. 
See also Fanizzi et al. for a discussion of the formation of cis- and trans- 
[PtCl2(NCMe)2]. This melt synthesis produces exclusively the trans isomer in good 
yield, although with different ligand types (e.g. phosphines), exclusively cis com
plexes can be similarly obtained.
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4.9
Structural, Electrical and Magnetic Properties 
of Perovskite Ceramics
Colin Greaves

The perovskite structure (Fig. 4.9-1), which is adopted by many oxides with formula 
ABO3, is very versatile, and many perovskites have useful technological applications 
(e.g. as ferroelectrics, catalysts, sensors and superconductors). In this structure, the 
A and O ions together form a cubic close-packed array, and the B ions occupy 1 /4 of 
the octahedral holes. This experiment involves the synthesis of four compounds 
which are structurally closely related to perovskite, but have very different physical 
properties. Control of the types of cations in the large sites (A) allows some variation 
of the oxidation state of the smaller octahedral cations (B), and this confers the vari
able physical characteristics.

Transition metal ions with unpaired electrons are paramagnetic, provided interac
tions between neighbouring ions are weak; this “magnetically dilute” situation oc
curs in solutions and many solids. The perovskite structure allows quite strong inter
actions to occure via covalence in the M-O-M bonds, and this may result in order
ing of the magnetic moments to give “ferromagnetic” or “antiferromagnetic” materi
als. At elevated temperatures, both classes are paramagnetic (random arrangement 
of magnetic moments), but below a critical temperature, the moments order in a par
allel (ferromagnetic) or anti-parallel (antiferromagnetic) fashion. This temperature 
is known as the Curie temperature (Tc) for ferromagnets and the Neel temperature 
(Tn) for antiferromagnets.

The synthesis of solid state ceramic samples may be achieved by a variety of tech
niques. The simplest exploits the finite ionic or atomic diffusion processes which

Fig. 4.9-1 The perovskite structure adopted by many ABO3 compounds.

Large cation (A)

• Octahedral cation (B)

O Oxygen 
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occur in mechanically mixed reactants at elevated temperatures and, in general, this 
allows precise control of the products stoichiometry. An alternative approach in
volves the precipitation of a precursor, which can easily be converted to the final pro
duct by heating. This method assures intimate cation mixing prior to heating such 
that lower temperature my often be used for the final heating stage. In this experi
ment, both methods are used.

CaMnO3, Lao.85Sro.iSMn03 and La0.7Sro.3Mn03 are prepared from precipitated 
precursors, whereas YBa2Cu3O7 is prepared from a mechanical mixture of Y2O3, 
BaCO3 and CuO. For YBa2Cu3O7, it is not easy to ensure the correct cation ration 
by simple precipitation methods, and a ceramic grinding and sintering technique 
is preferred. CaMnO3 is a paramagnetic insulator at room temperature, whereas 
La0.85Sr0.i5MnO3 is paramagnetic but electrically conducting, and La0.7Sr0.3MnO3 is 
both electrically conducting and ferromagnetic. YBa2Cu3O7 is metallic at room tem
perature, but becomes a superconductor with zero resistance to d.c. currents below 
93K. Superconductors are perfectly diamagnetic, and it is this property which is ex
amined in this experiment.

' 4*" - , ♦* , ' 4 .
Special Safety Precautions

Barium salts are very toxic. Due to the involatile nature of the barium compounds 
studied in this experiment, the use of a fume cupboard is unnecessary, but care 
should be taken to avoid ingestion during all handling operations.

4.9.1
Experimental

a) YBa2Cu3O7

If is preferable to use reagents (Y2O3, CuO, BaCO3) which have been dried 
(e.g. 2 hours at 400°C in a muffle furnace). Accurately weigh out about 0.5 g of 
BaCO3 and the corresponding amounts of Y2O3 an CuO to give a Y:Ba:Cu ratio of 
1:2:3 (0.1430 g and 0.3023 g respectively for 0.5000 g of BaCO3). Grind the materials 
together in a clean pestle and mortar until no white steaks are observed on grinding 
(ca. 10 min). Press 1 or 2 pellets (1-2 mm thick, 13 mm diameter) of the mixture at 
ca. 5000 kg and place the pellets in an alumina boat. Using a furnace with a program
mable controller, subject the pellects to the following thermal programme in air:

1. Heat to 930 °C and hold for 12 hours
2. Cool to 500 °C and hold for 1 hour
3. Cool to 400 °C at 50 °C h-1
4. Cool to room temperature

When the furnace temperature is below 400 °C, the samples may be removed using 
tongs and placed on an insulating board until cold.
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b) CaMnO3

Dissolve 2.36 g of Ca(NO3)2'4H2O and 2.87 g of Mn(NO3)2 • 6H2O in 50 cm3 of dis
tilled water. Whilst stirring the solution (magnetic stirrer), slowly add 100 cm3 of 1 M 
KOH using a separating funnel (about 3 min). After standing for 15 minutes, the 
brown precipitate should be filtered using a large Buchner funnel and washed thor
oughly with distilled water (to remove excess KOH and KNO3). Pump the sample as 
dry as possible, transfer to a watch glass and dry at 200 °C in a drying oven (ca. 
1 hour). Grind the sample and press two pellets 1-2 mm thick. The pellets should 
be placed in a porcelain or alumina boat and heated at 1000 °C for about 12 hours. 
When the furnace has cooled to below 400 °C, the boat may be removed using tongs 
and placed on an insulating board until cold.

c) Lao.ssSroj5MnO3 and Lao#7Sro<3Mn03

Repeat the procedure described for CaMnO3, but use the following reagents:

Lao.8sSro.i5Mn03: 3.68 g of La(NO3)3 • 6H2O; 0.32 g of Sr(NO3)2;
2.87 g of Mn(NO3)2 • 6H2O

La07Sr03MnO3: 3.03 g of La(NO3)3 • 6H2O; 0.63 g of Sr(NO3)2;
2.87 g of Mn(NO3)2 • 6H2O.

d) Physical Properties

Place one of the pellets of each oxide in turn on a piece of paper and note its 
behaviour when a bar magnet is placed under the paper. Cool the pellet of 
La0 85Sr015MnO3 in liquid nitrogen using nylon forceps and re-examine its response 
to the magnet. If necessary, the pellets may be ground in order to examine the mag
netic properties. Grind one of the pellets of CaMnO3 using a clean pestle and mortar. 
Determine the magnetic susceptibility and effective magnetic moment of Mn4+ 
using any suitable method (e.g. a Johnson Matthey magnetic balance).

Cool one of the pellets of YBa2Cu30y in liquid nitrogen, and quickly place a small 
magnet (Nd-Fe-B or Sm-Co) above it. The diamagnetic properties of a superconduc
tor should allow you to float the magnet above the sample.

For each sample, measure the electrical resistance of one of the pellets using a sui
table method (qualitatively, differences should be observable using a simple DVM in 
resistance mode, but quantitative measurements will require the use of a conven
tional 4-probe de method, if available).

CaMnO3 gives an X-ray powder diffraction trace with the first six reflections at 2t> 
values of 23.85°, 34.00°, 41.93°, 48.83°, 55.06° and 60.82° (wavelength 1.542A). If 
X-ray diffraction facilities are available, the pattern can be recorded for the CaMnO3 
sample prepared. Confirm the primitive cubic structure of perovskite and determine 
the unit cell size.
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4.9.2
Exercises

The structures of all four compounds are related to perovskite (Fig. 4.9-1). If avail
able, a model of the structure should be examined. There are two independent cation 
arrays: the first consists of octahedrally coordinated ions, which are Ti4+ in the parent 
CaTiO3 and Mn/Cu ions in the compounds synthesised; the second array has 12- 
coordinate ions which are Ca2+ in CaTiO3, La/Sr in La0.85Sr0_i5MnO3, etc. In fact, the 
Mn perovskites prepared all show minor deviations from the ideal cubic structure, 
due to size and electronic effects.

For an ideal, undistorted perovskite ABO3 in which each cation (ionic radii rA and 
rB) contacts the coordinating O2- ions (radius ro), show that

rA + rB = V2 (rB + ro)

Generally, some tolerance is allowed such that

rA + rB = t ''fl (rB + ro)

where the tolerance factor t is 0.8-1. For undistorted perovskites, t is high, e.g. 0.99 
for SrTiO3. From a table of ionic radii, determine t for CaMnO3.

Mn3+ has the electron configuration and is therefore likely to show a sub
stantial Jahn-Teller distortion. In fact, the distortion is cooperative as shown in Fig
ure 4.9-2. In the layer shown, for example, each Mn has 2 short Mn-0 bonds and 
2 long bonds. If the O ions above and below the Mn ions have short bonds, all the 
Mn ions can achieve a similar distorted stereochemistry. Explain why the distortion 
shown in Figure 4.9-2 should stabilise the structure.

The electrical and magnetic properties of Mn perovskites are critically dependent on 
the Mn oxidation state. What is the formal oxidation state of Mn in CaMnO3, 
LaogsSro.isMnOs and La0.7Sr0.3MnO3 ? The conductivity of many transition metal oxides 
may be related to a simple mechanism involving the hopping of electrons between two

• Octahedral cation

O Oxygen

Fig. 4.9-2 Cooperative Jahn-Teller distortions in a layer of the perovskite structure.
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transition metal ions. Using such a mechanism and considering the energy involved 
when an electron hops from one Mn ion to a neighbouring Mn ion, explain the differ
ence in conductivity between CaMnO3, La085Sro.i5Mn03 and La0.7Sro.3Mn03. In the 
determination of the effective magnetic moment, for Mn4+, the Curie Law is used:

Xa = h2/8T

Compare your value /zefF with MsO, the spin-only moment, which is the magnetic mo
ment expected if only electron spins contribute to /zeff. The main reason for the dis
agreement is that CaMnO3 is antiferromagnetic at low temperatures (TN ca. 120 K). 
Interactions between magnetic moments are still apparent at higher temperatures 
and result in an apparent reduction in /zeff due to a deviation from the Curie Law:

Xa = hs2o/8(T+0)

Using your value of %a and the formula above, determine a value for 0.

Notice that whereas CaMnO3 is antiferromagnetic, La0.85Sr0.i5MnO3 and 
La0.7Sr0.3MnO3 are ferromagnetic. What do your measurements on La0.85Sr0.i5MnO3 
and La0.7Sr0.3MnO3 tell you about the change in Curie temperature (associated with 
the onset of ferromagnetic behaviour) with Mn oxidation state in this system?

Superconductors are materials which lose all electrical resistivity below a certain 
temperature, the critical temperature, Tc; above Tc, they are generally metallic in nat
ure. Until 1986, when “high temperature superconductors” were discovered, the 
highest Tc was 23 K for Nb3Ge. YBa2Cu3O7 was the first material discovered with Tc 
above the temperature of liquid nitrogen, 77 K. When pure, and having its maxi
mum possible oxygen content, this material becomes superconducting at 93 K. An 
important property of superconductors is that below Tc, magnetic fields are expelled 
from within the material - it becomes a perfect diamagnet. This is achieved by

• Cu 
o o

Y

®Ba

Fig. 4.9-3 The unit cell of YBa2Cu3O7 highlighting the 
Cu stereochemistry.
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setting up currents on the surface of the bulk material to oppose the applied mag
netic field. In this way, it is possible to float a superconductor above strong magnets, 
using the induced opposing field for levitation.

The structure of YBa2Cu3O7 (Fig. 4.9-3 and model if available) comprises three 
perovskite-like unit cells in a row; the Yand Ba ions occupy the large cation positions 
but in this material, not all the oxygen sites are occupied, which reduces the coordi
nation numbers for all the cations. Layers of 5-coordinate (square pyramidal) and 
chains of 4-coordinate (coplanar) Cu ions are formed. What is the ratio of 5-coordi- 
nate Cu to 4-coordinate Cu in the structure (remember that certain sites in the unit 
cell are shared with other unit cells)? What is the ratio of Cu2+ to Cu3+ ions inYBa2. 
Cu3O7? A square pyramidal crystal field influences the d-orbital energies of a transi
tion-metal ion in the same way as an elongated octahedral (tetragonal) field, which is 
common for Jahn-Teller distorted ions. On the basis of Crystal Field Theory, discuss 
the preferred distribution of the Cu2+ and Cu3+ ions between the available sites in 
YBa2Cu3O7.

Further Reading
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V. A. Bokov, N. A. Grigoryan, M. F. Bryzhina, Phys. Stat. Sol. 1967, 20, 745.
J. G. Bednorz, K. A. Muller, Z. Phys. B, 1986, 64,189.
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4.10
Polyoxomolybdate Clusters: Nanoscopic Wheels and Balls
Leroy Cronin, Ekkehard Diemann, and Achim Muller

Inorganic metal-oxygen cluster anions form a class of compounds that is unique in 
its topological and electronic versatility and is important in several disciplines. Names 
such as Carl Wilhelm Scheele, Jons Jakob Berzelius, Alfred Werner and Linus 
Pauling appear in the early literature of this field. These clusters, so-called isopoly- 
and heteropolyanions, contain highly symmetric core assemblies (coordination poly- 
hedra) of MOX units (M = V, Mo, W) and often adopt spherical structures based on 
Achimedean and Platonic solids of considerable topological interest. Understanding 
the driving force for the formation of high-nuclearity clusters is still a formidable 
challenge.

Polyoxometallates are especially common amongst the group VIA metals. In aqu
eous solution they have a rich pH dependent chemistry where the ions are able to 
polymerise through sharing of edges and/or corners of the metal oxygen polyhedra. 
For example, the acidification of a solution of molybdate gives rise to fragments 
which increase in nuclearity as the pH of the solution decreases (Scheme 4.10-1).

7 [MoO4]2’ + 8 H+ [Mo7024]6’ + 4H2O

8 [MoO4]2’ + 12 H+ [Mo8O26]4’ +6H2O

36 [MoO4]2' + 64 H+ =5=*= [Mo36O112]8’ + 32 H2O

Scheme 4.10-1 Formation of polyoxomolybdates at low pH in aqueous solution.

The molybdenum polyoxometallates (polyoxomolybdates) are particularly interest
ing because they exhibit a vast number of structures due to the various sharing and 
linking of co-ordination polyhedra. This is especially the case under reducing condi
tions as these support protonation due to related increase of higher electron density 
at the O atoms. Note: The largest polymolybdate under non-reducing conditions is 
[Mo36 O112]8 .

Figure 4.10-1 depicts a set of polyhedra or related building groups like {Mo8J pre
sent in the [Mo36On2]8~ anion. The central polyhedron is a pentagonal bipyramid 
which is linked via edges with five octahedral polyhedra.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 4.10-1 A polyhedral representation 
of a section of aggregated polyhedra found 
in the [Mo36O112]8~ anion while the {MoJ 
building group shown is also present in 
the larger wheel system. The Mo(VI) ions 
(not shown) are at the centres of the 
polyhedra with the oxygen ligands at the 
corners, represented by black spheres.

Considering the number of potential combinations of polyhedra it is not surpris
ing that such systems form a bewildering number of anions (Mathematicians would 
call it combinatorial explosion). The main control parameters in the synthesis of 
such anions appear to be pH, ionic strength, molybdate concentration, type of elec
trolyte, and, particularly important for the compounds reported here, the concentra
tion and type of the reducing agent. By reduction the overall negative charge of the 
anion is increased which results in an increase of the charge density mainly on some 
of periphery type oxygen atoms which might then be protonated and thus get suscep
tible for a further condensation step. Another choice could be spin-pairing between 
two reduced, neighboured metal atoms, thus forming a metal-metal bond. It can be 
imagined that the situation opens a vast number of possibilities for linking and 
growing new exciting structures and even more if hetero atoms are included. Carl 
Wilhelm Scheele first documented solutions of strongly acidified reduced molybdate, 
so called molybdenum blue solutions, already in 1783. However the true nature of the 
system eluded scientists for well over two hundred years. In one of the following two 
experiments material will be crystallised from a molybdenum blue solution - this was 
first achieved in experiments by the group in Bielefeld in 1995. In the second experi
ment a giant polyoxomolybdate is obtained on the base of a higher pH value.

We report here the syntheses of two aesthetically beautiful nanoscale poly oxomolyb
dates of the type {Mon}n which have spherical (n = 12) or circular (n = 14) shape, i. e. 
molybdenum blue type which were highlighted worldwide in newspapers and maga
zines. In spite of their completely different structure (see Fig. 4.10-2), they have simi
lar {Mon} type building blocks which results in an almost equivalent stoichiometry. 
In the ball type cluster the {Mon} group has necessarily the high C5-symmetry, as 12 
of these span an icosahedron. It should be mentioned that it is a difficult task to deter
mine the complete formula of a compound like the wheel type species with a proto
nated, mixed-valence anionic species of the class II or III type (classification according 
to Robin and Day) with rather high molar masses, mainly if a very low concentration 
of (crystallographically) disordered cations in the lattice complicates additionally the 
determination of the correct anion charge. The accuracy of the usual analytical deter
minations often does not suffice to answer this question directly.

In the case of the circular ‘molybdenum blue’ compound the general synthetic 
strategy involves the strong acidification ( pH~l) of an aqueous molybdate(VI) solu-
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{MOiJ.14
Fig. 4.10-2 Comparison of the {Mono
type “Giant Wheel” (side view) with the 
{Mon}12-type “Giant Ball” cluster.

tion and its subsequent treatment with an reducing agent like iron powder, tin(II) 
chloride, molybdenum(V) chloride, ascorbic acid, cysteine, hydroxylamine, hydra
zine, hypophosphite, dithionite etc.. On the other hand, an icosahedral ball-shaped 
cluster can be formed in an aqueous molybdate(VI) solution at higher pH values ran
ging from 2-4 in the presence of an appropriate bridging ligand, e. g., acetate which 
in effect stabilises the dinuclear {Mo'/] units (see below) formed upon reduction.

Special Safety Precautions

1. Sodium molybdate salts: irritant.

2. Sodium dithionite: irritant, can liberate toxic gas (handle in fume hood).

3. Ce(IV)(SO4)2: corrosive (handle with gloves).

4. Hydrochloric and sulfuric acid: toxic, corrosive (handle with gloves in fume 
hood).

5. Hydrazinium sulfate is assumed to be carcinogenic (handle with gloves in 
fume hood).

4.10.1
Experimental

a) Preparation of the “Giant Wheel” Type Compound

Dissolve 3.0 g (12.4 mmol) of Na2MoO4 • 2H2O in 13 ml water (use 100 ml Erlen- 
meyer flask) and then add freshly powdered Na2S2O4 (0.2 g, 1.15 mmol) to the solu
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tion under continuous stirring (hint: be sure to use fresh Na2S2O4). The colour 
changes to light yellow. Under continuous stirring 30 ml of hydrochloric acid (1 M) 
are added dropwise (use a burette). The resulting solution should turn to dark blue 
colour. After stirring for 10 more minutes flush the flask through with either nitro
gen or argon for 5 minutes before removing the stirrer and closing the flask with an 
airtight stopper. Be sure to leave the flask in a place undisturbed at ca. room tem
perature for a minimum of 24 hours. After this time the solution should have preci
pitated a quantity (ca. 1 g) of blue, slightly oblique, rectangular crystals. Carefully iso
late the crystalline material by filtration and wash the crystals with a small amount 
of cold water (care, these crystals are highly soluble in water!). Note the yield and 
store the crystals in a closed flask under nitrogen or argon.

Analysis of the “Giant Wheel” Type Compound

Deduction of the unit cell of the crystals gives the space group P-1 with a = 30.785(2), 
b = 32.958(2), c = 47.318(3) A, a = 90.53(1), 0 = 89.86(1), y = 96.85(1),7=47665(6) A3. 
Determination of the structure of the crystals reveals that the unit cell comprises two 
non-equivalent cluster rings with 154 and 152 Mo atoms (Fig. 4.10-3). (The last one 
has a defect, with one {Mo2} group less, while the minor difference between both 
species will not be considered here.) The giant anion ring is ca. 34 A wide (outer 
width) with an inner cavity of ca. 20 A and is ca. 15 A thick, being mostly composed 
by octahedrally coordinated Mo centres with Mo in either the VI or V metal oxidation 
state and different functionalities of the oxygen atoms. The formal aggregation of 
these units can be rationalised by dividing the system into repeating building blocks 
as shown in Figure 4.10-3. The building block principle adopted in Figure 4.10-3 
means that the overall anion can be described as being composed of fourteen {Mo8}, 

- ------------ 34 A------------- -

(b)
Fig. 4.10-3 Top and side views of the giant-ring shaped anion with the metal coordination sphere 
drawn as polyhedra (a), while the {Mog}, {Mo2} and {Moi} building blocks are shown separately for 
clarity (b). The positions of the {MoJ building blocks in the equator of the ring are highlighted with 
circles in the side view (c). A cartoon representation of the top half of the ring showing how the 
{Mog} and {Mo2} building blocks are connected (d).

(d)
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{Mo2} and {MoJ fragments. The top half of the ring is shown as a cartoon (right- 
hand-side) and can be clearly seen to comprise seven {Mo8} and {Mo2} groups on the 
top side with the fourteen {M©!} groups (not shown in the cartoon) occupying the 
equator of the ring. The complete ring is constructed when the bottom half (also 
comprising seven {Mo8} and {Mo2} groups) is rotated around 360/14° relative to the 
first and fused to it through the fourteen {Moi} groups. The formula of the compound 
is: Na15[MoVIi26Mov280462H14(H20)7o]o.5 [Movi124Mov 28O457H14(H2O)68]0 5 • ca. 400 
H2O. The positions of the coordinated water molecules and bridging hydroxides can 
be determined from a single-crystal X-ray structure analysis especially by bond
valence calculations, but it is not possible to determine the number of sodium ions 
present in the cell due to disorder of these ions.

The IR spectrum shows peaks (in cm-1) at 1616 (m) (d(H2O)), 975 (m), 913 
(w-m) (v(Mo=0)), 820 (sh), 750 (s), 630 (s), 555 (s) (s = strong, m = medium and 
w = weak intensity; sh = shoulder). The electronic absorption spectrum is domi
nated by two bands characteristic for all molybdenum blue species (in H2O/HC1, pH 
= 1): /-max [nm] smax[M-1cm-1] = 745 (1.8 • 105), 1070 (1.4 • 105). These bands have 
to be assigned to intervalence Mov/Movi charge transfer transitions (IVCT). The 
second s value corresponds because of a linearity relation to the abundance of al
together 28 Mov centres. Using an excitation within the contour of the 1070 nm 
band gives rise to a Resonance Raman Spectrum. It shows five bands at 802 (s), 
535 (m), 462 (s), 326 (s) and 215 (s) cm-1 and is also characteristic for all molybde
num blue species.

Analytical Exercises

Although a reasonable formula for the anion may be determined using the crystallo
graphic data, the number of sodium ions and the number of Mo(VI)/Mo(V) centres 
cannot.

1. Determine, if possible, the number of water solvent molecules present in the 
sample using thermogravimetric analysis to confirm or adjust the number of 
water solvent molecules deduced using crystallography. Keep a part of the sample 
open on your desk for two hours and a second part for four hours. Repeat the 
thermogravimetry on these samples. From the results try to extrapolate approxi
mately the loss of water due to weathering to t = 0.

2. Determine the number of sodium ions per cluster by performing a sodium analy
sis using a suitable method (e. g. by flame photometry or potentiometrically with 
a sodium selective electrode).

3. Determine the number of Mo(V) ions per ring by conducting several redox titra
tions. This can be achieved by dissolving between 50 and 100 mg of the material in 
ca. 50 ml of water (flushed with nitrogen or argon for some minutes). Then by mon
itoring the solution with a redox electrode, titrate the blue solution with a 0.01 M so
lution of Ce(IV)(SO4)2 in 0.5 M of H2SO4. By carefully recording the voltage (this 
should be of the order of 400 mV) as a function of volume of Ce(IV) solution added 
it should be possible to determine the total number of Mo(V) centres present. The 
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end-point of the titration is characterised by a potential jump (e. g. from around 400 
mV to 1100 mV) at the point when all the Mo(V) centres present have been oxidised 
(the solution will also no longer be blue!). Record the volume of Ce(IV) added at this 
point and continue adding past this point whilst still recording the voltage to ensure 
that all the Mo(V) is oxidised (if the potential jump continues adjust the end point 
accordingly). Analyse these data graphically to confirm the end point position and 
determine the volume of the Ce(IV) solution added at the end point.

Using the above results, including the crystallographically deduced formula as a 
basis, to calculate the number of Mo(V) centres per formula unit and the charge of 
the ring-cluster anion. Discuss the significance of any possible errors or discrepan
cies in the results you have obtained and possible approaches to overcoming them.

b) Preparation of the “Giant Ball” Type Compound

0.8 g (6.1 mmol) hydrazinium sulfate is added to a solution of 5.6 g (4.5 mmol) am
monium heptamolybdate tetrahydrate and 12.5 g (162 mmol) ammonium acetate in 
250 ml water under stirring, and finally after stirring for 10 min 83 ml of 50% (v/v) 
acetic acid (use a 500 ml Erlenmeyer flask). The deep green reaction mixture is then 
kept at room temperature without further stirring for four days (colour change to 
dark brown) and then filtered through a glass frit (pore size G2). The reddish-brown 
crystalline residue is washed with 90% ethanol, then with a 1:1 mixture of ethanol/ 
diethyl ether and finally dried in air. The yield is about 3 g.

Analysis of the “Giant Ball” Compound

The formula determined for this product is (NH4)42[{MoVI(MoVI5O2i)(H2O)6}12 
{(Mov2O4)(CH3COO)}30]-ca. 300 H2O • ca. 10 CH3COONH4 (The anion has the 
general formula [{pentagon}12{linker}30]42~). It forms octahedral and truncated octa
hedral crystals which crystallize cubic (space group Fm-3) with a = 46.0576(14) A. 
The IR spectrum (Nujol suspension) shows peaks (in cm’1) at 1626 (m) (5(H2O)), 
1546 (m) (vas(COO)), 1440 (sh), 1407 (m) (5(CH3), vs(COO), Sas(NHj)), 969 (m), 936 
(w-m) (v(Mo=O)), 853 (m), 792 (s), 723 (s)and 567 (s). Due to the very high symmetry 
of the cluster anion only very few Raman bands are observed (may be assigned to 
symmetric vibrations): 953 (m), 935 (m), 875 (s) (v(Mo=O), ca. 845 (sh), 374 (m-s), 
314 (m) and 212 (w) cm-1. The electronic absorption spectrum (H2O/CH3COOH, 
pH=4) shows only one intense band at 450 nm.

Analytical Exercises

1- Determine the number of ammonium cations per formula unit (you may either 
use a classical Kjeldahl setup without employing Devarda’s alloy (why not?) or an 
ammonium sensitive electrode).

2. Determine the number of reduced Mo centres per formula unit using the ceri- 
metric procedure as explained above.
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3. If possible, obtain a X-ray powder pattern from the finely ground sample (which 
is not easy because this may lead to loss of crystal water and crystallinity). Try to 
index the pattern on the basis of the unit cell dimensions given above. What is 
the effect of large and symmetric cells on the appearance of such patterns. - The 
lattice is made up from almost perfect spherical entities. What kinds of packing 
would be possible? (hint: compare with close packing of metals). Could you relate 
the crystal symmetry to its morphology?

4. If possible, measure the magnetic susceptibility of the finely ground sample at 
room temperature (either with a magnetometer or even with a simple magnetic 
balance of the Evans type). Can you give an explanation for your findings?

Further Reading

M. T. Pope, A. Muller, Angew. Chem. Int. Ed. Engl. 1991, 30, 34-48.
A. Muller, C. Serain, Ace. Chem. Res. 2000, 33, 2-10.
A. Muller, P. Kogerler, C. Kuhlmann, Chem. Commun. 1999, 1347-1358.
A. Muller, S. K. Das, V. P. Fedin, E. Krickemeyer, C. Beugholt, H. Bogge, M. Schmidtmann, B. 

Hauptfleisch, Z. Anorg. Allg. Chem. 1999, 625, 1187-1191.
A. Muller, E. Krickemeyer, H. Bogge, M. Schmidtmann, F. Peters, Angew. Chem. Int. Ed. Engl. 

1998, 37, 3360-3363.
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4.11
Reaction of Alkali Metal Polyselenides and Polytellurides 
with Group 6 Metal Carbonyls
Joseph W. Kolis

The polyatomic dianions of the group 16 elements selenium and tellurium have 
been known for a very long time. These highly coloured compounds can be made ea
sily by the reduction of the elements with alkali metals in liquid ammonia, or by di
rect reaction of the elements at high temperatures. Once prepared, these salts are 
quite soluble and stable in a number of polar solvents including water, alcohols, acet
onitrile and dimethylformamide (DMF). However, they are extremely sensitive to 
oxidation and should be protected from air at all times, especially in solution. In so
lution, a number of extremely complex and poorly understood equilibria dominate 
the chemistry of these species. In general, any solution of these anions is best 
thought of as a mixture of the various possible chain lengths (E„~) where E is S, Se, 
Te and n = 2-8) like

"Se /SC\ /e~
XSe Sc

These anions can be readily crystallised as pure salts by the addition of large organic 
counterions such as [Ph4P]+ and [Et4N]+. The chain length of the anions in the salts 
are much more dependent upon the counterion and solvents than the nominal iden
tity of the alkali metal salt used as starting material.

Despite the ancient lineage and ease of preparation of these unusual polyatomic 
anions, their chemistry has been very poorly developed until recently. However, the 
last eight years has seen an explosive growth of the complexation chemistry of 
these anions with transition metals in particular. In fact their chemistry is often 
substantially different than that of the better known polysulfides. One specific class 
of transition metal complexes which have a very rich and diverse coordination 
chemistry with the poly chalcogenides is the simple metal carbonyls. In this experi
ment, the preparation of a salt of each of the polychalcogenides will be carried out, 
and their reactions with Mo(CO)6 and W(CO)6 investigated. The resultant products 
will be characterized by IR and visible spectroscopy. It will be seen that polysele
nides readily oxidise the metal centre to its highest oxidation state, leading to com
plete loss of all CO ligands and formation of the well known tetrathio and tetra- 
seleno-metalates.
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M(CO)6 + Se42 + 6 CO

In contrast, the polytellurides do not oxidise the metal centre, but merely replace two 
CO ligands forming a chelating complex.

2-
M(CO)6 + T/T\ezTe - ,Te—Te

(CO)4M I 
xTe — le

2-

Special Safety Precautions

1. Alkali metals are very strong reducing agents and can burn in the presence of 
protic solvents such as water or alcohols.

2. Ammonia is a gas at room temperature with a vapor pressure of approxime- 
tely 10 atmospheres. Thus, is closed systems, it should be handled with ex
treme care. Any glass vessel containing liquid ammonia should always be kept 
below the boiling point of ammonia (-33 °C)

3. Ammonia solutions containing dissolved alkali metals are unstable and slowly 
decompose to form the alkali metal amide and H2. Thus, care should always 
be taken to adequately vent any closed system from time to time to prevent H2 
buildup. The decomposition reaction is catalysed by trace amounts of water or 
other basic impurities. If clean, dry glassware is used initially, the H2 buildup 
should be quite slow.

4. Transition metal carbonyls are quite toxic and should always be handled in a 
well vented fume cupboard. Also, CO will be produced in the experiment so 
flasks and vacuum pumps should also be in well vented areas or in a fume 
cupboard.

5. Any time vacuum and Schlenk lines are used, there is a finite possibility of 
breakage so eye protection should be worn at all times.

4.11.1
Experimental

a) Na2E4 (E = Se,Te)

All the alkali metal polychalcogenides can be prepared in the same manner and the 
preparation of Na2Se4 is detailed here. Two clean, dry flasks are attached to the 
vacuum line, one containing a small pellet of Na and the other containing 0.145 g 
(6.3 mmol) Na, 1.0 g (12.6 mmol) selenium powder and a magnetic stir bar. Both 
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flasks are evacuated and the second flask sealed off temporarily. Approximately 15 ml 
of ammonia from a storage cylinder is distilled into the first flask using an acetone 
slush bath. The storage cylinder is closed off. The ammonia solution is allowed to 
warm slightly to form the inky blue solution characteristic of solvated electrons. The 
second flask is now opened to the line and the ammonia is transferred into it again 
using an acetone slush bath. WARNING: This is a closed system and the pressure 
should constantly be monitored using a Hg manometer or other pressure sensing 
device. If the pressure begins to approach one atmosphere, both flasks should be 
cooled and the vacuum line manifold evacuated before more ammonia is distilled. 
Once all the ammonia is transferred, the second flask is evacuated one more time, 
sealed and placed on a magnetic stirrer in a low Dewar flask with an isopropanol or 
acetone slush. The reaction is stirred for 45 minutes, with care being taken to replen
ish the slush in the cooling bath. The reaction should probably be done behind a 
blast shield or in a fume cupboard, although there is little danger of breakage if the 
flask is kept cool by the bath. After a while, the solution should begin to assume a 
characteristic colour, reddish orange for polysulfide, dark greenish red for polysele
nide and deep purple for polytelluride. After 45 minutes to 1 hour, the flask is placed 
back on the vacuum line and the ammonia evacuated into the first flask which is re
moved to a fume cupboard where it is vented to the air and the ammonia allowed to 
evaporate. The second flask is subjected to dynamic vacuum for 10 minutes to 
remove the last traces of ammonia. Remaining in the flask should be a dry powder 
of the appropriate sodium polychalogenide (yellow-orange for Na2S4 and dark grey 
for Na2Se4 and Na2Te4). If an adequate glove box is available, the solids can be trans
ferred to clean, dry storage ampoules and stored under nitrogen for use at a later 
time. If this is not convenient, the powder can be stored in the closed flask under N2 
until it is used for further reactions.

b) [PPh4]2[MSe4] (M = Mo,W)

The student can choose between any combination of Mo(CO)6 or W(CO)6 and poly
selenide. If desired, the same chemistry takes place with polysulfides and these 
could be used in a similar fashion. The reactions are performed in exactly the same 
way in each case. A detailed procedure is given for the preparation of a MoSe4- salt.

In a glove bag, a 100 ml Schlenk flask is charged with 200 mg (0.76 mmol) 
Mo(CO)6, 274 mg (0.76 mmol) Na2Se4 and stir bar. The flask is attached to a Schlenk 
line and evacuated and purged with N2 several times. Using a cannula or gas tight 
syringe, 12-15 ml DMF is added to the flask. The DMF should have previously been 
dried and de-airated by storage for 24 hours over activated sieves and bubbled for 
30 minutes with N2. After the DMF is added, the flask should be evacuated (very im
portant!) and sealed off. The flask is transferred to an oil bath or heating mantle and 
heated at 90 C for 1 hour. Although you are heating a closed system, the boiling 
point of DMF is 153 3C so if the flask is evacuated properly, little pressure is gener
ated within. Also, the small amount of CO produced will not be sufficient to strain 
the glass flask. However, to be safe, the flask can be reattached to the Schlenk line 
once or twice during heating and carefully evacuated before returning it to the heat.
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If desired, the reaction can also be monitored during this time by withdrawing a 
small aliquot and obtaining an IR spectrum to watch the disappearance of bands in 
the CO stretching region (2100-1700 cm-1).

After some heating, the reaction mixture will begin to undergo a noticable colour 
change. A combination of Mo (CO) 6 and polysulfide will change from greenish blue 
to orange, while the corresponding reaction with polyselenide changes from brown
green to blue. The tungsten analogues are yellow and cherry red for sulfide and sele
nide respectively. Once the reaction is complete, the flask is removed from the heat 
and allowed to cool. The flask is repurged with N2 and, against the flow of N2, 
650 mg (1.50 mmol) PPh4Br is added to the mixture. The solution is stirred for 
5 minutes to allow the counterion salt to dissolve, then filtered into a clean Schlenk 
flask under N2 using a fritted Schlenk filter. De-aerated THF (10 ml) is added to the 
mixture to cause slow precipitation of the metal chalcogenide complex. To prevent 
the product from forming an oil, the THF is added via syringe and allowed to roll 
very slowly down the inside of the flask so as to form a second layer of THF on the 
DMF solution. The flask is placed in a refrigerator overnight, taking care not to dis
turb the two layers. The layers will slowly mix and the THF will cause precipitation 
of well formed crystals of the product. Occasionally, white crystals of NaBr will preci
pitate first and contaminate some of the product. These can be removed by Schlenk 
filtration and discarded. A fresh 10 ml layer of THF and storage overnight will lead 
to formation of a new crop of the desired product. The crystals are isolated by 
Schlenk filtration of the solution, which can then be discarded. The product is 
washed with a 3 ml aliquot of THF and dried by pumping on the Schlenk line. The 
compounds [PPh4]2[ME4] can be handled in the air for short periods of time but any 
prolonged manipulation should be done under a protective nitrogen atmosphere. 
The salts can be characterised by IR and visible spectroscopy, and the results com
pared to the values in Table 4.11-1. The compounds are quite stable as their salts if 
stored under a protective atmosphere of N2.

Table 4.11-1 Spectroscopic data.

IR (cm"1) UV-Vis (nm)

MoSi- 458 467, 317
MoSe2- 255 555,359
wst 480 392, 277
WSe2- 281 463, 316
[Cr(CO)4Te4]2- 1951, 1850,1821, 1778
[Mo(CO)4Te4]2- 1971, 1950,1821, 1780
[W(CO)4Te4]2- 1971, 1950, 1821,1780

c) [PPh4]2[M(CO)4Te4] (M = Cr, Mo, W)

These chelate complexes can be prepared using a procedure exactly analogous to 
that for the formation of the ME {th,4,2-} salts prepared above. However, the polytel
luride does not induce oxidative decarbonylation of the metal centre, but merely sub



326 4 Advanced Experiments

stitutes two cis CO ligands. In this case, Cr(CO)6 can also be chosen as a starting ma
terial. (Mo(CO)6 can be used but the Mo containing product often does not crystallise 
well.) The synthesis and workup occurs exactly as described above except that the so
lution colour changes from dark purple to dark brown. Also, two 10 ml layerings of 
THF are usually needed to induce crystallisation. The product can be isolated as de
scribed above, but it is more air sensitive than the ME^- salts, so it should be handled 
under N2 at all times. The IR spectrum in the CO stretching reagion is quite distinc
tive and contains the four bands predicted for a molecule with C2v symmetry.

Further Reading

M. A. Ansari, J. A. Ibers, Coord. Chem. Rev. 1990, 100, 223.
L. C. Roof, J. W. Kolis, Chem. Rev. 1993, 93, 1037.
M. A. Draganjac.T. B. Rauchfuss, Angew. Chem. Int. Ed. Engl. 1985, 24, 742.
A. Muller, E. Diemann, Adv. Inorg. Chem. 1987, 31, 89.
J. W. Kolis, Coord. Chem. Revs. 1990, 105,195.
S. C. O’Neal, J. W. Kolis, J. Am. Chem. Soc. 1988, 110,1971.
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4.12
Chlorothionitrene and Cyclothiazeno Complexes of Tungsten
Kurt Dehnicke

ligand, which
. . r_ /Cii2-

Chlorothionitrene complexes are compounds with the [N = S'
is unknown as a free ion. Examples are prepared from molybdenum, tungsten, rhe
nium, ruthenium and osmium. They can easily be prepared by reaction of metal 
chlorides like M0CI5 or WC16 with (NSC1)3, which is in equilibrium with its mono
mer in solution. The reactions with metal chlorides are thus accompanied by the 
redox reaction NSC1 + 2e~ -> [NSC1]2-. Chlorothionitrene complexes are useful pre
cursors for the syntheses of nitrido complexes, thionitrosyl complexes as well as of 
cyclothiazeno complexes. _

xN-S<.
Metallacyclothiazeno complexes are heterocycles of the type M ' _ Nl with pla-

'n-S©
nar six-membered rings, delocalised N-S bonds and metal-nitrogen double bonds. 
Examples are known from vanadium, molybdenum and tungsten, whilst with rhe

nium the heterocycle Re I is formed.
^N=SI

Special Safety Precautions

1. Tungsten hexachloride (WC16) and tungsten oxotetrachloride (WOC14) should 
be regarded as air and moisture sensitive and thus likely to hydrolyse to HC1 
(which is toxic by inhalation) and WO3 • nH2O.

2. Chlorothionitrene tungsten tetrachloride ([C14W(NSC1)]2) and cyclothiazeno 
tungsten trichloride [C13W(N3S2)]2 are also moisture sensitive and thus likely 
to hydrolyse to NH4C1, WO3 • nH2O and sulfur chlorides. The latter are toxic 
by inhalation or contact.

3. Dichloromethane is toxic by inhalation or contact, just as the thionyl chloride 
formed by the reaction of WOCft with (NSC1)3. The solution of SOC12 in 
CH2C12, which remains after filtration of the WC13(N3S2) sample, must be de
stroy ed by adding an aqueous suspension of sodium bicarbonate in a fume 
cupboard. After separating the aqueous phase by means of a dropping funnel, 
the dichloromethane is regained by distillation.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32472-9
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4. Make sure that you carefully grease all joints with silicone. All procedures 
must be carried out under dry nitrogen.

4.12.1
Experimental

a) [Cl4W(NSCl)]2

Tungsten hexachloride (10.7 g) and dichloromethane (50 cm3) are placed in a dry 
100 cm3 Schlenk tube. To this suspension, a solution of (NSC1)3 (2.20 g) in CH2C12 
(20 cm3) is slowly added dropwise with stirring (magnetic stirrer). The preparation 
is stirred for altogether 48 h at room temparature; the reddish brown precipitate is 
filtered under inert gas through a sintered glass frit, then washed with 10 ml 
CH2C12 and dried in vacuo (yield: 77%). Single crystals can be prepared by cooling 
a saturated solution of the sample in CH2C12 to -18 °C, or by subliming in vacuo at 
145 °C.

Calculate the yield of the dry precipitate, measure its IR spectrum (glove bag, 
Nujol mull, KBr plates) and compare it with the literature data. Seal up a small 
sample in an ampoule.

b) [Cl3W(N3S2)]2

This complex can be synthesised by reaction of the chlorothionitreno derivative de
scribed above with excess (NSC1)3 according to Eq. (1). In this reaction, by-products 
are also formed, which reduce the yield.

C14W(NSC1) + 2/3 (NSC1)3 -> C13W(N3S2) + SC12 + Cl2 (1)

The complete conversion to the cyclothiazeno complex can be induced when tung
sten oxotetrachloride (Eq. 2) is the starting reactant.

WOC14 + (NSC1)3 -> C13W(N3S2) + SOC12 + Cl2 (2)

For this route, WOC14 (6.24 g) is suspended in dichloromethane (50 cm3) and mixed 
with (NSC1)3 (4.60 g) with stirring at 20°C; (NSC1)3 must be dissolved in dichloro
methane (40 cm3). After only a few minutes, a change of colour can be observed 
from red-orange to brown. To complete the reaction, the preparation is stirred for a 
further 48 hours. Thereafter, the dark brown precipitate is filtered under dry nitro
gen, washed with 20 cm3 CH2C12 and dried in vacuo. 4.56 g of the product can be iso
lated (yield 63 %). The yield can be increased by reducing the solvent of the filtrate.

Calculate the yield of the dry precipitate, measure its IR spectrum (glove box, 
Nujol mull, KBr plates) and compare it with the literature data. Seal up a small 
sample in an ampoule.
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[C13W(N3S2)]2 reacts with PPh4Cl in CH2C12, forming a red solution, from which 
PPh4[Cl4W(N3S2)] can be precipitated by adding CC14. The cyclothiazeno complex 
also reacts with Lewis bases like THF or pyridine, forming the donor-acceptor com
plexes [(THF)C13W(N3S2)] and [(Py)Cl3W(N3S2)] respectively.

The crystal structure of [C13W(N3S2)]2 was solved in 1997, forming centrosym
metric molecules with W2N2 four-membered rings and planar WN3S2 units.

c) WOCI4

WOC14, which is needed for the synthesis of [C13W(N3S2)]2, can easily be prepared 
by reaction of tungsten hexachloride with hexamethyldisiloxane or with trichloroni
tromethane.

For the synthesis from WC16 and (Me3Si)2O, add a dichloromethane (15 cm3) solu
tion of (Me3Si)2O (2.05 g) dropwise to a suspension of WC16 (5.0 g) in CH2C12 
(20 cm3) at room temperature over a period of 75 minutes. The red solid is collected 
by removing the supernatant liquor by filtration, washed with petroleum ether (b.p.: 
40-60 °C, 2 x 20 cm3) and dried in vacuo. The yield is nearly complete. The reaction 
follows Eq. (3).

WC16 + (Me3Si)2O -> WOCl4 + 2ClSiMe3 (3)

Cl3SiMe3, which is contained in the filtrate, can be transformed into hexamethyldisi
loxane again by its reaction with the calculated amount of water in the presence of 
such bases as triethylamine (Eq. 4). After filtration of triethyl ammonium chloride, 
the solution can be used anew for the synthesis of WOC14.

2ClSiMe3 + H2O + 2Et3N -+ (Me3Si)2O + 2[Et3NH]Cl (4)

The synthesis of WOC14 from trichloronitromethane proceeds according to Eq. (5). 
The emerging nitrosyl chloride is very toxic and must be destroyed by leading it into 
a NaOH solution.

WC16 + CC13NO2 -»• WOC14 + NOCI + CC14 (5)

Further Reading
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U. Kynast, U. Muller, and K. Dehnicke, Z. Anorg. Allg. Chem. 1984, 508, 26.
U. Kynast, E. Conradi, U. Muller, and K. Dehnicke, Z. Naturforsch. 1984, 39b, 1680.
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dam, 1989.
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4.13
Sulfur-Rich Homocycles and Heterocycles:
Titanocene Pentasulfide, cyc/o-Heptasulfur and
1,2,3,4,5,6,7-Heptathionane

Jorg Albertsen and Ralf Steudel

Elemental sulfur occurs naturally as a mineral but is commercially produced in 
huge amounts from hydrogen sulfide (H2S), which is a constituent of natural gas 
(“sour gas”) and a product of the desulfurization of crude oil performed in refi
neries.

Natural and commercial sulfurs consist mainly of S8 molecules but, in addition, 
they always contain traces of S7 as a solid solution in the S8 matrix. In this experi
ment, you will prepare pure, crystalline S7 using the titanocene complex (CsHs^TiSs 
as a sulfur transfer reagent. This reagent is useful also to prepare sulfur-rich organic 
polysulfanes (R2Sn, n > 5) like the cyclic C2H4S7 which forms a nine-membered 
ring. Organic polysulfanes are intermediates in the industrial vulcanization of 
caoutchouc by elemental sulfur to procduce rubber on a huge scale.

Special Safety Precautions

1. Chloroform (CHC13): observe the general precautions for the handling of 
chlorinated hydrocarbons, wear gloves, do not inhale, longer exposition may 
result in health problems.

2. Carbon disulfide (CS2): very toxic on inhalation and on skin contact, very flam
mable; always wear gloves; make sure that all glass joints are secured by 
springs.

3. Dichlorodisulfane (S2CI2) and sulfuryl chloride (SO2CI2): very cauterising, 
react with water to produce acid. Residues may be carefully added (dropwise) 
to ice-cooled aqueous sodium hydroxide (10%).

4. Bismercaptoethane: flammable, toxic, residues may be oxidised by stirring in 
aqueous sodium hypochlorite (NaClO) for 12 hours.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
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4.13.1
Experimental

a) Titanocene Pentasulfide

NH3 + NH4(HS) + 1/2 S8 (NH4)2S5
(C5H5)2TiC12 + (NH4)2S5 (C5H5)2TiS5 + 2NH4Cl

Sublimed sulfur (4.7 g) is placed in a 500 ml round-bottomed vessel and 36.8 ml of 
an aqueous ammonium sulfide solution (1 M) are added. The mixture is stirred until 
all the sulfur has dissolved (ca. 20 min). Then 300 ml CHC13 and 9.2 g (C5H5)2TiCl2 
dissolved in CHC13 (300 ml) is added, resulting in two liquid phases which are stir
red for at least 3 h. After transfer of the mixture into a separatory funnel (volume 
500 ml), the lower CHC13 phase is separated and then washed with several portions 
of distilled water (total volume 1000 ml). The combined aqueous phases are ex
tracted with ca. 800 ml CHC13 until the red colour of the aqueous phase has faded.
The combined CHC13 phases are evaporated to dryness in a vacuum.

The black-violet residue is the desired product, but still contains ca. 1% S8 impur
ity, which can be removed by recrystallisation from CS2 using a Soxhlet apparatus. 
The purification process may be checked by reversed-phase HPLC analysis (C18 sta
tionary phase, methanol as eluent), the retention time of S8 is larger that that of 
(C5H5)2TiS5 (detection by UVabsorption).

Titanocene pentasulfide melts at 201 °C with decomposition, the 1H NMR spec
trum in CS2 shows two singlets at <5 = 6.10 and 6.42 (30 °C). Calculate the yield of 
your product and explain why two NMR signals are observed. The structure of 
(C5H5)2TiS5 is given by Epstein et al.

b) Cyclo-heptasulfur

(C5H5)2TiS5 + S2C12 S7 + (C5H5)2TiCl2

Titanocene pentasulfide (2.7 g) and carbon disulfide (90 ml) are stirred in a 100 ml 
round-bottomed vessel at 20 °C for 10 minutes. Then S2C12 (0.64 ml) is added from a 
pipette and the stirring is continued for 30 minutes. The now cherry red reaction 
mixture is filtered (folded filter) to remove the precipitated (C5H5)2TiCl2 and the 
volume is reduced to 45 ml in a vacuum evaporator (water bath temperature 70 °C). 
If necessary, the solution is filtered again, 70 ml of cold diethyl ether (-78 °C) are 
added and the mixture is rapidly cooled to -78 °C.

After 20 h, the precipitated crude S7 is isolated by suction of the cold mixture through 
a paper filter. The crystals are rapidly transferred to a beaker and immediately dissolved 
in 80 ml of toluene. The golden yellow solution is dried with anhydrous MgSO4 (ca. 5 g), 
filtered by suction and cooled to -78 °C. After 20 hours, the needle-like crystals of S7 are 
filtered off at 20 °C, quickly washed with 5 ml toluene and 10 ml n-pentane followed by 
pumping off of the solvents in a vacuum for 15 minutes. Since solid S7 fairly rapidly 
polymerises at 20 °C and is light sensitive, it is stored at -78 °C in the dark.
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The HPLC retention time (see above) of S7 is intermediate between those of 
(C5H5)2TiS5 and S8. S7 melts reversibly at 39 °C but prolonged heating to tempera
tures above the melting point results in exothermic polymerisation. Record the in
fra-red spectrum of S7 dissolved in CS2 and compare it with the published spectrum. 
How can the structure of S7 be understood compared with the well-known crown 
structure of S8 ?

c) 1,2,3,4,5,6,7-Heptathionane

1,2-C2H4(SH)2 + 2HC1SO2C12 C2H4(SC1)2 + 2HC1SO2
1,2-C2H4(SC1)2 + (C5H5)2TiS5 -» C2H4S7 + (CsH5)2TiCl2

1,2-Bismercaptoethane (2.4 g) is placed in a well-dried Schlenk tube (50 ml) which is 
then filled with a protecting atmosphere of dry N2. After addition of 10 ml of dry 
CH2C12 and cooling to 5 °C in an ice bath, the sulfuryl chloride (4.9 ml; dissolved in 
10 ml CH2C12) is added dropwise within 90 minutes. Eventually, the solvent and dis
solved SO2 and HC1 are removed by evaporating to dryness in a rotary evaporator. 
The orange solid residue of C2H4(SC1)2 “melts away” when exposed to moist air due 
to hydrolysis.

1,2-Ethane-bis-sulfenyl chloride, C2H4(SC1)2, (0.6 g), dissolved in 10 ml of dry 
methylene chloride, is placed in a 50 ml round-bottomed flask and 1.3 g of titano- 
cene pentasulfide, dissolved in 10 ml CH2C12, are added at once. After stirring for 
30 min, the precipitated titanocene dichloride is filtered off (paper filter) and the so
lution evaporated to dryness on a rotary evaporator. The residue is purified by ex
traction with n-pentane (100 ml) in a Soxhlet apparatus. The volume of the extract 
is reduced by 50% and the solution cooled to -78 °C. After 20 hours, the crystals of 
C2H4S7 are isolated by rapid suction through a paper filter followed by washing 
with a little n-pentane. The product forms yellow crystals which are stable in air 
and having a m.p. of 62.5 °C. The HPLC retention time of C2H4S7, using a C18 
stationary phase and methanol as an eluent, is intermediate between those of 
(C5H5)2TiS5 and S7.

Try to draw the molecules of C2H4S7 three-dimensionally starting from S8 and 
compare your result to the actual molecular structure as determined by X-ray crystal
lography.
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4.14
N-Ferrocenyl Amine and Some Reactive Derivatives
Max Herberhold, Heidi E. Maisel, and Bernd Wrackmeyer

The sandwich complex di(cyclopentadienyl) iron (“ferrocene", Fe(^s-C5H5)2 (1)), first 
described in 1951/52 [1], is still one of the most important organometallic com
pounds [2]. A major part of its rich chemistry is based on the facile substitution reac
tions at the cyclopentadienyl rings. In this context, N-ferrocenyl amine (Fe(^5-CsH5) 
(^5-C5H4-NH2)), Fc-NH2 (5) [3], is of particular interest due to its formal analogy to 
N-phenyl amine (Ph-NH2, aniline).

Several routes to 5 have been explored [4-6]. At present, the best method (cf. [6]) 
to synthesize 5 is the hydrolytic cleavage of the stable precursor N-ferrocenyl phthal
imide (4) which is easily prepared from ferrocene via lithioferrocene (2) and iodofer
rocene (3).

With respect to further reactions with Fc-NH2 (5), the trimethylsilyl- and tri- 
methylstannyl derivatives (6 and 8) are useful intermediates. In the presence of 
triethylamine, 5 reacts with trimethylsilyl chloride to give Fc-N(H)SiMe3 (6) [7]. 
N-Lithiation of 5 using nBuLi and subsequent reaction of the N-lithio reagent with 
trimethylstannyl chloride leads to Fc-N(H)SnMe3 (7). Similar to many secondary N- 
trimethylstannyl amines, 7 is unstable and slowly “disproportionates" into Fc-NH2 
(5) and Fc-N(SnMe3)2 (8).

In contrast to most other N-trimethylsilyl amines which can be conveniently 
N-lithiated using nBuLi, complex 6 has to be N-lithiated with tBuLi - otherwise the 
N-Si bond is cleaved. However, the N-lithiated derivative of 6 can conveniently be 
used for further transformations. For example, it readily reacts with trimethylstannyl 
choride to give N-ferrocenyl-N-trimethylsilyl-N-trimethylstannyl amine, Fc-N(SiMe3) 
(SnMe3) (9).

The monosubstituted ferrocene derivatives 3-9 are best characterized by their XH 
and 13C NMR spectra (Table 4.14-1, cf. Figure 4.14-1). In particular, the signal of the 
unsubstituted rf -cyclopentadienyl ring is easily identified on the basis of its relatively 
high intensity. The a- and £ protons (H(2,5) and H(3,4) give rise to pseudotriplets; 
the NH proton signals are broad due to the quadrupole moment of 14N. The hetero 
NMR spectra (14,15N, 29Si, 119Sn) of 5-9 have been described [8],
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Fc-H (1)

(BuLi 
(85%)

Fc-NH2 (5)

Me3Si-CI / 
(NEt4^95%)

Fc-N(H)SiMe3 (6) Fc-N(H)SnMe3 (7)

a) fBuLi
b) Me3Sn-CI (90%)

Fc-N(SnMe3)2 (8)Fc-N(SiMe3)(SnMe3) (9)

Scheme 4.14-1
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51H 4.0 3.0 2.0 1.0 0.0

Fig. 4.14-1
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Table4.14-1 'H and 13C NMR Spectroscopic Data

Compound nH NMR 13C NMR Solvent [Ref.]
(Fc = CpFe(CsH4)) Cp H(2,5)/H(3,4) Me NH Cp C(l) C(2,5)/C(3,4) Me

Fc-H (1) 4.15 67.9 CDC13
FC-I (3) 4.18 4.40 4.14 71.0 72.3 68.8 74.4 cdci3
Fc-N[(CO)2C6H4] (4)a 4.17 4.98 4.19 69.5 88.6 62.8 65.5 cdci3 [6]
Fc-NH2 (5) 4.08 3.97 3.82 2.57 69.0 105.5 59.0 63.6 cdci3 P]

3.96 3.71 3.69 1.85 69.1 106.6 58.2 63.4 CftDj
Fc-N(H)SiMe3 (6)b 4.04 3.80 3.85 0.20 2.30 68.8 107.9 57.3 62.6 0.16 CDC13 [7]

4.06 3.72 3.77 0.09 1.86 69.3 108.0 57.7 63.0 0.20 CftDjj
Fc-N(H)SnMe3 (7) 4.07 3.79 3.64 0.13 1.54 69.2 116.0 56.8 62.5 -6.0 CftDjj [8]
Fc-N(SnMe3)2 (8) 4.06 3.71 3.70 0.20 69.3 122.6 60.1 62.4 -2.6 CftDg [8]
Fc-N(SiMe3)(SnMe3) (9) 4.06 3.77 3.72 0.09 (Si) 69.2 114.3 62.5 62.9 3.1 (Si) CgDs [8]

0.20 (Sn) 1.4 (Sn)

a The phtalimido part gives *H NMR multiplets at 7.86 and 7.72 (phenylene) [6]; nC NMR signals are 
observed at 123.2, 131.9, 134.1 (phenylene) and 167.0 (CO).

b The correct assignment of the ’H and 13C NMR signals to the positions 2,5 and 3,4, respectively, has 
been confirmed for 6 by 1H/1!-! NOE difference spectra and 2D 13C/1H HETCOR experiments.

Special Safety Precautions

1. Handling of the commercially available (pyrophoric) solution of tert-butyl 
lithium (tBuLi) in pentane requires inert gas (argon or dinitrogen).

2. Solid lithioferrocene is extremely sensitive to air and pyrophoric.

3. Solids separated by filtration can be pyrophoric and should be allowed to hy
drolyse and oxidise slowly on air in the fume cupboard.

4. All contacts of the products with the skin should be avoided.

4.14.1
Experimental

a) Synthesis of N-Ferrocenyl Amine, Fc-NH2 (5)

Lithioferrocene (2)

Fc-H + t-BuLi -> Fc-Li + C4H10
1 2

All precautions to exclude oxygen and moisture must be strictly observed; instead of 
argon, dry and oxygen-free dinitrogen can be used as inert gas. In a 500 cm3 two
necked flask, equipped with a dropping funnel and a magnetic stirring bar, flushed 
with argon, ferrocene (1) (20 g; 0.107 mol) is dissolved in THF (125 cm3) and the so
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lution cooled to 0°C in an ice bath. The resulting orange coloured suspension is 
vigorously stirred, and tBuLi (71 cm3; 1.5 M in pentane) is added dropwise within 
15 minutes. Then hexane (150 ml) is added, and the mixture is cooled at -78 °C (dry 
ice/isopropanol). The precipitate (2) is isolated by filtration, washed five times with 
hexane (30 ml each time) and finally dried in high vacuum; yield 17.5 g (85%).

lodoferrocene (3)

Fc-Li + I2 -> Fc-I + Lil
2 3

In a 1-litre one-necked Schlenk vessel containing a magnetic stirring bar, flushed with 
argon, lithioferrocene (2) (17.5 g; 0.091 mol) is dissolved in THF (200 cm3), and then 
the flask is cooled at -78 °C. Iodine (23.1 g; 0.091 mol) is added to the stirred mixture 
in one portion. The reaction mixture is allowed to warm up to ambient temperature. 
After adding ether (600 cm3) and an aqueous solution of Na2S2O3 (10%; 150 ml), the 
organic phase is washed with water, dried with anhydrous Na2SO4, and the solvents are 
removed in vacuo. The raw product can be further purified by column chromatography 
on silica (15 cm column). Elution with hexane removes some ferrocene, whereas the 
product 3 is eluted with ether as a brown, oily substance; yield 18.5 g (65 %).

N-Ferrocenyl Phthalimide (4)

3

A mixture of iodoferrocene (3) (18.5 g; 0.06 mol), freshly distilled pyridine 
(100 cm3), phthalimide (9.5 g; 0.096 mol), and Cu2O (4.2 g; 0.029 mol) is prepared 
in a 250 cm3 one-necked flask, equipped with a magnetic stirring bar and a reflux 
condenser, all flushed with argon. This mixture is heated under reflux for 2 days; 
during this time the colour changes from red to black. The pyridine is then removed 
in vacuo, and the black residue is extracted with ether in a Soxhlet apparatus. The 
ether is evaporated in vacuo, and the residue is recrystallized from hot ethanol to 
give the product 4 as orange-red crystals (m.p. 150°C); yield 17.9 g (90%).

N-Ferrocenyl Amine (5)

4 5
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A suspension of N-ferrocenyl phthalimide (4) (5.0 g; 0.015 mol) in ethanol (100 cm3; 
degassed) is prepared in a 250 cm3 one-necked flask, equipped with a magnetic stir
ring bar and a reflux condenser, all flushed with argon. After addition of hydrazine 
hydrate (30cm3>, the mixture is kept under reflux for 4 hours. Then the reaction 
mixture is cooled to 0°C in an ice bath, and water (80 cm3; degassed) is added. The 
aqueous phase is extracted several times with ether (under argon), until the ether ex
tract is no longer yellow. The combined ether extracts are dried over anhydrous 
Na2SO4, and then the ether is removed in vacuo. The residue is purified by chroma
tography on silica (15 cm column). Elution with hexane/ether (10:2) gives 5 as a 
yellow solid (m.p. 157°C); yield 2.5 g (83%).

b) Silylated and Stannylated Ferrocenyl Amines (Scheme 1)

N-Ferrocenyl-N-trimethylsilyl Amine, Fc-N(H)SiMe3 (6)

A solution of N-ferrocenyl amine (1) (2.0 g; 0.010 mol) in hexane (200 cm3) is pre
pared under argon atmosphere in a 300 cm3 Schlenk-tube containing a magnetic 
stirring bar. Et3N (1.5 cm3; 0.011 mol) is added, followed by the dropwise addition of 
Me3Si-Cl (1.12 g; 0.010 mol) through a syringe. The light-yellow suspension is stir
red at room temperature for 12 h. All insoluble material is then filtered off, and the 
solvent hexane is removed from the filtrate in vacuo. The pure product 6 remains as 
orange plates (m.p. 66°C); yield 2.58 g (95%).

N-Ferrocenyl-N-trimethylstannyl Amine, Fc-N(H)SnMe3 (7), and 
N-Ferrocenyl-N,N-bis(trimethylstannyl) Amine, Fc-N(SnMe3)2 (8)

A solution of nBuLi in hexane (1.3 cm3, 1.6 M, 2.0 mmol) is further diluted with hex
ane (10 cm3), transferred into a 100 cm3 Schlenk tube under argon and cooled to 
-30 °C, before a solution of N-ferrocenyl amine (5) (0.40 g; 2.0 mmol) in hexane
ether (25 ml; 4:1) is slowly added dropwise. When the mixture has reached room 
temperature, the suspension is centrifuged, the liquid phase carefully decanted and 
the yellow solid (0.50 g), N-ferrocenyl-N-lithio amine (Fc-N(H)-Li), dried in high 
vacuum. A hexane (100 cm3) suspension of Fc-N(H)-Li (0.50 g; 1.9 mmol) is pre
pared in a Schlenk tube under argon, and solid Me3Sn-Cl (0.37 g; 1.9 mmol) is 
added in one portion at room temperature. The mixture is stirred for 12 hours and 
then filtered. The filtered solution is brought to dryness in vacuum to give a brown 
solid of almost pure 6; yield 0.49 g (70%).

In solution (as well as in the solid state), 7 decomposes slowly into N-ferrocenyl 
amine (5) and N-ferrocenyl-N,N-bis(trimethylstannyl) amine (8). In hexane solution, 
5 precipitates and can be separated, whereas the supernatant liquid becomes en
riched in 8.
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N-Ferrocenyl-N-trimethylsilyl-N-trimethylstannyl Amine, Fc-N(SiMe3)(SnMe3) (9)

In a 100 cm3 Schlenck tube, a solution of N-ferrocenyl-N-trimethylsilyl amine (6) 
(0.42 g; 1.5 mmol) in hexane (50 cm3) is prepared under inert gas and cooled to 
-40°C. tBuLi (1.5 cm3; 1.5 M in pentane, 1.5 mmol) is slowly added through a syr
inge. The reaction mixture is allowed to reach room temperature and stirred for 
1 hour. Solid Me3Sn-Cl (0.30 g; 1.5 mmol) is then added in one portion, and the mix
ture is kept stirring at room temperature for 12 hours. After filtration, the solvents 
are removed in vacuo, and a brown solid is left as the raw product 9; yield 0.58 g 
(90%).
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4.15
1,1 '-Bis(trimethylsilylamino)ferrocene -
A Useful Precursor to l,n-Diaza-[n]ferrocenophanes
Max Herberhold, Elena V. Klimkina, and Bernd Wrackmeyer

Amido ligands, in particular those acting as chelate ligands, have contributed sig
nificantly to the multifaceted coordination chemistry of both main group [1] and 
transition metals [1, 2], Considering the structural features of 1,1'-diaminoferro
cene, Fe(r|5-C5H4-NH2)2> fc(NH2)z (5), with its rigid and bulky backbone, (5) must 
be regarded as an attractive starting material for chelating diamido ligands with 
promising synthetic potential.

The synthesis of (5) has been reported previously [3]. At present, the best route to 
(5) [4] starts from ferrocene (1) and leads via l,T-dilithioferrocene (2) [5] and l,l'-di- 
bromoferrocene (3) [4] to l,l'-diazidoferrocene (4) [3c, 4], which is then reduced with 
dihydrogen over Pd/C to give (5). The conversion of (5) into its bis(trimethylsilyl- 
amino) derivative (6) [6] is straightforward (Scheme 4.15.1) and (6) itself or its N,N'- 
dilithiated derivative (7) [6, 7] can be used for numerous further transformations.

2 nBuLi 

tmeda

CgHgB^

(3)

Scheme 4.15-1
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Representative examples of the application of (6) (Scheme 4.15.2a) or (7) (Scheme 
4.15-2b) are shown here for an aminoborane (8) [8], three different types of alumi
nium—nitrogen compounds (10-12) [9] and an yttrium complex (9) [10], all of which 
are reactive species and also can be used for various synthetic purposes. Other appli
cations have been reported in the synthesis of l,l'-diaza-[n]ferrocenophanes with 
n = 3 [11], with n > 38 [12] or with n = 3 and other metals, such as Mg [6], Sn [13], Ti, 
Zr [6, 14],V [15] and U [16]. In addition, transition metal complexes were prepared in 
which the SiMe3 are replaced by Si(tBu)Me2 groups [17]. l,3-Diaza-2-metalla-[3]ferro- 
cenophanes bearing substituents other than silyl groups at the nitrogen atoms have 
also been synthesized [18].

H3AI-N(Et)Me2

2 Me3AI

HBBr2-SMe2

1 ■ YCI3
2.py

Scheme 4.15-2

py

-Me3AI(py)

The l,l'-diaminoferrocene (5) [4] and most of its derivatives are structurally char
acterised in the solid state by X-ray crystallography [4, 6, 18]. Solution-state multinuc- 
lear NMR spectroscopy (Table 4.15-1) reveals both molecular structures (Figs. 4.15-1 
to 4.15-3) and molecular dynamics (Figs. 4.15-2 and 4.15-3) of these compounds. 
The latter is shown in Figure 4.15-2 for one-dimensional NOE difference
spectra [19], showing the spatial proximity of respective groups, and in Fig. 4.15-3 by 
two-dimensional (2D) C 2D EXSY [20] spectroscopy, indicating the ring inversion



Table 4.15-1 1H, 13C and 29Si NMR spectroscopic data3'1 b\

3H NMR 13C NMR 29Si NMR Solvent Ref.

H(2,5) H(3,4) Element-R SiMe3 C(l) C(2,5) C(3,4) Element-R SiMe SiMe

(1) 4.18 67.9 CDC13

(3) 4.16, 4.42 - - 78.2 69.9, 72.6 - - cdci3

(4) 4.16, 4.34 - - 100.3 61.4, 66.4 - - cdci3

(5) 3.89, 3.77
3.73,3.65

2.56 (NH2)
1.87 (NH2)

- 103.7
104.7

60.5, 64.2
60.2, 64.2

- cdci3 
CsDg

(6) 3.71, 3.69
3.81, 3.78

2.29 (NH)
2.01 (NH)

0.18
0.15

106.6
105.9

59.7, 64.3
60.3, 64.6

- 0.2
0.3

2.8
2.3

CD2C12 
CgDg

[6]

(8) 3.86 3.99 4.31 (BH) 0.13 101.7 69.3 67.8 - 1.2 11.1 CD2C12 [8]

(9) 2.92 4.13 7-44 (py)
7-83 (py)
8-87 (py)

-0.04 101.8 67.0 66.9 124.7 (py) (br)
138.3 (py) (br)
150.2 (py) (br)

1.2 -6.0 (d)c> cd2ci2 [10]

(10) 3-44 [H(2)]
4.00 (H(5))

3.86 0.63 (t, CCH3)
2.08 (s, NCH3)
2.70 (q, NCH2)

0.26 106.4 66.8 (C(2))
69.8 (C(5))

64.5
65.0

52.5, 6.0 
(NCH2CH3) 
43.5 (NMe)

3.0 2.7 Toluene-[d8] [9a]

(11) 4.11 3.90 -0.21 (Meb)
-0.12 (Mea)

0.15 94.1 72.9 68.0 4.3 [br], (Mea)
1.6 [br], (Meb)

1.6 14.9 Toluene-[d8] [9b]

(12) 3.52 3.69 -0.60 (AlMe) 
7-69 (py) 
8-09 (py) 
8-96 (py)

-0.06 107.1 67.9 (br) 64.2 -5.6 [br] (AlMe) 
125.9 (py) (Cp) 
141.2 (py) (Cy) 
148.6 (py) (Ca)

2.5 3.4 CD2C12 [9b]

4.15 
1
 J'-B

is
 (trim

ethylsilylam
i no)ferrocene -A U

seful P
recursor to l,n‘D

iazafn]ferrocenophanes 
343

a) The assignment of the NMR signals is based on 1H{1H} NOESY and 2D 13C/'H HSQC experiments.
b) [br] denotes broad 13C resonances of aluminium-bonded atoms; (br) denotes broad 13C resonances due to dynamic effects.
c) 2J(89Y,29Si) = 1.6 Hz.
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Fig. 4.15-1 250.1 MHz ]H NMR and 62.9 MHz 13CfH} NMR spectra of (8) in CD2C12.

which is slow on the time-scale of conventional NMR experiments. Frequently, the 
understanding of structural features and NMR parameters is aided by quantum che
mical calculations [21].
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Fig. 4.15-2 400 MHz’l-lfH} NOE difference spectra (gradient enhanced [19a]) of 10 (10% in 
toluene-d8 at 23 °C; relaxation delay 1.5 seconds; mixing time 0.6 seconds; 30 minutes of spectro
meter time). The irradiated resonance signals are marked by arrows; the intensities as response 
arising from NOE or exchange (magnetisation transfer) are marked, (a) Normal’h NMR 
spectrum, (b) The NSiMe3 resonance was irradiated, (c) The NMe2 resonance was irradiated, 
(d) The H2’2 resonance of the cyclopentadienyl groups was irradiated.
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Fig. 4.15-3 13C 2D EXSY NMR spectrum20 of compound (10) (100.5 MHz, 10% in toluene-dg, 
at 23 °C); relaxation delay 2.0 seconds; mixing time 1.0 seconds.

Special Safety Precautions

1. All preparative work and handling of the samples is carried out observing pre
cautions to exclude traces of air and moisture. Carefully dried solvents and 
oven-dried glassware are used throughout.

2. Instead of argon, dry and oxygen-free dinitrogen can be used as inert gas.

3. Handling of the commercially available solutions of n-butyl lithium (nBuLi) in 
hexane, AlH3-N(Et)Me2 in hexane, AlMe3 in hexane and HBBr2-SMe2 in 
CH2C12 requires inert gas (argon or dinitrogen).
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4. Solid l,l'-dilithioferrocene (2) and fc(NSiMej)2Li2 (6) are extremely sensitive 
to air and pyrophoric.

5. Solids separated by filtration can be pyrophoric and should be allowed to hy
drolyse and oxidise slowly in air.

6. l,r-Diaminoferrocene and many l,n-diaza-[n]ferrocenophanes are light and 
temperature sensitive.

7. Extreme care should be exercised when handling solid l,l'-diazidoferrocene, 
as it is prone to explosion if heated rapidly4 above 56 °C (melting point).

8. All contact of the products with the skin should be avoided.

4.15.1
Experimental

a) Synthesis of 1,T-Bis(trimethylsilylamino)ferrocene, fc(N(H)SiMe3)2 (6) (Scheme 1)

1,T-Dilithioferrocene (2) and 1,T-Dibromoferrocene (3)

2 nBuLi

tmeda

C2H2Br4

(3)

In a 11 three-necked flask, containing a magnetic stirring bar, flushed with argon, fer
rocene (1) (20.9 g; 112.3 mmol) is dissolved in hexane (400 cm3). Freshly distilled 
tetramethylethylenediamine (tmeda) (37.7 ml; 249.8 mmol), is added and then nBuLi 
(147 cm3; 1.6 M solution in hexane, 235.2 mmol) is injected slowly through a syringe 
within 20 minutes. The reaction mixture is stirred for 1 hour and kept at complete 
rest for further 18 hours. The formation of red-orange needles is observed. The sus
pension is cooled to 0 °C in an ice bath and the supernatant liquid phase carefully 
decanted via a cannula. The remaining precipitate is washed with hexane (150 cm3) 
and finally dried under high vacuum to give of fc(Li)2(tmeda) (2) as an orange solid.

In the same 11 three-necked flask, equipped with a mechanical stirrer and a drop
ping funnel, a suspension of fc(Li)2(tmeda) (2) in hexane (300 cm3) is prepared under 
argon and cooled to -70 °C. Then 1,1,2,2-tetrabromoethane (C2H2Br4) (26.2 cm3, 
224.6 mmol) is slowly added to the suspension with vigorous stirring over a period of 
1.5 hours. The reaction mixture is allowed to reach ambient temperature (about 
1.5 hours) and kept stirring for further 12 hours. The resulting red-brown solution is 
hydrolysed with 40 ml of H2O. From this point, the workup is done in air. The mixture 
is stirred for additional 10 minutes, during which a layer of black oil forms at the bot
tom. The top red layer is decanted and the remaining oil is washed with hexane (2 x 
150 cm3). The decanted solution and the hexane fractions are combined and the sol-
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vent is removed in vacuo to give a red solid. The solid is extracted with Et2O and filtered 
off, resulting in a red—brown solution. The ether is evaporated in vacuo and the residue 
is redissolved in hot MeOH (30 ml) and crystallized at -20 °C to give 1,1'-dibromofer
rocene (3) as orange-red crystals, yield 25.3 g [66% calculated on ferrocene (1)].

1,T-Diazidoferrocene (4)

NaN3 CuCI

EtOH / H2O

(3) (4)

The following procedure is carried out in air. A mixture of 1,1'-dibromoferrocene (3) 
(13.71g, 39.9 mmol), CuCI (8.50 g, 85.9 mmol) and 300 ml of 95% EtOH is pre
pared in a 500 cm3 two-necked flask, equipped with a magnetic stirring bar. A solu
tion of NaN3 (10.36 g, 159.4 mmol) in 32 cm3 of H2O is added, resulting in the for
mation of a dark-brown suspension. The reaction flask is wrapped in foil and the 
suspension stirred for 48 hours. The mixture is then poured into H2O (450 cm3) and 
stirred for an additional 10 minutes. The top layer is decanted and extracted with 
Et2O (2 x 100 cm3) in a separating funnel. The solid is extracted with Et2O (5 x 
100 cm3) and filtered off, resulting in a red solution. The combined ether extracts 
are dried over anhydrous Na2SO4, concentrated to 150 cm3 and cooled to -30 °C to 
give 1,T-diazidoferrocene (4) as yellow crystals, yield 4.5 g (44%).

1,T-Diaminoferrocene (5)

Pd/C

(5)

In a 500 cm3 three-necked flask with an inlet and an outlet for argon, containing a 
magnetic stirring bar, a solution of l,l'-diazidoferrocene (4) (8.2 g, 30.6 mmol) in 
310 cm3 of anhydrous MeOH is prepared and degassed for 5 min by bubbling argon 
through it using a stainless-steel cannula. To this solution is added 0.1 g of Pd/C 
(10% Pd) powder under argon and H2 gas is bubbled through the solution at a mod
erate rate for 7.5 hours. The outlet for H2 leads to the bottom of an open beaker filled 
with water (height 20 cm) in order to have a count of the bubbles of unconsumed H2 
and, at the same time, to increase slightly the H2 pressure in the flask. Otherwise 
the yield drops significantly. The reaction mixture is filtered, concentrated to 
200 cm3 and cooled to -20 °C to give 1,T-diaminoferrocene (5) as yellow crystals. 
Further concentration and cooling of the filtrate afford a larger amount of (5). Total 
yield: 5.1 g (77%).
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1,T-Bis(trimethylsilylamino)ferrocene (6)

2 Me3SiCI

Et3N

A suspension of 14'-diaminoferrocene (5) (1.3 g; 6.0 mmol) in hexane (150 cm3) is 
prepared under argon in a 250 cm3 Schlenk tube containing a magnetic stirring bar 
and freshly distilled Et3N (1.82 cm3; 13.1 mmol) is added. Then the orange suspen
sion is cooled to 0 °C in an ice bath and Me3SiCl (1.62 cm3; 12.8 mmol) is slowly 
added through a syringe. The green-yellow suspension is stirred at room tempera
ture for 12 hours. All insoluble material is then filtered off (under argon) and the sol
vent hexane is removed from the filtrate in vacuo. The remaining solid is dissolved 
in hexane (50 cm3) and the hexane solution is filtered. The solvent is removed in 
vacuo to give 1.63 g (75%) of l,l'-bis (trimethylsilylamino) ferrocene (6) as a yellow- 
orange solid.

b) Synthesis of N,A/'-Dilithio-l,l'-bis(trimethylsilylamino)ferrocene (fcfNSiMej^l^) (7)

All precautions to exclude oxygen and moisture must be strictly followed. In a 
100 cm3 Schlenk tube containing a magnetic stirring bar, flushed with argon, a solu
tion of fc(NHSiMe3)2 (6) (350 mg; 0.97 mmol) in hexane (25 cm3) is prepared and 
cooled to -78 °C. nBuLi (1.21 cm3; 1.6 M solution in hexane, 1.94 mmol) is slowly 
added through a syringe. The reaction mixture is stirred at -78 °C for 1 hour, then 
allowed to reach ambient temperature and kept stirring for a further 30 minutes. 
The formation of a red-orange precipitate is observed. The suspension is centrifuged 
(without removing the magnetic stirring bar) and the supernatant liquid phase is 
carefully decanted. The solid is dried under high vacuum to give 340 mg (94%) of 
Fc(NSiMe3)2Li2 (7) as an orange powder.

c) Synthesis of l,3-Bis(trimethylsilyl)-2-hydro-l,3>2-diazabora-[3]ferrocenophane (8)

Freshly prepared fc(NSiMe3)2Li2 (7) (357 mg, 0.96 mmol) (in a 100 cm3 Schlenk 
tube, equipped with a magnetic stirring bar) is taken up in hexane (20 cm3) under 
argon; the suspension is cooled to -70 °C and HBBr2-SMe2 (0.96 cm3; 1.0 M solu
tion in CH2C12, 0.96 mmol) is injected slowly through a syringe. After stirring the re
action mixture for 2 hours at -70 °C and then for 2 hours at ambient temperature, 
insoluble materials are separated by centrifugation and the clear liquid is carefully 
collected. Volatile materials are removed in vacuo and the resulting oil is dissolved in 
hexane (18 cm3). After centrifugation, the solvent is removed in vacuo to give 170 mg 
(48%) of (8) as a yellow solid.
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d) Synthesis of 1,3-Bis(trimethylsilyl)-2-chloro-2,2-dipyridine- 
1,3-diaza-2-yttria-[3]ferrocenophane (9)

A solution of freshly prepared Fc(NSiMe3)2Li2 (7) (288 mg, 0.77 mmol) in toluene 
(20 cm3) is cooled to -78 °C and added to pure (degassed, flushed with argon) anhy
drous yttrium trichloride, YCI3 (151 mg; 0.77 mmol) in a 100 cm3 Schlenk tube con
taining a magnetic stirring bar at -30 °C via a cannula. The reaction mixture is 
stirred at -78 °C for 40 minutes, then anhydrous pyridine (0.249 cm3, 3.10 mmol) 
is injected slowly through a syringe. After stirring the reaction mixture for 1 hour at 
-70 °C and then for 18 hours at ambient temperature, insoluble materials are sepa
rated by centrifugation and the clear liquid is carefully collected. Volatile materials 
are evaporated, the remaining oil is washed with hexane (10 cm3) and the resulting 
mixture is centrifuged. The liquid phase is carefully decanted and the solid is dried 
in vacuo to give the yttrium complex (9) as a brown-green powder (231 mg; 47%).

e) Synthesis of l,3-Bis(trimethylsilyl)-2-dimethyl(ethyl)amine-2-hydro- 
1,3,2-diazaalumina-[3]ferrocenophane (10)

A solution of l,l'-bis(trimethylsilylamino)ferrocene (6) (176 mg, 0.49 mmol) in to
luene (10 cm3) is prepared under argon atmosphere in a 100 cm3 Schlenk tube con
taining a magnetic stirring bar and cooled to 0 °C in an ice bath. A solution of 
AlH3-N(Et)Me2 (0.98 cm3; 0.5 M solution in toluene, 0.49 mmol) is added dropwise 
through a syringe. While stirring, gas evolution is observed. The reaction mixture 
is stirred at 0 °C for 1 hour, then allowed to reach ambient temperature and kept 
stirring for 20 hours. Volatile materials are removed in vacuo, the remaining 
yellow-green oil is dissolved in hexane (20 cm3) and the solution is centrifuged. 
The clear liquid is carefully collected, the solvent is removed in vacuo to give 
190 mg (85%) of (10) as a yellow-orange oil.

f) Synthesis of ji-[Ferrocene-l,T-diylbis(trimethylsilylamido)]tetramethyldialane (11)

A solution of l,l'-bis(trimethylsilylamino)ferrocene (6) (230 mg, 0.64 mmol) in hex
ane (30 cm3) is prepared under argon in a 100 cm3 Schlenk tube containing a mag
netic stirring bar and cooled to -78 °C. A solution of AlMe3 (0.64 cm3; 2.0 M solution 
in hexane, 1.28 mmol) is added dropwise through a syringe. The reaction mixture is 
stirred at —78 °C for 1 hour, then allowed to reach ambient temperature and kept stir
ring for 48 hours. Volatile materials are removed in vacuo, the remaining yellow oil 
is dissolved in hexane (20 ml) and the resulting mixture is centrifuged. The clear li
quid is carefully collected, the solvent is removed in vacuo to give 290 mg (96%) of 
(11) as a yellow-orange oil.
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g) Synthesis of l,3-bis(trimethylsilyl)-2-methyl-2-pyridine- 
l,3,2-diazaalumina-[3]ferrocenophane (12)

A solution of (11) (90 mg; 0.19 mmol) in toluene-d8 (1 cm3) is prepared under argon, 
cooled to 0 °C and anhydrous pyridine (0.030 cm3, 0.38 mmol) is added. The mixture 
is stirred for 2 hours and analysed to contain about 70% of the adduct (12), together 
with (6) and Me3Al(py). Crystallisation from toluene-d8 gives, after 5 days at -20 °C, 
orange crystals of (12); m.p. 140-150 °C.
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4.16
Organometallic Molybdenum Compounds
Manfred Bochmann and Petr Klian

Transition metals in low oxidation states are able to form complexes with many un
saturated organic ligands, e. g. CO, olefins and acetylenes. This ability to coordinate 
such molecules and to activate them for subsequent reactions has led to an extre
mely rich chemistry and constitutes the basis of many important industrial catalytic 
processes. When CO or alkenes coordinate to a metal centre, mutually reinforcing 
interaction between a donation from ligand to metal and n back-donation from me
tal to ligand takes place. This is known as the ‘Dewar-Chatt-Duncanson model’ of 
ligand bonding. CO is particularly powerful in withdrawing electron density from 
the metal in this way, i. e. it is a strong ‘m-acid’. Since the C-0 stretching mode is 
easily observed in the IR spectrum., the position of this band is a sensitive probe for 
the electron density of the metal centre, its oxidation state and the overall charge.

The following experiments illustrate several aspects of the chemistry of metal car
bonyl complexes:

a) Some, but rarely all, CO ligands in the metal carbonyl complex can be displaced 
by other ligands such as alkenes. In our experiment, a cyclic olefin, cyclohepta
triene, is used as the displacing ligand.

b) The cycloheptatriene ligand has a polar C-H bond. Hydride abstraction generates 
an r]7-C7H7 (tropylium) complex, a representative of the large family of 6 arene 
complexes. Cationic and neutral Mo(0) and Mo(II) complexes are generated in ex
periments a) and b) whose IR spectra show typical shifts in the CO band patterns.

c) Cationic complexes are susceptible to nucleophilic attack, either on one of the li
gands or on the metal centre.

Some of the following preparations work best if carried out under a protective atmo
sphere of nitrogen; use a nitrogen manifold in a fume cupboard. A rotary vacuum 
pump is recommended for the thorough drying of some of the products. Ask a de
monstrator to instruct you in the use of these pieces of equipment.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins 
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA,Weinheim 
ISBN: 978-3-527-32472-9
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Special Safety Precautions

Mo(CO)6 and cycloheptatriene are toxic. Perform the reaction in a fume cup
board.

4.16.1
Experimental

a) Cycloheptatriene Molybdenum Tricarbonyl

The experimental set-up is shown in Figure 3.19-3. The compound is prepared by re
fluxing a mixture of Mo(CO)6 and cycloheptatriene in a high-boiling solvent under 
nitrogen. Use thoroughly dry glassware. To 5 mmol Mo(CO)6 in 15 cm3 of sodium- 
dried n-octane in a 100 cm3 flask add 8 mmol cyclohepta triene. Purge the flask with 
a stream of N2 to expel the air and stopper it quickly. Assemble the straight conden
ser with a T-piece, connect the N2 supply to the T-piece and purge the condenser 
with N2. Maintain the N2 stream while you quickly exchange the stopper on your 
flask for the condenser assembly. In this way, you should have avoided the entry of 
air as far as possible. Reflux the mixture for 5-6 hours or until no more Mo(CO)6 is 
seen to sublime. The oil bath temperature should be 160 °C. Make sure the solvent 
level inside the flask is slightly higher than the oil bath level to avoid the decomposi
tion of the product on overheated glass walls. During the refluxing, unreacted mo
lybdenum hexacarbonyl sublimes out of the reaction mixture and is washed back 
into the flask by the refluxing octane. If a significant accumulation occurs, taking 
great care not to splash hot oil and heating only as high as necessary, use a hot air 
blower to warm the ‘air condenser' part of the assembly occasionally to help dissolve 
the Mo(CO)6. Avoid driving the sublimate up inside the water jacket. There is little 
chance of blockage occurring but the bath temperature must be checked frequently 
and the assembly must not be left unattended for long periods.

The resulting deep-red solution is evaporated on a rotary evaporator (water bath 
temperature 70 °C), leaving a deep-red solid. This is extracted with 15 cm3 of diethyl 
ether. The solution is filtered quickly through a glass sinter. Since any unreacted 
Mo(CO)6 is less soluble in diethyl ether than the product, most of it is left on the fil
ter. The filtrate is immediately taken to dryness on a rotary evaporator (water bath 
at room temperature). The bright-red product may still contain small amounts of 
Mo(CO)6 but should be pure enough for the subsequent reaction.

You will need about 2 mmol of crude product for the subsequent synthesis. Obtain 
a pure sample for analysis by dissolving the remainder in heptane at room tempera
ture, filtering if required, then leaving stoppered in a refrigerator. If no crystals grow, 
leave the solution unstoppered in your cupboard overnight. The crystalline material 
is relatively stable but it decomposes rapidly in solution or when finely powdered. 
For IR spectroscopy, prepare a KBr disc quickly, then use it without delay. For NMR 
spectroscopy, measure the freshly made solution without delay.
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b) Cydoheptatrienyl Molybdenum Tricarbonyl Tetrafluoroborate

To a solution of (C7H8)Mo(CO)3 (2 mmol) in dichloromethane (15 cm3) add rapidly 
with swirling a solution of trityl tetrafluoroborate (2 mmol) in dichloromethane 
(15 cm3). Some oily residue from the Ph3CBF4 may remain undissolved - take care 
not to transfer it to the carbonyl solution. Stir for a few minutes, then filter off the 
product, an orange precipitate, on a glass sinter, wash it with a few small portions of 
diethyl ether, suck dry very briefly, then dry in vacuo. The product is obtained as an 
orange powder in almost quantitative yield. As above, prepare a KBr disc quickly, 
then use it without delay. For NMR spectroscopy, measure the freshly made solution 
without delay.

Note: [C6H5)3C]BF4 is the salt of a stable carbocation. Although it can be handled 
briefly in air, it is very susceptible to nucleophilic attack, e. g. by atmospheric moist
ure. It must be weighed out quickly and protected from moisture by dissolving it im
mediately in dry CH2CI2. The container of [(C6H5)3C]BF4 must always be stored in a 
desiccator over a powerful drying agent (P2O5 with moisture indicator). Good quality 
material is orange to yellow-brown; brown or colourless material (hydrolysis!) gives 
poor results.

c) Cycloheptatrienyl Molybdenum Dicarbonyl Bromide

This experiment is best carried out in a fume cupboard. [(C7H7)Mo(CO)3]BF4 
(1.5 mmol) is added in small portions to a stirred solution of 1.7 mmol of anhydrous 
LiBr in 25 cm3 of dry, degassed acetone under a moderate counter-current of nitro
gen. (Acetone is dried over molecular sieves. Oxygen is removed by bubbling nitro
gen through it for 2 - 3 minutes).

Stop stirring briefly and add a little [(C7H7)Mo(CO)3]BF4. What do you observe? 
Continue stirring for 20 minutes, remove the acetone in vacuo, extract the residue 
with 20 cm3 of dichloromethane and filter in air through a glass sinter (S3). LiBF4 
and unreacted [(C7H7)Mo(CO)3]BF4 are left behind. Wash with another 15 cm3 
CH2CI2, concentrate the combined filtrate to 3 cm3 (rotary vacuum pump), stopper 
the flask and leave on an ice bath to complete the crystallisation. If crystals fail to 
form, add a few cm3 of diethyl ether with a Pasteur pipette. The green-black crystal
line product is collected on a sintered glass filter. Yields of 60-70% can be expected.

d) Characterisation

Record the IR spectra of Mo(CO)6 and of your products as KBr discs. Adjust the 
thickness of the mull so that the CO stretching bands are well resolved. Interpret 
your IR spectra, and also the Raman spectra shown in Figure 4.16-1, paying particu
lar attention to the CO stretching region.

Record the NMR spectra of cycloheptatriene (in CC14 or CDC13) and of each 
of your products [(C7H8)Mo(CO)3 in CDC13, the others in acetone-d6]. Use only 
freshly prepared solutions. 1H, 13C{1H}, H-H COSY and H-C HSQC spectra of
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(C7H8)Mo(CO)3 are shown in Figure 4.16-2; assign the ID spectra as much as possi
ble (with the help of 2D spectra) and show how the reaction sequence can be de
duced from these data. and 13C{H} NMR spectra of [(C7H7)Mo(CO)3]BF4 are 
shown in Figures 4.16-3 and 4.16-4. Figures 4.16-5 and 4.16-6 show the mass spectra 
of (C7H8)Mo(CO)3 and [(C7H7)Mo(CO)3]BF4; interpret the spectra as far as possible. 
Calculate isotopic patterns of expected ions/fragments and compare them with 
the observed spectra. Calculations can be performed online using Chemputer at 
http://winter.group.shef.ac.uk/chemputer/isotopes.html.

4.16.2
Exercises

1. How is spectroscopic (and other) evidence used to arrive at chemical conclu
sions ?

2. Write down the chemical equations, including possible reaction mechanisms and 
suggest the structures of your products.

Further Reading

E. W. Abel, M. A. Bennett, R. Burton, and G. Wilkinson, J. Chem. Soc. 1958, 4559.
M. Bochmann, M. Green, H. P. Kirsch, and F. G. A. Stone, J. Chem. Soc., Dalton Trans. 1977, 714.
F. A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, 5th edn, John Wiley & Sons, Inc., New 

York, 1985, Chapters 22 and 28.
C. Elschenbroich, A. Salzer, Organometallics,VCH, Weinheim, 1989, Chapters 12 and 14.
R. B. King, Organometallic Synthesis, Vol. 1, Academic Press, 1965, p. 141.
D. F. Shriver, P. W. Atkins, and C. H. Langford, Inorganic Chemistry, Oxford University Press, 

Oxford, 1990, Chapter 16.

http://winter.group.shef.ac.uk/chemputer/isotopes.html
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Fig. 4.16-1 (b) Raman spectrum of cycloheptatriene molybdenum tricarbonyl.
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Fig. 4.16-1 (c) Raman spectrum of cycloheptatrienyl molybdenum tricarbonyl tetrafluoroborate

Fig. 4.16-2 (a) ’H NMR spectrum of cycloheptatriene molybdenum tricarbonyl in CDCl3.
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Fig. 4.16-2 (b) ISC^H} NMR spectrum of cycloheptatriene molybdenum tricarbonyl in CDClj.
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Fig. 4.16-2 (d) H-C HSQC spectrum of cycloheptatriene molybdenum tricarbonyl in CDCI3.
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Fig. 4.16-3 1H NMR spectrum of cycloheptatrienyl molybdenum tricarbonyl tetrafluoro borate 
in acetone-d6.
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Fig. 4.16-4 ^C^H} NMR spectrum of cycloheptatrienyl molybdenum tricarbonyl tetrafluoroborate 
in acetone-d6.
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Fig. 4.16-5 Mass spectrum (chemical ionization, positive) of cycloheptatriene molybdenum tricarbonyl.
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4.17
Migratory Insertion Reactions in Organo
Transition-Metal Chemistry
Mark J. Winter

Many transition metal anions are nucleophilic. They can therefore replace the halides
of alkyl halides (Eqs. 1 and 2).

Migratory insertion reactions (or simply “insertion reactions”) are those in which an 
atom, or group of atoms, is inserted between two mutually bonded atoms (Eq. 3).

XY
M-L -----► M-XY-L (3)

The term “insertion reaction” is a little unfortunate since many intramolecular rear
rangements and intermolecular additions are classified under the same heading. Mi
gratory insertion reactions are very important in industrial homogeneous catalysis 
as well as synthetic organotransition metal chemistry in university research labora
tories.

Of particular interest is the transformation of alkyl carbonyl complexes into acyl 
species. The incoming ligand L' may be an entity such as phosphine, amine, halide 
ion or carbon monoxide itself. Examples of such transformations are known for 
most transition metals. One reaction that has been studied particularly extensively is 
that of alkyl complexes MnR(CO)5 with ligands such as PPh3 or CO (Eq. 4).
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Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32472-9



4.17 Migratory Insertion Reactions I 365

Me
OC-.^ | ^..CO PPha 

-------------------
OC*^ I ^CO 

co

(4)

These studies, and those on some other systems, produced a set of observations con
sistent with a general reaction sequence for the alkyl to carbonyl insertion reaction. 
It is generally assumed that all alkyl to carbonyl reactions proceed in a similar fash
ion. You must understand that this is a tacit assumption and it does not necessary 
follow that all alkyl to carbonyl insertions proceed by the same mechanism (there 
are a few examples of those that do not).

The following five points refer to Scheme 4.17-1.

1. The R group migrates to an adjacent (that is, cis) carbonyl group.

2. In a second step, the coordinatively unsaturated (16 e-) intermediate is attacked 
by the incoming (nucleophilic) ligand.

3. The 16 e~ intermediate may be “transiently stabilised” by a solvent molecule. This 
is particularly likely when the solvent has coordinating ability of its own, good ex
amples are ethers and acetonitrile. Donation of a lone pair from an ether or aceto
nitrile transforms the 16 e“ intermediate into an 18 e“ intermediate, but one with 
a very loose ligand (the solvent). Although this intermediate has a stable 18 e- 
configuration, it behaves essentially as an entity with a vacant coordiantion site.

4. If the alkyl group possesses chirality, retention of configuration is observed.

5. First row transition metal complexes react more quickly than either second or 
third row compounds, the M-alkyl bond is stronger for second and third row tran
sition metals and therefore more difficult to break (a necessary step to achieve the 
migratory insertion step).

Scheme 4.17-1
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The reverse of the alkyl to carbonyl insertion process is also known, in which case 
it is sometimes referred to as an extrusion. This process is frequently achieved by 
thermal or photochemical activation. An elegant series of labelling studies have de
monstrated that the mechanism is the microscopic reverse of the migratory insertion 
process.

In the extrusion reaction a carbonyl ligand is lost and this is followed by phenyl 
migration to the resulting vacant coordination site.

It would be possible in a practical assignment of this type to study the manganese 
systems above (Scheme 4.17-1), but we choose not to do so as the compounds are rather 
volatile and (perhaps more to the point!) very pricey. Instead, we shall examine a series 
of related reactions based upon the molybdenum complex MoMe(CO)3(?75-C5H5) 
shown in Scheme 4.17-2.

Scheme 4.17-2

Special Safety Precautions

The reactions described should all be earned out in a fume cupboard. Mercury 
gives off a dangerous vapour; sodium chips react violently with water to give 
flammable gas; tetrahydrofuran is extremely flammable, may form peroxides and 
is irritating to the eyes and the respiratory system. Mel is toxic in contact with the 
skin and gives off a poisonous vapour.
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4.17.1
Experimental

a) [MoMe(CO)3(j75-C5H5)]

It is most important to exclude air from the apparatus until the reaction with Mel is 
complete, the anion [Mo(CO)3(f75-C5H5)]~ is particularly air sensitive. Discuss how 
to do this with a demonstrator. Set up the apparatus in a fame cupboard as shown in 
Figure 4.17-1.

Flush out the apparatus with N2, add mercury (5 cm3) and a magnetic stir bar. 
Add sodium chips (0.3 g, weighed under light petroleum, cut into 5-6 pieces) one at 
a time and stir rapidly until the sodium reacts with the mercury (exothermic, vigorous 
reaction, fumes). Amalgam formation is best achieved with fresh sodium surfaces. If 
there is a problem, try holding the sodium chip under the mercury surface with a 
spatula and press it firmly against the glass wall of the Schlenk tube to create a new 
surface.

After the amalgam has formed, add tetrahydrofuran (THF) (50 cm3, freshly dis
tilled) followed by [Mo(CO)3(t75-C5H5)]2 (1.0 g). Stir under N2 until the maroon col
our of the dimer is discharged (about 20 minutes to 2 hours). The idea is to stir the 
mixture as fast as possible in order to facilitate the reduction. The resulting murky 
yellow-green solutions contains [Mo(CO)3(t75-C5H5)]~ and is very air sensitive. The 
introduction of any air once the anion is generated will cause a pink colouration as the di
mer is reformed. If this happens, continue stirring over the amalgam until the pink 
colour is discharged.

Separate the anion solution from excess amalgam with a syringe. Stop stirring the 
reaction and rotate the Schlenk tube until it is nearly horizontal and allow any solids 
to settle. This may take a couple of minutes. Set up a second Schlenk tube and flush 
it out with N2. Transfer the anion solution to the second tube via syringe. Use Suba- 
Seals to prevent air getting into either Schlenk tube.

Fig. 4.5-1 Apparatus for synthesis under N2.

Schlenk tube 
containing Hg 
and stir bar
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Add more THF (10 cm3, freshly distilled) to the first tube and stir for a minute or 
so. If there is a pink colouration (a little oxidation of the anion), continue stirring un
til the colour is discharged. Allow the solution to settle and transfer the second batch 
of anion solution to the second Schlenk tube in the same way as before.

Add Mel (1.0 g) (weigh out and handle in fume cupboard) to the anion solution, 
replace the Suba-Seal with a glass stopper, close the sidearm tap and leave to stir 
overnight.

Remove the solvent under reduced pressure, at ambient temperature. Extract the so
lid into light petroleum (extremely flammable) (4 x 20 cm3 portions or until colour
less), and filter the resulting solution through a short A12O3 plug (about 2.5 cm in a 
filter stick). Allow the product to pass through the alumina under gravity. Wash 
through with extra light petroleum until the eluate is colourless.

Remove the solvent. Scrape all the solid into a sublimation unit and sublime out 
the product under vacuum (<10-1 Torr, about 40-60 °C, use a water bath for heat
ing). It is most important to maintain a good vacuum while this is going on.

Record the IR spectrum of your product as a solution in light petroleum (CaF2 
cells) in the range 2200-1500 cm-1, determine the yield.

b) [Mo(CO)2 (COMe) (i/5-C5Hs)(PPh3)]

Stir an acetonitrile (10 cm3) solution containing MoMefCo^^-CsHs) (0.13 g, 
0.5 mmol) and PPh3 (0.2 g, 0.76 mmol) under nitrogen overnight.

This should give a bright yellow precipitate. Collect the yellow solid [CpMo (CO
Me) (CO) 2 (PPh3)] on a sinter and wash with a little light petroleum. Dry under va
cuum. If the product looks a little grubby, recrystallise from CH2C12 and light petro
leum.

Record the solution IR spectrum of the product in CH2Cl2(CaF2 cells) in the range 
2200-1500 cm-1. Determine the yield.
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4.18
A Transition-Metal Alkylidyne Complex
Stephen Anderson, Darren Cook, and Anthony F. Hill

Although alkylidyne complexes i.e. compounds with metal-carbon triple bonds, were 
once considered exotic laboratory curiosities, they have now found wide application 
in organic synthesis and as catalysts for alkyne polymerisation and metathesis. This 
experiment involves the synthesis of a thermally stable alkylidyne complex of tung
sten, [W( = CC6H4Me-4)Br(CO)2(tmen)], via the abstraction of oxide from an anionic 
tungsten acylate, following a method originally described by Mayr. The bromide 
ligand results from CF3CO2/Br metathesis by excess bromide present in the lithi
um reagent with an initially formed trifluoroacetato complex [W( = CC6H4Me-4) 
(O2CCF3)(CO)2(tmen)].

x -■- — , . -• „ ■’r- t 'z

Special Safety Precautions

1. Tungsten hexacarbonyl and trifluoroacetic anhydride are extremely toxic. Deu
terochloroform is highly toxic, mutagenic and an irritant. Accordingly, all ma
nipulations should be carried out in an efficient fume cupboard. N,N,N',N'- 
tetramethylethylenediamine (trnen) and diethyl ether are flammable liquids.

2. Lithium metal and organolithium reagents react violently with water so every 
effort must be made to exclude moisture. Unrequired excess lithium reagents 
may be destroyed by slow addition to propan-2-ol followed by ethanol and 
finally water.

3. Carbon monoxide is liberated in the decarbonylation step and so caution must 
be exercised.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32472-9



370 4 Advanced Experiments

4.18.1
Experimental

Equation (1) shows the reaction sequence to be performed.

(i) LiC6H4Me/LiBr
(ii) (CF3CO)2O,-78cC
(iii) tmen

[W(CO)6] —----------------- > [W( = CC6H4Me)Br(CO)2(tmen)] (1)

All manipulations must be carried out under anaearobic conditions in a tume cup
board. It is essential that sodium-dried diethyl ether is used due to the moisture sen
sitive nature of the intermediates. All glassware should be oven dried and assembled 
whilst hot, flushing with nitrogen. High-sodium grade lithium (1% Na) gives the 
best results for the synthesis of the 4-lithiotoluene.

a) An Ether Solution ofLiC6H4Me-4

A three-necked 250 cm’ round-bottomed flask equipped with a reflux condenser, a 
paraffin bubbler, a pressure-equalised dropping funnel and magnetic stir bar is 
flushed with nitrogen for 3-5 minutes. Lithium metal (1.2 g), cut into small pieces, 
is then added under a counterflow of nitrogen followed by petroleum ether (30 ml). 
The petroleum ether is then removed by syringe and discarded (to remove the pro
tective coating of paraffin from the lithium). Diethyl ether (DRY, 50 ml) is then 
added and the flask immersed in an ice bath. A solution of 4-bromotoluene (10.0 g) 
in dry diethyl ether (25 ml) is then added via a dropping funnel over a period of 
1 hour. The mixture is left to warm slowly to room temperature overnight by which 
time the bulk of the lithium metal should have dissolved.

b) [W-(CC6H4Me-4)Br(CO)2(tmen)]

A three-necked 250 cm3 round-bottomed flask equipped with a paraffin bubbler, a 
pressure-equalised dropping funnel and magnetic stir bar is flushed with nitrogen 
for 3-5 minutes. Tungsten hexacarbonyl (finely ground, CAUTION, 5.0 g) is then 
added against a counterflow of nitrogen followed by dry diethyl ether (100 ml). The 
solution of 4-lithiotoluene (50 ml) prepared in a) above is then transferred via syr
inge (or cannula) to the dropping funnel. The solution is then added dropwise to the 
tungsten hexacarbonyl solution with rapid stirring. After approximately 25 ml has 
been added, a solution infra-red spectrum should be measured to estimate the extent 
of reaction (v(CO)max W(CO)6 = ca. 1970 cm-1). Further aliquots of the 4-lithio
toluene solution are added whilst monitoring the effect by IR spectroscopy until only 
a trace of [W(C0)6] remains (<2%). The dropping funnel is then removed and the 
remaining lithium reagent destroyed by adding slowly to propan-2-ol (50 ml). The 
flask is then immersed in a dry-ice/acetone bath and stirred for 5-10 minutes to 
ensure that the reaction mixture has cooled adequately. Trifluoroacetic anhydride 
(1.50 ml) is then added dropwise whereupon a red colour appears and then dissi-
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pates. The mixture is stirred for a further 10 minutes and then removed from the 
dry-ice bath. After stirring for a further 10 minutes, N,N,N',N'-tetramethylethylene- 
diamine (tmen) (3 ml) is then added and the mixture stirred for 10 minutes. Stirring 
is then stopped and the mixture allowed to warm up slowly overnight (CAUTION: 
CO evolves). The brown supernatant is then removed by decantation whilst a flow of 
nitrogen is maintained over the surface of the mixture. Dry diethyl ether (50 ml) is 
added and the mixture stirred and then left to settle. The ether is removed by decan
tation and the flask transferred to a rotary evaporator to remove the last traces of 
ether. The yellow solid should be transferred to a vial which has been flushed with 
nitrogen and stored in the dark.

Measure the yield, melting point, infra-red spectra (Nujol and dichloromethane) 
and 1H NMR spectrum (CDC13, 60 MHz). NB: The 3H NMR spectrum should be 
measured as soon as possible after preparing the solution in CDC13. Prolonged sto
rage of such aerated solutions will lead to decomposition. After obtaining these data, 
you will be provided with a 13C-{1H} NMR spectrum, a full analysis of which should 
include identification of J (183W13C) for the carbonyl and alkylidyne carbon nuclei. 
Use the spectroscopic data obtained to determine the stereochemistry at the tung
sten centre and explain why this is the most stable ligand arrangement. Briefly dis
cuss the steps involved in the formation of the alkylidyne complex and suggest why 
[W( = CC6H4Me-4)Br(CO)2(tmen)] is a more stable compound than [W( = CC6H4Me-4) 
Br(CO)4],

4.18.2
Technical Notes

1. Diethyl ether should be dried over sodium wire.
2. Lithium wire containing 1% sodium (e.g. Aldrich: 27,832-7) should be used to 

ensure that there are no problems with the initiation of the lithiation step.
3. Because of the extreme moisture sensitivity of trifluoroacetic anhydride, for large 

classes this should be stored in a Schlenk or Youngs tube and dispensed by syr
inge. Ill treated and aged samples of the anhydride will contain considerable 
amounts of the acid which seriously diminishes the overall yield.

4. All other reagents may be used as received from commercial sources.
5. The procedure also works well for a wide range of aryl bromides and also for 

[Mo(CO)6], however, that illustrated here is chosen for the simplicity of the NMR 
interpretation.

Further Reading

H. P. Kim, R. J. Angelici, Adv. Organomet. Chem. 1987, 27, 51.
A. Mayr, H. Hoffmeister, Adv. Organomet. Chem. 1991, 32, 227.
A. Mayr, G. A. McDermott, Organometallics, 1985, 3, 608.
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4.19
The Synthesis of i?6-Arenetricarbonyl Chromium(O) Complexes
David A. Widdowson

The exploitation of the modification of reactivity of an organic molecule by com- 
plexation to a metal is one of the major areas of development in organic synthesis in 
recent times. One particular area is the study of the enhanced reactivity of arenes 
upon complexation by Group VI metal and manganese carbonyls. By far the most 
studied among these are the arenechromiumtricarbonyl complexes. The effect of the 
metal moiety on the arene ring is an apparent electron withdrawal from the 7c-system 
and this manifests itself in a variety of ways as shown below.

Enhanced acidity 
and nucleophilic 
addition

Y = H, Enhanced acidity
Y = L.G., Enhanced solvolysis
Y = (+) or (-), Stabilised

Stereocontrol

It is important for the ease of use of such complexes that they should be readily 
prepared and efficiently decomplexed. This experiment demonstrates the most con
venient method of preparation via the use of the Strohmeier apparatus and a simple 
vacuum line/nitrogen manifold (Schlenk line). The complexes are synthesised by 
the direct reaction between the arene and chromium hexacarbonyl in an ether sol
vent mixture (Bu2O : THF 10 :1).1}

1) This solvent mixture has been determined empirically to give the optimum reaction temperature 
and a good backwash of the volatilised chromium hexacarbonyl (see C. A. L. Mahaffy, 
P. L. Pauson, Inorg. Synth. 1979, 19, 154).
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G
X

Y
Cr(CO)6

The need for the Schlenk line arises from the fact that the intermediates generated 
during the synthesis, the coordinatively unsaturated chromium carbonyl species, are 
very oxygen sensitive and so rigorously anaerobic conditions are essential. Once 
formed, the arene complexes are air stable in the solid state and can be handled with
out difficulty by conventional techniques.

The Strohmeier apparatus is, in effect, an inverted condenser. This is a convenient 
way of dealing with the problem of the volatility of the metal carbonyl which tends to 
condense above the level of the solvent in a normal condenser and block it. In the 
Strohmeier apparatus, any hexacarbonyl condensing ahead of the solvent is washed 
back into the reaction vessel via the syphon.

' - > .-L-l - 'M

Special Safety Precautions

Chromium hexacarbonyl is a colourless crystalline solid with a high vapour pres
sure. Highly toxic by ingestion or inhalation. All manipulations should be carried 
out in a fume cupboard.

4.19.1
Experimental

A mixture of di-n-butyl ether (purified by distillation from sodium-benzophenone2) 
(60 cm3),THF (purified by distillation from sodium-benzophenone (6 cm3), the arene 
(e.g. fluorobenzene, chlorobenzene, anisole, l-(tri-isopropylsilyl)indole, 2-methylthio- 
phene; quantity: 1 equivalent — for valuable substrates — or 10 cm3 — for readily 
available substrates) and chromium hexacarbonyl (1.0 g) are placed, together with a 
magnetic stirrer bar, in a 100 cm3 round-bottomed flask and attached to the Strohmeier 
apparatus. The assembly is connected to the Schlenk line using semi-pressure tubing.

2) A special communal still for the purification of this solvent should be set up in a fume cupboard. It
is essential that you consult a demonstrator or a technician before you use it.

Check that all joints are sealed, then evacuate the apparatus by carefully turning 
the 3-way tap on the line. As soon as the solvent begins to boil, let in the dry, oxygen- 
free nitrogen via the 3-way tap. Repeat this cycle nine more times to ensure that the 
system is completely anaerobic. With the system maintained under a slight positive 
pressure of nitrogen, commence stirring and heating the contents of the flask. Main
tain the solution at a steady reflux for 24 hours.

At the end of the reaction, the flask is cooled then detached from the Strohmeier 
apparatus. The solution is chromatographed over a short (~5 cm) column of silica 
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gel 60 using ether to effect the elution of the yellow-orange complex. Evaporation of 
the solvents yields the product.

Record the m.p. and record and interpret the IR and NMR spectra. Comment on 
the synthetic uses of these complexes.

Further Reading

For broad surveys of organometallic chemistry in organic syntheses see: (a) Comprehensive Organo
metallic Chemistry, Vols. 7 and 8 (Eds.: G. Wilkinson, F. G. A. Stone, E. W. Abel), Pergamon 
Press, Oxford, 1982; (b) S. G. Davies, Organotransitionmetal Chemistry: Applications to Organic 
Synthesis, Pergamon Press, Oxford, 1982; (c) E.-I. Negishi, Organometallics in Organic Synthesis, 
Wiley-Interscience, New York, 1980.

M. F. Semmelhack, G. F. Clark, J. L. Garcia, J. J. Harrison, Y. Thebtaranonth, W. Wulff, A. Yama- 
shita, Tetrahedron, 1981, 37, 3957.

G. Jaouen, Ann. N. Y Acad. Sci. 1977, 295, 59.
M. F. Semmelhack, Ann. N. Y. Acad. Sci. 1977, 295, 36.
D. A. Widdowson, Phil. Trans. Roy. Soc. Lond. 1988, A 326, 595.
W. Strohmeier, Chem. Ber. 1961, 94, 2490.
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4.20
Preparation of the Iron Tricarbonyl Complex 
of Methyl-2-Acetamidoacrylate
M. Elena Lasterra-Sanchez and Susan E. Gibson

Many organic compounds form stable iron carbonyl complexes. By forming these 
complexes, organic molecules which are too reactive to be isolated can be stabilised 
and studied, olefinic groups can be protected during the course of a multi-step or
ganic synthesis, the chemical reactivity of organic compounds can be modified and 
the stereochemical course of organic reactions can be altered. In this experiment, 
you will form the iron tricarbonyl complex of the amino acid dehydroalanine using 
ultrasound (Eq. 1). Formation of its iron carbonyl complex modifies the chemical re
activity of the dehydroalanine and this has been exploited in a synthetic route to unu
sual highly branched amino acids.

Fe2(CO)9 

ultrasound

Special Safety Precautions

1. Methyl 2-acetamidoacrylate can act as a skin and nasal irritant. Wash off with 
alcohol followed by copious quantities of water.

2. Diethyl ether is highly flammable and should be handled in a fume cupboard.

3. lodomethane is highly toxic and volatile. It must be handled with disposable 
gloves in a fume cupboard.

4. Di-iron nonacarbonyl is harmful and should also be handled in a fume cup
board.
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4.20.1
Experimental

a) Methyl-2-acetamidoacrylate

2-Acetamidoacrylic acid (2.33 g, 18 mmol) is dissolved in dry acetone (300 cm5) in a 
two-neck round-bottomed flask fitted with a condenser (carrying a CaCl2 drying 
tube) and a stopper. To this solution is added K2CO3 (5.45 g, 39.5 mmol) and iodo
methane (2.24 cm3, 36 mmol). The mixture is then heated under reflux for 3 hours, 
after which time additional iodo methane (1.12 cm3, 18 mmol) is carefully added and 
the heating maintained for a further 3 hours. The solution is then allowed to cool 
and the solid material removed by filtration and washed with dry acetone. The ace
tone solution and the acetone washings are evaporated to dryness (using a rotary eva
porator) and the residue is redissolved in hot chloroform (700-800 cm3) and filtered. 
Removal of the chloroform in vacuo affords the product either as white crystals or as 
an oil, which forms white crystals on standing overnight. Record the melting point, 
the IR spectrum (KBr) and the 3H NMR spectrum (CDC13) of your white crystals.

b) (Methyl-2-acetamidoacrylate)tricarbonyliron(0)

The ester prepared above (1.5 g, 10.5 mmol) is dissolved in sodium-dried diethyl 
ether (75 cm3) in a three-neck round-bottomed flask fitted with a condenser and a 
gas inlet. Nitrogen gas is bubbled through the stirred solution for 5 minutes to satu
rate the solution with nitrogen and then Fe2(CO)9 (7.65 g, 21 mmol) is added care
fully. Taking care to maintain the nitrogen atmosphere, the apparatus is placed in an 
ultrasonic bath and sonicated at 35 °C for approximately 30 minutes. The product 
mixture is then filtered through deactivated alumina or celite using diethyl ether as 
eluent and the solvent is removed in vacuo.

If the product contains Fe3(CO)12 impurities (green in colour), it may be purified 
by column chromatography (SiO2; 2:3 ethyl acetate: -40-60 °C petroleum ether) to 
give the iron complex as an air stable yellow-orange crystalline material. Record the 
melting point, the IR spectra (KBr and hexane solution) and the 3H NMR spectrum 
(CDC13) of your product.

Further Reading

A. J. Pearson, in: Comprehensive Organometallic Chemistry, Vol. 8 (Eds.: G. Wilkinson, 
F. G. A. Stone, E. W. Abel), Pergamon Press, 1982, p. 939.

R. Gree, Synthesis, 1989, 341.
A. de Cian, R. Weiss, J.-P. Haudegond,Y. Chauvin, D. Commereuc, J. Organomet. Chem. 1980, 

187, 73.
M. P. Bueno, C. Cativiela, C. Finol, J. A. Mayoral, C. Jaime, Can. J. Chem. 1987, 65, 2182.
K. S. Suslick, Adv. Organomet. Chem. 1986, 25, 73.
S. V. Ley, C. M. R. Low, in: Ultrasound in Synthesis, Springer Verlag, 1989.
J. Barker, S. L. Cook, M. E. Lasterra-Sanchez, S. E. Thomas, J. Chem. Soc., Chem. Commun.

1992, 830.
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4.21
Halfsandwich Carbonyl Vanadium Complexes
Max Herberhold and Matthias Schrepfermann

Following the synthesis of the first sandwich complex, di (cyclopentadienyl) iron (“fer
rocene", Fe(^5-C5H5)2) in 1951/52, a series of sandwich and halfsandwich com
pounds of other transition metals has been described. In the case of vanadium, the 
halfsandwich complex ^5-cyclopentadienyl tetracarbonylvanadium, (^5-C5H5)V(CO)4 
(2), can be prepared starting from either vanadocene,V(i/5-C5H5)2 (1), or hexacarbo
nylvanadium, V(CO)6 (3).

(^5-C5H5)V(CO)4

2

0 
C

OC\ y/C0 
OC^ । 's'co

C 
O

V(CO)6

3

In contrast to the paramagnetic compounds 1 and 3, the diamagnetic halfsandwich 
complex (^5-C5H5)V(CO)4 (2) conforms to the 18-electron rule (5 (V) + 5 (C5H5) 
+ (4x2 (CO)) = 18 electrons). Halfsandwich carbonyl-metal complexes such as 2 are 
good precursors for oligonuclear (i/5-C5H5)Vcompounds; they may also serve as mod
els for either ring substitution or photo-induced displacement of CO ligands in orga
nometallic complexes. The ring ligand (^5-C5H5) is able to screen one hemisphere of 
the coordination shell of the metal; the permethylated cyclopentadienyl ring ligand 
(^5-C5Me5) is an even better protecting group.

Although 2 is conveniently obtained by high pressure carbonylation of V(;/5- 
C5H5)2 (1), the synthesis of halfsandwich carbonylvanadium complexes is generally 
carried out via hexacarbonylvanadium, V(CO)6 (3), a blue-black 17-electron com
pound. The first two parts of this experiment describe the preparation of the homo- 
leptic carbonyl-metal complex,V(CO)6 (3), by reductive high pressure carbonylation 
of VC13 to give a [sodium(diglyme)2]+ salt of the hexacarbonylvanadate anion, 
[V(CO)6]- (Eq. 1). (A synthesis of the [V(CO)6]“ anion by reductive carbonylation 
of VC13 under atmospheric pressure in the presence of cyclooctatetraene (C8H8) 
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in tetrahydrofuran (THF) solution has also been described, however, the salt 
[Na(THF)x][V(CO)6] cannot be oxidised subsequently to V(CO)6, which loses CO 
easily in the presence of THF),

VC13 4^a(sand)> [Na(C6H14O3)$][V(CO)6]- V(CO)6 (1)
diglyme -1/2 H2

200 bar CO 3

Protonation of the [V(CO)6]“ anion by anhydrous phosphoric acid and thermal de
composition of the intermediate iHV(CO)6o leads to V(CO)6 (3) in ca. 90% yield.

Three examples of the conversion of 3 into halfsandwich carbonylvanadium com
plexes such as 4-6 are presented, using the reactions with pentamethylcyclopenta
diene, hexachlorocyclopentadiene and 1,3,5-cycloheptatriene.

5

Special Safety Precautions

1. Carbon monoxide, CO, is very toxic (MAK value 33 mg m~2 3 4, 30 ppm). During 
the manipulations with the autoclave, a CO warning sensor (threshold value 
30 ppm!!) should be worn.

2. Sodium sand is pyrophoric and must be handled under inert gas (N2 or Ar). 
Excess sodium sand from the filtration of the autoclave reaction mixture 
should be destroyed by treating the residue with iPrOH, EtOH and water sub
sequently.

3. V(CO)6 and (/77-C7H7)V(CO)3 are pyrophoric; V(CO)6 loses CO slowly.

4. The residues of all filtration steps are pyrophoric and are allowed to decom
pose slowly in the fume cupboard after being poured into a large glass dish.
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4.21.1
Experimental

a) Di[bis(2-methoxyethyl)ether]sodium-hexacarbonylvanadate(-l), 
[Na(diglyme)2][V(CO)6]

160 °C
VC13 + 4Na + 2C6H14O3 200barC°> [Na(C6H14O3)2][V(CO)6] + 3NaCl (2) 

(Fe(CO)s)

A 0.5 1 autoclave (pressure capacity 300 bar) is charged with 15 g sodium sand 
(650 mmol), 17.2 g VC13 (109 mmol), 200 cm3 “diglyme” (bis(2-methoxyethyl) ether) 
and 1 cm3 Fe(CO)5 under an inert gas. The autoclave is first flushed with nitrogen 
(50 bar, to check leaks) and then CO (50 bar). After expanding, 200 bar CO is pressed 
on the system which is then slowly heated to 160 °C under stirring.

After 48 h, the autoclave is allowed to cool down to room temperature and the re
action mixture is filtered over Na2SO4 (10 x 3 cm). The residue is washed with Et2O 
until the filtrate has become colourless. The yellow solution is then extracted with 11 
hexane in a separatory funnel. The brown layer separating at the bottom of the fun
nel is allowed to drop slowly into cold (-78 °C) hexane (ca. 100 cm3). This leads to 
precipitation of the hexacarbonylvanadate salt, [Na(diglyme)2][V(CO)6],

The crude orange-red product is sticky and therefore reprecipitated several times 
by redissolving it in a small amount of Et2O (30-40 cm3), adding 100 ml hexane via 
syringe and decanting the pink supernatant solution as soon as possible. This proce
dure is repeated until the product is obtained as a yellow powder, which is then dried 
at the oil pump.

Yield: 27.8-33.4 g (50-60%).
The product should be stored in a refrigerator (-20 °C) in the dark.

b) Hexacarbonylvanadium,V(CO)6 (3)

[Na(C6H14O3)2][V(CO)6] + H3PO4 Via[HV(C°)61 >
V(CO)6 + 1/2 H2 + NaH2PO4 + 2C6H14O3 (3)

3

All manipulations must be carried out under inert gas (N2 or Ar).
In a special sublimation vessel (Fig. 4.21-1), about 15 g P4O10 are dissolved in ca. 

65 ml commercial orthophosphoric acid (85% H3PO4) at 0°C (charge the vessel 
without inert gas stream!). A 10 g portion of dry [Na(diglyme)2][V(CO)6] (19.6 mmol) 
is added through a long funnel to the surface of the anhydrous acid. The lower end 
of the sublimation tube is loosely fitted with a lump of glass wool to protect the 
V(CO)6 (3) product at the sublimation finger against the squirting acid during the 
sublimation process. Then the cooling finger is attached above the glass wool 
(2-3 cm) and fixed by a small clamp.

The cooling finger is cooled to -30 °C using a cryostat (isopropanol), and high va
cuum (ca. 10-2 mbar) is applied. Whereas the water bath is heated to 40 °C, the blue-



380 4 Advanced Experiments

Cooling (-30*0

Sublimation vessel.

black V(CO)g (3) is subliming to the finger (the vacuum should be re-applied periodi
cally). As soon as the phosphoric acid becomes slightly green, the sublimation is discon
tinued and the detached sublimation finger is placed on a frit. The product V(CO)6 (3) 
is removed from the finger, washed with degassed air-free water (degassed for 
ca. 15 minutes at the aspirator vacuum) and finally dried at the aspirator vacuum until 
the product can be poured into an appropriate Schlenk tube. The blue-black crystals 
should be so dry that formation of ice is not observed when the tube is stored at -20 °C).

Yield: 3.8 g (90%), m.p. 70 °C (dec.).

c) (7S-Pentamethylcydopentadienyl)tetracarbonylvanadium, (75-C5Me5)V(CO)4 (4)

V(CO)6 + C5Me5H -» (/75-C5Me5)V(CO)4 + 2CO + 1/2 H2
3 4

(4)

All manipulations are carried out under inert gas (N2 or Ar), and the direct influence 
of sun or UV light should be avoided.

In a Schlenk tube, 1.3 g V(CO)6 (3) (5.94 mmol) are dissolved in 75 cm3 hexane 
(not completely soluble!) and treated with 1.15 cm3 (7.12 mmol) distilled penta



4.21 Halfsandwich Carbonyl Vanadium Complexes I 381

methylcyclopentadiene, CjMesH. The reaction mixture is heated to boiling (paraffin 
valve at the reflux condenser) in a preaheated oil bath (ca. 100 °C) until all the 
V(CO)6 (3) is consumed (ca. 1-2 hours; monitor by IR spectroscopy!).

The cold mixture is chromatographed over silica1* (5x3 cm) using hexane/to- 
luene (5:1) as the eluant. The solvent is removed from the orange solution at the oil 
pump vacuum, the crude product is redissolved in 5 ml pentane and stored on dry 
ice overnight.

The supernatant liquid is discarded and the orange residue is dried at the aspirator 
vacuum. The crude (i/5-C5Me5)V(CO)4 (4) product is then sublimed in a high va
cuum using a water bath (90-100 °C). The sublimate can be scratched off the finger 
in the presence of air, but the pure product should be stored under inert gas. It can 
be kept at room temperature in the dark for unlimited periods.

Yield: 1.15 g (65%), orange needles, m.p. 144 °C.

d) (75-Pentachlorocydopentadienyl)tetracarbonylvanadium, (75-C5Cl5)V(CO)4 (5)

4V(CO)6 + 3C5C16 3(175-C5C15)V(CO)4 + VC13 + 12 CO (5)
3 5

All manipulations are carried out under inert gas and the direct influence of sun or 
UV light should be avoided.

In a Schlenk tube, 0.25 g V(CO)6 (3) (1.14 mmol) are dissolved in 30 cm3 hexane 
(not completely soluble!) and treated with 0.18 ml (1.14 mmol) distilled hexachloro- 
cyclopentadiene, C5C16. After a few minutes, complex 5 is formed in the solution, 
while VC13 precipitates. The mixture is chromatographed over silica1* (5x3 cm) 
using hexane as the eluant. The solvent is removed from the orange solution under 
reduced pressure and the product 5 is dried at the oil pump.

Yield: 0.2 g (45%), orange needles, m.p. 71 °C.
(j/5-C5C15)V(CO)4 (5) should be stored under argon at -20 °C in the dark and pre

pared freshly for reactions.

e) (77-Cydoheptatrienyl)tricarbonylvanadium, (77-C7H7)V(CO)3 (6)

V(CO)6 + c7h8 ------------
3

by-product

(J77-C7H7)V(CO)3 + 3 CO + 1/2 H2
6

1/2 [(^7-C7H7)V(^-C7H8)][V(CO)6] + 3CO + 1/4H2

All manipulations are carried out under inert gas.
In an appropriate Schlenk tube, 6.11 g V(CO)6 (3) (27.9 mmol) are dissolved in 

220 cm3 hexane (not completely soluble!) and treated with 6.7 ml (65.0 mmol) dis

'll The silica used for column chromatography should be periodically degassed under high vacuum 
and subsequently loaded with inert gas (N2 or Ar) before use.
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tilled 1,3,5-cycloheptatnene, C7H8. The mixture is refluxed in a preheated oil bath 
(ca. 100 °C) for 90 minutes (paraffin valve at the reflux condenser).

The cold reaction mixture is filtered over a fine glass frit to remove the brown by
products (such as [(if-C7H7)V(?76-C7H8)][V(CO)6]). The residue is repeatedly washed 
with 30 cm3 portions of hexane until the filtrate becomes colourless. The volume of 
the solution is reduced to ca. 60 cm3. In case there should be unreacted V(CO)6 in 
the cooling trap, the solution is brought to dryness and the residue is redissolved in 
60 ml hexane. The hexane solution is kept on dry ice overnight. The halfsandwich 
complex 6 forms dark green needles. If the product is amorphous, it can be recrystal
lised easily from hexane.

The supernatant solution is decanted, and the product 6 is dried in a high va
cuum. It should be stored under argon.

Yield: 2.14 g (34%), dark green crystals, m.p. 134-137 °C (dec.).
All complexes described can be characterised easily by 51V NMR spectroscopy 

(with the exception of paramagnetic V(CO)6 (3)) and IR spectroscopy. The spectro
scopic data are summarised in Table 4.8-1.

Table 4.21-1 Characteristic spectroscopic data.

Complex <5(51V)a> IR(v(CO),[cm-1])b)

[Na(diglyme)2][V(CO)6] -1945 1861c)
V(CO)6 (3) paramagn. 1974
(ri5-C5Me5)V(CO)4 (4) —1466 2015 s, 1915 vs
(p5-C5Cl5)V(CO)4 (5) -1008 2046 s, 1963 vs
(n7-C7H7)V(CO)3 (6) -1518 1997 vs, 1901 vs

a) In CsD6 solution rel. neat VOC13 (<5 (51V) = 0); b) in hexane solution; c) in Et2O solution.
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4.22
Covalent and Ionic Metallocene Hexafluoroarsenate Complexes
Inis C. Tornieporth-Oetting and Thomas M. Klapotke

The complex Cp2H(AsF6)2 (Cp = ^5-C5H5), prepared either from Cp2TiF2 and AsF5 
or from Cp2'HCl2 and AgAsF6, was the first metallocene hexafluoroarsenate complex 
containing a direct M---F--E interaction (E = P, As, Sb or Bi). It fertilised both the 
high oxidation-state organometallic chemistry of the early transition elements and 
the chemistry of cationic metallocene species.

The cationic metallocene dichloride salts [Cp2MCl2]n+[AsF6]„ (n = l: M = V, Nb, 
Ta; n = 2: M = Mo, W; n = 3: M = Re) were synthesised quantitatively by oxidation of 
the lower valent metallocene dichlorides with AsF5. All group 5 ionic metallocene 
complexes possess pronounced antitumor properties against experimental as well as 
human tumours heterotransplanted to athymic mice tumours.

Special Safety Precautions

1. Arsenic pentafluoride, AsF5, and many non-metal fluorides are oxidisers, 
fluorinators and are toxic. Extensive care must be taken to avoid contact be
tween the fluorides and oxidisable materials. The whole AsF5 cylinder should 
be securely clamped inside a fume cupboard.

2. Hydrolysis of AsFs (and AsFs/AsFe containing compounds) can produce HF. 
Hydrogen fluoride (HF) can cause severe burns.

3. Protective clothing and face masks should be worn all times.

4. Sulfur dioxide is toxic and corrosive (bp: -10°C, P(20°C):3.30 bar).

5. The residues from both preparations (also cold trap, etc.) can be decomposed 
by slow addition of aqueous sodium bicarbonate.

6. If in any doubt whatsoever about safe operation, consult a demonstrator.
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4.22.1 
Experimental

a) Cp2Ti(AsFe)2

Cp2TiCl2 + 2AgAsF6 -> Cp2Ti(AgF6)2 + 2AgCl (1)

In a dry box or glove bag, silver hexafluoroarsenate (1.00 g, 3.37 mmol) is placed in 
one 25 cm3 bulb of a two-bulb Pyrex glass vessel (equipped with a J. Young Teflon
stemmed glass valve and a medium sintered glass frit; Fig. 4.22-1). Titanocene 
dichloride (0.42 g, 1.69 mmol) is placed in the other 25 cm3 bulb. The vessel is evac
uated and at --78 °C (acetone/dry-ice) sulfur dioxide (dried over CaH2) is now con
densed onto both compounds (10 cm3 each). The solution of AgAsF6 is poured at 
room temperature onto the solution of Cp2TiCl2. The mixture is stirred for 2 hours. 
The solution is filtered and the precipitate (AgCl) washed twice with recondensed 
solvent (10 cm3). The solvent is removed under a dynamic vacuum leaving a dark 
red solid - Cp2Ti(AsF6)2 - and AgCl. In the dry box or glove bag, the product is 
placed in a clean and dry two-bulb vessel (see above) and recrystallised from 10 cm3 
sulfur dioxide.

Fig. 4.22-1 Two-bulb glass vessel.
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Calculate the yield of your product and measure its IR (glove bag, Nujol mull, KBr 
plates) and JH NMR (CDC13) spectra. Seal the product in a glass ampoule.

b) [Cp2MoCl2]2+[AsF6]2

Cp2MoCl2 + 3AsFs [Cp2MoCl2]2+[AsF6]J + AsF3 (2)

Molybdenocene dichloride (1.01 g, 3.40 mmol) is placed in one 25 cm3 bulb of a dry 
two-bulb Pyrex glass vessel (equipped with a Young Teflon-stemmed glass valve and 
a medium sintered glass frit, Fig. 4.22-1). The vessel is evacuated and 15 cm3 sulfur 
dioxide (dried over CaH2) are condensed onto the Cp2MoCl2 at -78 °C (acetone/dry- 
ice). The SO2 solution is frozen in liquid nitrogen and arsenic pentafluoride (1.73 g, 
10.20 mmol) is condensed onto the frozen solution. The mixture is warmed to room 
temperature and stirred for 30 minutes. The solution is filtered (although there is 
nearly no precipitate) and the volatile materials (SO2, AsF3) are removed under a 
dynamic vacuum leaving a black solid. In a dry box or glove bag, the product is 
placed in a clean and dry two-bulb vessel (see above) and recrystallised from 15 cm3 
sulfur dioxide.

Calculate the yield of your product and measure its IR (glove bag, Nujol mull, KBr 
plates) and 3H NMR spectra (sealed NMR tube, SO2 solution). Seal up the product 
in a glass ampoule.

Instead of Cp2MoCl2 you can use Cp2WCl2 (1.20 g) and AsFs (1.58 g).

Further Reading
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4.23
The Preparation of roc-Ethylene-l,2-bis(l-indenyl)zirconium 
Dichloride and Dibenzyl Complexes
Manfred Bochmann and Simon J. Lancaster

Bis (cyclopentadienyl) metal dichloride complexes of titanium, zirconium and haf
nium in the presence of aluminum alkyls as activators are well known catalyst pre
cursors for the polymerisation of olefins. If the cyclopentadienyl ligands carry suita
ble substituents and are connected to each other by a bridge, stereorigid complexes 
result which are able to control the stereochemistry of the growing polymer chain 
during the polymerisation of 1-alkenes, notably propene. The best known example 
for complexes of this type is rac-ethylene-l,2-bis(l-indenyl)zirconium dichloride 
(CjHJndjZrCy, which possesses C2 symmetry and leads to the formation of highly 
isotactic polypropene. The second possible isomer of the complex, with meso config
uration, has Cs symmetry and is a minor by-product which is removed during the 
purification process; it is undesirable since it exhibits no stereocontrol.

Special Safety Precautions

1. All experimental procedures should be carried out on a vacuum/inert-gas 
manifold in a fume cupboard.

2. Petroleum ether, diethyl ether and indene are flammable. THF is both flam
mable and an irritant, toluene is flammable and toxic.

3. Zirconium(iv) chloride is corrosive and liberates HC1 on hydrolysis; its inhala
tion must be avoided.

4. Dibromoethane is toxic and a suspect cancer agent. It should be handled in a 
fume cupboard.

5. Benzyl chloride is a lachrymator. It should be handled using rubber gloves in 
a fume cupboard.

6. Butyllithium is pyrophoric and reacts violently with water. It should be ma
nipulated under inert gas using stainless-steel cannulae and gas-tight syr
inges. Rubber gloves should be worn!
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4.23.1
Experimental 

a) The Ligand

Required are a 11 flask with central B24 neck and two outer B19 necks equipped 
with magnetic stir bar, a dropping funnel with 200 cm3 capacity, a B19 stopcock 
adaptor, two B19 stoppers, a B19 Suba-Seal, a large insulated dry-ice/acetone bath, 
two 100 cm3 glass syringes, a 21 separatory funnel, a large sintered glass frit and a 
21 Buchner flask.

Assemble the three-necked flask with dropping funnel and evacuate on a vacuum 
line, flame dry the flask and allow to cool before filling it with dry argon or nitrogen. 
Weigh 56.7 g (0.49 mol) indene (Note: to ensure purity, indene should be distilled on 
a long vigreux column and stored in a freezer) in the 100 cm3 syringe and transfer to 
the flask through the Suba-Seal. Add 300 ml dry, degassed THF through the Suba- 
Seal. Cool the solution to -78 °C on the dry-ice/acetone bath. Taking a clean 100 cm3 
syringe, and with great care, charge the dropping funnel with 195 cm3 of a 2.5 M 
solution of n-BuLi. Add the n-BuLi dropwise over a period of one hour. The solution 
will turn red in colour. After complete addition, warm the solution to room tempera
ture and stir for a further hour to ensure complete deprotonation.

Cool the solution again to -78 °C on a dry-ice/acetone bath and via the dropping 
funnel add 45 g 1,2-dibromoethane dissolved in a further 50 cm3 dry degassed THF 
dropwise with stirring over one hour. Then allow the reaction mixture to warm very 
slowly to room temperature over a period of two hours before stirring for a further 
two hours. Cool the reaction mixture to 0°C in an ice bath, quench with 100 cm3 of 
a saturated solution of ammonium chloride and add a further 200 cm3 of distilled 
water to dissolve the LiCl. The procedure can pause overnight at this point.

Transfer the contents of the flask to a large separatory funnel and add a further 
200 ml petroleum ether to dilute the organic phase. Discard the aqueous phase and 
wash the organic phase with a further two 200 cm3 portions of distilled water. Clean 
the original flask, remove the dropping funnel and transfer the organic phase to the 
flask. Add approximately 30 g anhydrous magnesium sulfate and stir for one hour to 
dry. Separate the magnesium sulfate by filtration through a G3 sintered glass frit. 
Reduce the solvent volume to about 100 cm3 or until crystals persist at 50 °C on a 
rotary evaporator. Allow the solution to cool slowly; the product will crystallise as off- 
white crystals which are filtered off and dried in vacuo for several hours. Yield: 40 g, 
64.5%. The ligand is of sufficient purity for the preparation of the zirconocene 
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dichloride. An analytically pure sample is obtained by recrystallisation from ethanol/ 
acetone. 3H NMR (400 MHz, CDC13): <5 2.95 (br s, 4H), 3.35 (br s, 4H), 6.29 (br s, 
2H), 7.21 (d, 2H, J = 6.9 Hz), 7.31 (t, 2H, J = 7.3 Hz), 7.40 (d, 2H, J = 7.3 Hz), 7.48 
(d, 2H,J = 6.9 Hz).

b) C2H4lnd2ZrCI2

The zirconocene dichloride complex was first prepared by Brintzinger et al. The fol
lowing procedure is a modification of the original procedure and has proved more 
reliable, with less formation of the undesirable meso isomer, than variations pub
lished subsequently. The yield is not adversely affected by an increase in scale and 
gives typically and reliably 40-50% yields of the rac product. (Note: The synthesis of 
ZrCl4(THF)2 is described in the reference by Manzer.)

Required are two 250 cm3 flasks with central B24 and two outer B19 necks each 
equipped with magnetic stirrer-hotplates and bars, 100 cm3 dropping funnels, stop
cock adaptors, two B19 stoppers, two bent fingers for solid handling, 20 cm3 glass 
syringe, transfer tubing, filtration cannula, two B19 Suba-Seals, one water bath and 
one dry-ice/acetone bath.

The first three-necked flask should be equipped with a dropping funnel and stop
cock adaptor and evacuated before flame drying, then filled with inert gas. Using the 
bent-finger for weighing and transfer, place 6 g of the prepared ligand (23 mmol) in 
the flask and dissolve in 70 ml of dried, degassed THF. Cool to -78 °C using a dry- 
ice/acetone bath. Using the syringe, add 18.4 cm3 of a 2.5 M solution of n-BuLi 
(46 mmol) to the dropping funnel and add dropwise to the THF solution with stir
ring. The solution will become dark red in colour. In some cases, the dianion may be 
observed to precipitate as a cream coloured solid, causing difficulties with stirring. If 
this occurs, and after addition of all the nBuLi, the flask should be removed from the 
bath and allowed to warm to room temperature, at which point all the dianion will 
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dissolve. To ensure complete deprotonation, the reaction should be stirred for a 
further 1 hour at room temperature.

The second flask should be prepared in the same manner as the first. Using a 
bent-finger for weighing and transfer, add 8.75 g ZrCl4(THF)2 (23 mmol) to the 
flask. Add 70 cm3 dried and degassed THF and place the flask in a water bath at 
60 °C and stir to give a suspension.

The dianion solution should be transferred to the dropping funnel of the second 
flask using stainless-steel transfer tubing. Allow the dianion to add to the suspension 
of ZrCl4(THF)2 dropwise with vigorous stirring over a period of two hours, main
taining the temperature at 60 °C. The reaction mixture will become yellow and gra
dually darken while the suspended ZrCl4(THF)2 dissolves. Towards the end of the 
addition, some precipitation of a fine yellow solid may be observed. After complete 
addition of the dianion, stir for a further hour at 60 °C before stirring overnight at 
room temperature. A microcrystalline yellow solid separates from solution. This 
fraction should be filtered off using a filter cannula and washed with anhydrous, de
gassed diethyl ether. Further fractions can be obtained by concentration of the THF 
solution and/or addition of diethyl ether and cooling overnight at -16 °C. A yield of 
4.2 g (44%) is typical. Over-concentration and addition of too much diethyl ether 
may lead to product contamination with the more soluble minor meso isomer, un
reacted ZrCl4(THF)2 and other impurities. Although the material obtained is fre
quently very pure (by 3H NMR), purification can be achieved by recrystallisation 
from hot anhydrous, degassed toluene. Elemental analysis: calcd. for C20H16ZrCl2: 
C, 57.40; H, 3.86; Cl 16.94. found: C, 57.04; H, 3.78; Cl, 16.02. 3H NMR (400 MHz, 
C2D2C14, 25 °C): <5 3.66-3.82 (m, 4H, CH2CH2), 6.25 (d, 2H, Cs of Ind, J =2.7 Hz), 
6.61 (d, 2H, C5 of Ind, J = 2.7 Hz), 7.26 (m, 2H, Ar), 7.38 (m, 2H, Ar), 7.52 (m, 2H, 
Ar), 7.72 (m, 2H, Ar).

c) The Dibenzyl Complex, C2H4lnd2Zr(CH2Ph)2

Required are two 250 cm3 flasks each with central B24 neck and two outer B19 
necks, both equipped with magnetic stir bar, B19 stopcock adaptors, one with a 
100 cm3 dropping funnel; a filter cannula, two B19 Suba-Seals and a dry-ice/acetone 
bath.

Equip one 250 cm3 flask with the dropping funnel, flame dry and fill with inert 
gas. Add 1.1 g (3 mmol) of the dichloride complex to the flask using a bent-finger. 
Add 20 cm3 dry and degassed diethyl ether and cool to -78 °C. Fill the dropping fun
nel with 60 cm3 of a 0.1 M solution of PhCH2MgCl in diethyl ether (6 mmol). Add 
the Grignard solution dropwise to the suspension of the dichloride complex over a 
period of 20 minutes and then warm slowly to room temperature. The solution will 
take on a yellow colour which will increase in intensity to orange. To ensure com
plete reaction, stir for 4 hours at room temperature and then remove the diethyl 
ether under vacuum. Extract the residue with 50 cm3 of a 9:1 mixture of anhydrous 
degassed toluene/petroleum ether and filter by cannula into the second flame dried 
flask. Place this flask in the freezer overnight. Small orange cubic crystals of the pro
duct are formed. The product may take some time to crystallise and further concen
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tration of the filtrate may be required. Yield: 0.6 g, 38%. If, for whatever reason, the 
product is impure, it should be recrystallised from toluene. Elemental analysis: 
calcd. for C34H30Zr: C, 77.07; H, 5.72. Found: C, 75.90; H, 5.68. :H NMR (90 MHz, 
C6D6); S -0.34 (d, 2H, J= 11.3 Hz, CH2Ph), 0.70 (d, 2H,J= 11.3 Hz, CH2Ph), 2.57 
(m, 4H, CH2CH2), 5.34 (d, 2H, Cp, J = 3.4 Hz), 5.69 (d, 2H, Cp, J =3.4 Hz), 6.53- 
7.13 (m, 18H, Ar).

C2H4Ind2ZrCl2, activated by a large excess of methylaluminoxane, [(-AlMe-O-)n], 
is a highly active catalyst for the stereoselective synthesis of isotactic polypropene. The 
catalytically active species are cationic complexes of the type [Cp2ZrR]+. The reaction 
of C2H4Ind2Zr (CH2Ph)2 with [CPh3)+[B(C6F5)4]~ gives such a cationic complex which 
has been shown to possess high activity for the isotactic polymerisation of propene in 
the absence of aluminum alkyl activators.
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4.24
One-Pot Preparation of Ru3(CO)12 from RuCl3 • 3 H2O
Guy Lavigne, Catherine Saccavini, and Remi Chauvin

There are numerous published procedures for the preparation of Ru3(CO)12 [1]. 
High pressure methods are generally well adapted to large scale preparation, but re
quire specific high pressure equipment that is often unavailable in the laboratory.

The new low pressure method reported here is ideally suited for the rapid 
(3-4 hours) conversion of moderate quantities of commercially available RuC13 • 
3 H2O into pure Ru3(CO)i2 under 1 atm CO, in yields exceeding 90%.

The present synthetic strategy rests on the fundamental principle of Bieber's “base 
reaction” [2], which has only recently been applied to carbonylhaloruthenium(II) 
complexes [3]. The method combines the advantages of simplicity, rapidity, high effi
ciency and insensitivity to moisture, thereby allowing direct use of all commercial 
reagents as received.

The reaction sequence to be performed is as follows:

2-methoxyethanol
CO stream, 1 atm

RuC13. 3 H2O [Ru(CO)2Cl2]n [Ru(CO)3C12]2 
yellow solution

i) 80°C, Ih;
ii) 124°C, 45 min

r •'i + KOH (2 equiv.)
[Ru(CO)2Cl2]n 

il
-

CO stream, 1 atm
Ru3(CO)I2 + KC1 + H2O 

V
90% yield

lr
[Ru(CO)3C12]2 

V J
75°C, 20 min

The first step is a CO-induced reductive carbonylation of RuC13 • 3H2O producing in 
situ an equilibrium mixture of two 16 e“ carbonylchlororuthenium(II) complexes, 
[Ru(CO)2Cl2]n and [Ru(CO)3C12]2. The second step involves further reduction to Ru(0) 
upon treatment of the latter mixture by KOH under CO at 75 °C. The incipient anionic 
hydroxycarbonyl adduct “[Ru(CO)2{C(O)OH}C12]“” thus generated [3] decarboxylates 
to give an “acidic” hydrido Ru(I1’ intermediate ultimately producing Ru(0) via formal 
reductive elimination of HC1 (subsequently neutralized by the excess of base). 
A detailed analysis of the second reduction step has revealed the intermediacy of a 
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transient dimeric Ru*lf species, which undergoes a CO-induced disproportionation [4, 5] 
to give Ru(()) (recovered as Ru3(CO)12) and Ru*11' (recovered as K[Ru(CO)3C13]). The lat
ter Ru^n) species reacts further with KOH (present in excess) to enter a new reduction 
cycle beginning with the same hydroxy-carbonyl adduct [Ru(CO)2{C(O)OH}C12] until 
total consumption of Ru(I1* has been achieved.

Special Safety Precautions

CO gas and phosgene (which may be formed as a volatile by-product) are highly 
toxic! Caution must be exercised and all manipulations must be carried out in a 
highly efficient fume cupboard.

4.24.1
Experimental

4.24.1.1
General

a) Chemicals

2 g of RuC13 • 3H2O (Johnson Matthey) - 100 cm3 of 2-methoxyethanol (Fluka, ref. 
64720) taken directly from the bottle - KOH pellets (Riedel, or any other label) - CO 
gas cylinder (Air Liquide, N20 grade).

b) Apparatus

Heating magnetic stirrer and oil bath - large (olive shaped) magnetic stirbar - three
necked round-bottomed 250 cm3 (or 500 cm3) flask equipped with a reflux condenser 
the upper part of which is connected to a gas bubbler and a hose sending toxic va
pors to the top of the hood. One lateral neck of the flask is equipped with a CO gas 
inlet consisting of a glass bubbler (steel needles are not convenient) of sufficiently 
large diameter (2-3 mm) to avoid clogging by accumulation of solid Ru3(CO)12. The 
second lateral neck is used to introduce KOH pellets in the second reaction step 
(vide infra).

Step I: Reduction of Ru(ll,) to Ru(ll) (Reaction Time: 1 hour 45 minutes)

2 g of RuC13, 3H2O, and 100 ml of 2-methoxyethanol are introduced into the flask. 
The solution is simply deaerated under reduced nitrogen atmosphere for a few min
utes. The flask is then connected to the reflux condenser, whereupon the CO gas in
let is introduced. A fast CO stream (ca. 2 bubbles per second) and vigorous agitation 
are needed in this first reduction step. The temperature is first raised to 80 °C for 
1 hour, during which the colour progressively turns blood red. It is then increased up 
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to 125 °C (reflux) for 30/45 minutes, namely, until a perfectly limpid golden yellow 
solution is obtained.

IR spectrum of the yellow solution: v(CO) = 2135.5 m, 2063.6 s, 1992.9 m, cm-1.

Step II: Reduction of Ru(ll) to Ru(0)
(Time: 20-30 minutes + 30 minutes for Slow Crystallization)

Once the characteristic yellow colour is obtained, the temperature of the bath is al
lowed to cool to 75 °C and regulated. The rate of CO bubbling may then be reduced 
to ca. 1 bubble per second. KOH pellets (850 mg) are then added directly into the so
lution by using the lateral neck of the flask (cautiously opened for just a few sec
onds). A progressive darkening of the solution is then observed over the next 15 min
utes after which the orange crystalline Ru3(CO)12 begins to appear on the walls of 
the glassware. (Note: Spectacular fumes (looking like an English fog (!)) may spon
taneously evolve from the solution after about 20 minutes). After a total time of 
20-30 minutes, the heater is stopped, but CO bubbling and moderate agitation are 
maintained. The flask is kept in the oil bath in order to allow a very slow cooling 
down to room temperature during the crystallization of Ru3(CO)i2, which occurs par
ticularly efficiently between 70 and 50 °C. A limpid and almost colourless solution is 
obtained at the end.

Since Ru3(CO)12 is totally insoluble in 2-methoxyethanol, its characteristic IR ab
sorption bands (v (CO) = 2060 vs, 2030 s, 2011 m cm'1) never appear in the final solu
tion spectrum, which generally shows only traces of two remaining species, i. e. the an
ionic Ru(II) complex [Ru(CO)3C13] (v (CO) = 2126 m; 2048 s cm-1) and small amounts 
of a soluble minor species, previously identified as the known di-anionic Ru(I) oxo de
rivative [Ru4(p4-O)(p-Cl)4(CO)10]2_ (v (CO) = 2014 s, 1939 m, 1733 w cm-1) reflecting 
the presence of traces of water [4],

If necessary, further transformation of the residual [Ru(CO)3C13]- into Ru3(CO)i2 
can be achieved upon addition of 10 to 20% more KOH at 25 °C followed by treat
ment with CO at 75 °C for another 20 minutes period. (Note: When carrying out 
such a complementary experiment, there is no need to separate crystals of 
Ru3(CO)i2 which are already present at the bottom of the flask. Indeed, they will be 
unaffected by the added KOH, the latter reacting preferably with the soluble salt 
[Ru(CO)3C13]“, provided the temperature does not exceed 80 °C).

Crystals of Ru3(CO)i2 are perfectly air stable. They can be easily recovered by filtra
tion on a frit after venting the solution under nitrogen for a few minutes to evacuate 
CO. They generally need to be washed with alcohol and/or water to remove traces of 
KC1. The crystals are subsequently dried under vacuum and weighted (ca. 1.55 g). 
Currently, our yields, based on 10 experiments, are consistently around 90%.

4.24.1.2
Scaling-up

The reaction can be readily scaled up to transform 5 g of RuC13 • 3 H2O in one batch. 
This is done by simply multiplying the amounts of KOH and solvent by 2.5 (in a
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500 ml flask). In that case, the time required to obtain the yellow solution in the first 
step will be longer (ca. 3 hours), whereas the time required in the second step will be 
the same, ca. 30 minutes.

4.24.2
Frequently Asked Questions About this System

4.24.2.1
What is the Exact Nature of the “Yellow Solution”?

The yellow solution is a mixture of two Ru^11^ species, namely, the polymeric 
[Ru(CO)2Cl2]n (IR v(CO) = 2063 s, 1993 s cm-1) and the dimeric [Ru(CO)3C12]2 (IR 
v(CO) = 2135 s, 2065 s cm-1) [6], The mixture thus gives a characteristic 3 band pat
tern, with a very strong central peak (common to the two species). The polymeric com
plex [Ru(CO)2Cl2]n (characteristic gold yellow colour) can be totally converted into the 
dimeric species [Ru(CO)3C12]2 (characteristic lemon yellow colour) upon prolonged 
treatment with CO (3-5 hours) at room temperature. However, such a transformation 
is not required in the present preparation since any of the two above complexes is 
prone to act as a convenient precursor in the present preparation of Ru3(CO)12

4.24.2.2
Is Water a Problem?

There is no need to use distilled solvents since the ruthenium salt is already hydrated. 
The existence of a green chloro-carbonyl aqua Ru complex (stable up to 200 °C!) was 
mentioned a long time ago by Halpern et al. [7]. However, this undesirable very char
acteristic green complex is susceptible to be formed only at the reflux temperature of 
2-methoxyethanol (124°C). In the present procedure, the initial temperature of 
80 °C in the first step is sufficient to allow efficient reductive carbonylation of Ru^111^ 
to Ru^1* while still permitting complete removal of water along with the fast CO 
stream before the reflux temperature is reached (this is facilitated by turning the 
cooler circulation off in the reflux condenser during the first hour). This simple 
strategy allows a significant reduction of the time required to obtain the yellow solu
tion.

4.24.2.3
How to Avoid the Formation of K[HRu3(CO)n]?

The weight of KOH we are now using effectively corresponds to two equivalents per 
Ru, namely, twice the amount used in the original procedure [3]. Such a modification 
was justified by the observation that in practice, the released HC1 gas is not quantita
tively evacuated and tends to neutralize part of the base needed for the reduction.

A critical point is that Ru3(CO)12 is also susceptible to reaction with excess KOH, al
beit only above 85°C to produce the soluble complex K[HRu3(CO)n], This is avoided 
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by careful temperature control in the second step, allowing Ru3(CO)12 to precipitate 
as soon as it is generated, within the temperature range 70-75 °C.

If the temperature incidentally exceeds 85 °C in the second step, the soluble salt 
K[HRu3(CO)11] will be rapidly and quantitatively produced, giving a characteristic vio
let colour and a characteristic IR pattern (v(CO) = 2016 vs, 1989 s, 1953 mw, 1732 w 
cm-1): Yet, even in such cases, recovery of Ru3(CO)12 is still possible (albeit in lower 
yield) by slow dropwise addition of fluoroboric acid diethyl ether complex (1 M solu
tion) under CO according to the following reaction sequence [8]:

[HRu3(CO)n]-+H+ - H2Ru3(CO)n

H2Ru3(CO)n + CO —> Ru3(CO)12 + H2

Titration by the acid requires IR monitoring, following the disappearance of the 
characteristic bands of [HRu3(CO)n]-. It should also be borne in mind that 
[HRu3(CO)n]~ is a hydride transfer agent [9]: Thus, its reaction with small amounts 
of water under CO atmosphere will slowly produce Ru3(CO)12 according to the basic 
principle of the water gas shift reaction [9]:

[HRu3(CO)n]_+H2O + CO -+ Ru3(CO)12 + H2 + OH“

Effectively, dark solutions resulting from incidental thermal treatment above 85 °C 
(and hence containing [HRusJCOJn]-) are seen to become clearer upon prolonged 
treatment with CO at 25 °C, with concomitant production of Ru3(CO)12. Such a reac
tion also suggests that traces of water may also play a role in the regeneration of hy
droxide ions.
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4.25
Synthesis of Well-defined Organometallic Hydroxides:
[LCaOH]2, LAl(Me)OH and LCeOH
Herbert W. Roesky

The design and synthesis of well-defined organometallic hydroxides has developed 
rapidly in the last few years. The organometallic hydroxides are important precursors 
for the preparation of heterobimetallic compounds, which turned out, for example in 
the case of LAl(Me)OZrRCp2, to be very effective living polymerization catalysts for 
olefins with high turnover frequencies.

Here the preparation of [LCaOH]2, LAl(Me)OH and LGeOH is described, where L 
is a /Ldiketiminate ligand of composition HC[(CMe)(2,6-iPr2C6H3N)]2. The proto
nated LH ligand is prepared in the first step from 2,4-pentanedione and 2,6-diisopro- 
pylaniline.

Special Safety Precautions

1. All compounds except LH are air and moisture sensitive. Therefore, experi
mental manipulations should only be performed under an atmosphere of dry 
nitrogen gas in Schlenk flasks or in a dry-box.

2. All solvents must be carefully dried and distilled before use.

3. All chemicals used for the preparation should be handled in a well-ventilated 
hood or on a vacuum line.

4. Aluminium alkyls and lithium alkyls react explosively with water. Therefore, 
gloves and a protective shield should be used when reactions with these che
micals are carried out.

5. Safety glasses and protective gloves must be used at all times.

6. The toxicity of the resulting products is not known. Therefore, contact with 
eyes and skin should be avoided.
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4.25.1
Experimental

a) Synthesis ofCH[(CMe)2(2,6-/Pr2C6H3NH)(2,6-/Pr2C6H3N)] (LH)

Concentrated HC1 (0.40 cm3; 4.8 mmol) is added to a solution of 2,4-pentanedione 
(0.50 cm3, 4.0 mmol) and 2,6-diisopropylaniline (1.96 g, 11.0 mmol) in ethanol 
(20 cm3). The reaction mixture is heated at reflux for 3 days and then concentrated 
to a brown residue. The crude product (LH • HC1) is extracted with 10 cm3 of methy
lene chloride. After stirring with 20 ml of saturated sodium carbonate, LH is ex
tracted into methylene chloride. Evaporation of the solvent and recrystallisation from 
methanol affords LH as a white crystalline solid (1.50 g, 73% yield) with a melting 
point of 140-141 °C.

Measure the 3H and 13C NMR spectra and the mass spectrum.
3H NMR (CDC13, 25 °C): d 12.12 (br, 1H, NH), 7.12 (m, 6H, Haryl), 4.84 (s, 1H, 

Hp), 3.10 (mult, 4H, CHMe2), 1.72 (s, 6H, a-Me), 1.22 (d, 12H, CHMeMe'), 1.12 (d, 
12H, CHMeMe'). 13C NMR (CDC13, 25 °C): d 161.4 (C4), 142.6 (Cipso), 140.9 (Co), 
125.3 (Cp), 123.2 (Cm), 93.4 (Cp), 28.4 (CHMe2), 24.5 (CHMeMe'), 23.4 (CHMeMe'), 
21.0 (a-Me). MS: m/z 418.333 (calculated 418.335).

b) Synthesis of LCaN(SiMe3)2 • THF (L = HC[(CMe)(2,6-/Pr2C6H3N]2)

The reaction of 2 equiv. of KN(SiMe3)2 with 1 equiv. of LH followed by the addition 
of this mixture to 1 equiv. of Cal2 resulted in the formation of LCaN(SiMe3)2-THF in 
THF solution with yields up to 80%. The compound is very moisture sensitive.

c) Synthesis of[LCa(OH]2 (L = HC[(CMe)(2,6-/Pr2C6H3N)]2

Ar = 2,6-/Pr2C6H3

Scheme 4.25-1

+ 2 HN(SiMe3)2

2
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Degassed water (40 p.1, 2.22 mmol) is added to a solution of LCaN(SiMe3)2THF 
(1.50 g, 2.18 mmol) in THF at -40 °C and then allowed to warm to room tempera
ture. After stirring at room temperature for 30 minutes, the slurry is dried in vacuo. 
The resulting solid [LCaOH]2 is washed with hexane (8 cm3) and finally dried in va
cuo. Yield: 1.06 g, 1.94 mmol, 89%. The product can be recrystallised by cooling a sa
turated hot toluene solution to 0 °C. M.p. 277-280 °C. Elemental analysis (%): calcu
lated for C66H10oCa2N404 (M = 1093.68) C, 72.48; H 9.22; N, 5.12; found C, 72.82; 
H, 8.87; N, 4.90.

Measure the mass spectrum, the XH and 13C NMR spectra and the IR spectrum in 
the range 4000-600 cm"1.

MS (70 eV) m/z (%): 202 (100) [Pr2NCCCH3]+. JH NMR (300 MHz, C6D6): <5 -0.78 
(s, 2H, Ca-OH), 1.05 [d, J = 6.9 Hz, 24H, CH(CH3)2], 1.22 [d, J = 6.8 Hz, 24H, 
CH(CH3)2], 1.41 (m, 8H, THF), 1.69 (s, 12H, CH3), 3.15 [sept, J = 6.9 Hz, 8H, 
CH(CH3)2], 3.48 (m, 8H,THF), 4.74 (s, 2H, CH-backbone), 7.06 (s, 12H, Ar-H). 2H 
NMR (300 MHz, THF-d8): <5 -1.09 (s, 2H, Ca-OH), 0.87 [d, J = 6.9 Hz, 24H, 
CH(CH3)2], 1.01 [d, J = 6.8 Hz, 24H, CH(CH3)2], 1.44 (s, 12H, CH3), 1.73 (m, 8H, 
THF), 2.96 [sept, J = 6.9 Hz, 8H, CH(CH3)2], 3.58 (m, 8H,THF), 4.44 (s, 2H, CH- 
backbone), 6.87 (s, 12H, Ar-H). 13C NMR (75 MHz, C6D6): 8 24.2, 24.3, 25.0, 25.3, 
27.8, 68.4, 93.0, 123.2, 123.4, 141.3, 147.6, 164.4. IR (Nujol): v = 3679, 3646, 1623, 
1548, 1511, 1461, 1406, 1378, 1313, 1225, 1168, 1098, 1037, 1018, 924, 881, 784, 
757 cm"1.

d) Synthesis of LAl(Me)OH (L = HC[(CMe)(2,6-/Pr2C6H3N)]2

For the preparation of LAl(Me)OH, the starting material LAl(Me)Cl is prepared from 
LLi and stoichiometric amounts (1:1) of MeAlCl2 in toluene at room temperature. 
The yield of LAl(Me)Cl is more than 80%.

Amounts of 6 mmol of LAl(Me)Cl and 6 mmol of (iPrNCH)2C (1,3-diisopropyl- 
imidazol-2-ylidene) are dissolved in 120 cm3 of toluene. To this mixture is added 
with a microsyringe H2O (6 mmol). A white precipitate of the HC1 • N-heterocyclic 
carbene adduct is formed, which is removed by filtration after about 1-2 hours, 
when the reaction is complete. The filtrate is concentrated to about 15 cm3. White 
crystals of LAl(Me)OH are formed, which are recovered by filtration. Subsequent 
partial removal of the solvent from the mother liquor resulted in an additional crop 
of LAl(Me)OH. The total yield is about 80%.

Measure the melting point, IR and *HNMR spectra.
M.p. 192 °C. IR (Nujol): v = 3728, 1552, 1530, 1373, 1316, 1256, 1189, 1178, 1106, 

1056, 1023, 940, 878, 805, 768, 757, 689, 614 cm"1. 3H NMR (300 MHz, C6D6): <5 = 
7.16-7.07 (m, Ar), 4.93 (s, 1H, y-CH), 3.69 (sept, 3JHH = 6.8 Hz, 2H, CHMe2), 3.25 
(sept, 3Jhh = 6.8 Hz, 2H,CHMe2), 1.57 (s, 6H, CMe), 1.32 (d, 3JHh = 6.8 Hz, 12H, 
CHMe2), 1.21 (d, 3JHH = 6.8 Hz, 6H, CHMe2) 1.07 (d, 3JHh = 6.8 Hz, 6H, CHMe2), 
0.53 (s, 1H, OH), -0.88 (s, 3H, AlMe).
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Ar = 2,6-/Pr2C6H3> /Pr = Me2CH

Scheme 4.25-2

e) Synthesis of LGeOH

LGeCl (1.28 g, 2.43 mmol) prepared from LLi and GeCl2 • dioxane and 1,3-dimesityli- 
midazol-2-ylidene (N-heterocyclic carbene, 0.74 g, 2.43 mmol) are dissolved in 20 ml 
toluene. Then water (87.5 pl, slight stoichiometric excess) is slowly added with stir
ring. A white precipitate of the adduct HC1-N-heterocyclic carbene is immediately 
formed. The reaction mixture is stirred for about 15 minutes and then the white pre
cipitate is separated by filtration in vacuo. The remaining colourless solution is eva
porated and the resulting yellow solid LGeOH is rinsed with hexane (2 x 10 cm3) 
and dried in vacuo. Yield: 1.04 g (84%).

Measure the IR, *H and 13C NMR spectra and the El mass spectrum and the melt
ing point.

M.p. 140 °C. IR (KBr): v = 3571, 2964, 2867, 1623, 1554, 1383, 1320, 1174, 1100, 
1018, 918, 853, 795, 758, 588, 521, 366 cm-1. NMR (200 MHz, C6D6): S = 7.15 
(m, 6H, 2,6-iPr2C6H3), 4.91 (s, 1 H, y-CH), 3.60-3.80 [sept, 2H, (CH3)2], 3.20-3.40 
[sept. 2H, (CH3)2], 1.60 (s. 6H, CH3), 1.54 (s, 1H, OH), 1.33 [d, 6H, CH(CH3)2], 1.29
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Ar = 2,6-/Pr2C6H3, Mes = 2,4,6-Me3C6H2

Scheme 4.25-3

[d, 6H, CH(CH3)2], 1.21 [d, 6H, CH(CH3)2], 1.12 ppm [d, 6H, CH(CH3)2], 13C NMR 
(50.327 MHz, THF): <5 = 163.31 (NC), 146.37 (NC), 143.62 (ArC), 141.00 (ArC), 
124.87 (ArC), 124.06 (ArC), 96.98 (y-C), 29.16 [CH(CH3)2], 28.02 [CH(CH3)2], 26.69 
[CH(CH3)2], 24.73 [CH(CH3)2], 24.57 [CH(CH3)2], 24.08 [CH(CH3)2], 23.25 ppm 
(NC(CH3)]. MS (El): m/z (%) 508 (25) [M]+, 403 (100) [M - Me - Ge - OHf. Elemen
tal analysis (%): calculated for C29H42GeN2O (507.24) C 68.67, H 8.35, N 5.52; found 
C 69.20, H 8.48, N 5.52.

LGeOH is a remarkably stable germylene compound which shows no rearrange
ment to the corresponding aldehyde. A stable carbon congener is not known.

Further Reading

G. Bai, S. Singh, H. W. Roesky, M. Noltemeyer, H.-G. Schmidt, J. Am. Chem. Soo. 2005, 127, 
3449-3455.

M. H. Chisholm, J. C. Gallucci, K. Phomphrai, Inorg. Chem. 2004, 43, 6717-6725.
J. Feldman, S. J. McLain, A. Parthasarathy, W. J. Marshall, J. C. Calabrese, S. D. Arthur, Organome- 

tallics, 1977, 16,1514-1516.
J. W. Gilje, H. W. Roesky, Chem. Rev. 1994, 94, 895-910.
R. Murugavel.V. Chandrasekhar, H. W. Roesky, Acc. Chem. Res. 1996, 29,183-189.
R. Murugavel, A. Voigt, M. G. Walawalkar, H. W. Roesky, Chem. Rev. 1996, 96, 2205-2236.
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H. W.Roesky, S. Singh,V. Jancik, V. Chandrasekhar, Acc. Chem. Res. 2004, 37, 969-981.
H. W. Roesky, S. Singh, K. K. M. Yusuff, J. A. Maguire, N. S. Hosmane, Chem. Rev. 2006, 106, 
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2006, 128,15000-15004.
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4.26
Alumazene - Inorganic Benzene Analogue
Jiri Pinkas

Inorganic main-group rings analogous to benzene are traditionally represented by 
large families of cyclophosphazene and borazine derivatives, first reported in 1834 
and 1926, respectively. Other systems are much rare and also they were prepared 
relatively recently. Examples of the group 13/15 compounds include B-P, Al-N, 
Al-P, Al-As, and Ga-P six-membered cycles. Among these heavier borazine conge
ners, boraphosphabenzenes and alumazene are unique in possessing planar central 
cores with non-alternating and short intraring bond distances. Spectroscopic data 
and theoretical calculations show delocalization in boraphosphabenzenes similar to 
borazine while alumazene exhibits only a minor degree of n stabilization. Chemical 
reactivity of alumazene was only recently explored in reactions with silanetriols, tri
aminosilanes, and organometallic trifluorides. The resulting products exhibit ada
mantane-like cage structures.

Special Safety Precautions

1. Trimethylaluminium is highly flammable and reacts violently with water.

2. 2,6-Diisopropylaniline is toxic.

3. Alumazene and its intermediates are very sensitive to oxidation by traces of 
oxygen, which is manifested by brown discoloration. Use of nitrogen of 
99.999% purity or a deoxygenation column is advisable.
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4.26.1
Experimental

A combination of standard Schlenk flask, syringe/septum/cannula, and dry-box 
techniques is employed in this preparation. Distil 2,6-diisopropylaniline (90%, 
Aldrich) from KOH under vacuum and collect the colourless fraction of b.p. 115 — 
117°C/0.01 Torr. Dissolve 2,6-diisopropylaniline (4.9 cm3, 26 mmol) in 50 cm3 of dry 
toluene in a 250 cm3 round-bottomed Schlenk flask equipped with a Teflon valve. 
With magnetic stirring add trimethylaluminium (13 cm3, 26 mmol, 2 M solution in 
toluene or hexanes) dropwise by syringe at a room temperature. Under a nitrogen 
flow, fit the reaction flask with a reflux condenser connected to an oil bubbler and re
flux the reaction mixture for one day on an oil bath (120 °C). Observe a slow evolu
tion of gas. When the gas evolution ceases, remove 40 ml of solvents under vacuum 
and place the flask in a -30 °C freezer. During the first 30 minutes, check the tight
ness of the Teflon valve as its needle contracts on cooling and the valve may open.

Colourless crystals form usually over a period of two days. Isolate them by remov
ing the mother liquor by a Teflon cannula or a syringe while maintaining low tem
perature with an acetone/liquid nitrogen cold bath. Discard the mother liquor by 
pouring it slowly into acetone. Wash the crystals by adding and removing a small 
amount of cold hexane by a syringe. Then dry the solid under vacuum for 30 min
utes, fill the reaction flask with nitrogen and slowly heat with an oil bath up to 
170 °C. The solid melts above 130 °C and gas evolution is observed in an oil bubbler. 
After approximately one hour the liquid solidifies.

PhMe
AlMe 3 + H2NAr --------►

-CH4
170 °C
- CHi*"

Ar= 2,6-z-Pr2CgH3

The reaction flask is evacuated and transferred into a dry box. Weigh the resulting 
product and calculate the reaction yield (usually 50%). Prepare samples for melting 
point and mass spectrometric measurements by placing a small amount of the pro
duct into capillaries and seal them with Apiezon wax. Flame-seal the capillaries out
side the box with a small gas torch. Record the IR spectrum in a KBr pellet prepared 
with a mini press. Measure 3H and 13C NMR spectra in C6D6 or CD2C12.

13C NMR (C6D6) <5 -16.13 (AlMe), 23.53 (CH3), 30.19 (CH), 122.86, 123.43, 142.57, 
143.55. MS (70 eV) 651 (M+, 85%), 636 (M-CHJ, 100%), 595, 435, 419, 216, 203, 
162, 57, 43. IR (KBr, an') v 3059 w, 2960 vs, 2923 m, 2867 s, 1588 w, 1458 m, 1429 s, 
1383 w, 1363 w, 1317 m, 1237 s, 1186 vs, 1108 m, 1042 m, 957 w, 916 vs, 869 m, 
794 s, 729 m, 677 w, 644 m, 437 m.
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4.27
Preparation of [Bu4N][B3H8] and the Formation of 
RuH[B3H8](CO)(PPh3)2
Anthony F. Hill and J. Derek V/oollins

Boron hydrides are often considered to be very reactive and explosive materials. In 
this experiment you will prepare a boron hydride anion and its ruthenium complex. 
Both compounds are quite air stable.

Special Safety Precautions

This experiment involves the use of standard solvents which represent normal 
hazards as well as the in situ generation of diborane. You must adhere to the in
structions closely to avoid the possibility of fire hazards. Carry out the first stage 
of the reaction in a fume cupboard behind a safety screen.

4.27.1
Experimental

a) [Bu4N][B3H8]

In a dry box (or a nitrogen atmosphere), 8.50 g (0.225 mol) of powdered sodium tet
rahydroborate is slurried with 125 cm3 of anhydrous diglyme in a 500 cm3 three
necked flask. The flask is fitted with a 125 cm3 pressure-compensating dropping fun
nel whose tip is extended below the surface of the mixture. The third neck is con
nected to a bubbler containing a benzene-amine (4-picoline was used) mixture to 
scrub the gaseous boranes evolving from the reaction as minor products. During as
sembly, a gentle stream of dry nitrogen is maintained through the apparatus to mini
mize the possible entrance of air into the system. After rapidly transferring a solu
tion of iodine into the funnel (11.3 g, 40.0 mmol in 50 cm3 of dry diglyme), the entire 
reaction system is purged with nitrogen for about 10 minutes and the reaction flask 
is placed in a previously heated oil bath whose temperature is adjusted to 98-102cC 
before the addition of iodine. After the nitrogen flow is stopped, the iodine solution 
is added dropwise during a period of 75-90 minutes to the hot, vigorously stirred re
action mixture. The hydrogen gas produced passes through the bubbler. The reac-

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32472-9



406 4 Advanced Experiments

tion mixture is stirred for two more hours while the temperature is maintained at 
about 95 °C. The volume is then reduced to 80 ml by passing dry nitrogen over the 
warmed reaction mixture at 50 °C, or alternatively by pumping. The cooled mixture, 
together with washings of 50 ml of water, is transferred to a 2 1 beaker. About 500 ml 
of saturated aqueous tetra-n-butylammonium iodide is added slowly with vigorous 
stirring until no more precipitation takes place. The white precipitate is filtered on a 
Buchner funnel, washed with water (about 450 ml) and dried under vacuum. (Octa
hydro tribora te(-l) may be precipitated without removal of diglyme, a lower yield of 
the crude product being obtained).

A portion of the crude salt (ca. 2 g) is dissolved in 15-20 ml of dichloromethane, 
filtered and reprecipitated by adding 200 cm3 of diethyl ether. The precipitate is dried 
in vacuo. Record your yield and the IR spectrum of the crude and purified product. 
The nB NMR spectrum of the B3H8 anion is shown in Figure 4.27-1.

b) [RuH(B3H8)(CO)(PPh3)2]

A mixture of [RuClH(CO)(PPh3)3] (1.00 g, 1.05 mmol, see c) and [nBu4N][B3H8] 
(0.30 g, 1.05 mmol) in dichloromethane (30 cm3) is stirred for 2 h. Ethanol (15 cm3) 
is added and the suspension filtered through Kieselguhr to remove [nBu4N]Cl. The



4.27 [Bu4N][B3H8] and RuH[B3H8](CO) (PPh3)2 I 407

Fig. 4.27-2 31 P-fHjNMR spectrum (at 109.3 MHz) of RuH(B3H8)CO(PPh3)2.

filtrate is concentrated to ca. 50 cm3 and the product, [RuH(B3H8)(CO)(PPh3)2], iso
lated by filtration, washed with ethanol (10 cm3) and recrystallised from a mixture of 
dichloromethane and ethanol.

Your characterisation of the complex should include yield, melting point, infrared 
(Nujol mull, 4000-600 cm-1) and JH NMR (CDC13, 60 MHz) spectra. Figure 4.27-2 
shows the 31P NMR spectrum and you should use these data to identify the stereo
chemistry at the ruthenium centre and rationalise this with reference to the Skeletal 
Electron Pair theory.

N. B.: A stock of the ruthenium complex may be prepared as described below.

c) [RuClH(CO)PPh3)3]

A suspension of commercial RuC13 • xH20 (3.00 g) and triphenylphosphine (23.0 g) 
in 2-methoxyethanol (350 cm3) is heated under reflux for 48 hours. The suspension 
is then allowed to cool and stirred at room temperature for 3-5 hours to complete 
precipitation of the product. The product is then isolated by filtration and washed 
with ethanol (2 x 50 cm3) and petrol (2 x 50 cm3) and dried in vacuo. Yield ca. 9 g 
depending on quality of RuC13 • xH20. The colour of the sample varies from pale 
yellow to pale pink, but this is not important.

N. B.: A smaller scale preparation is also provided on p. 196.
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Further Reading
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4.28
Vacuum Line Techniques: Preparation ofSiF4and SiF4(C5H5N)2
J. Derek Woollins

Before starting this experiment, read these instructions carefully, then read them 
again in front of the vacuum line which you intend to use, identifying the parts re
ferred to in Figure 4.28-1 and their function in the experiment.

Make sure that the vacuum line is clean (and remember that you are responsible 
for cleaning it when you have finished your experiment).

It is very important that the line should be free of leaks (sources of these are badly 
greased taps and joints, particularly the spherical joints). Check that all the taps and 
ground glass joints are free from streaks. Use Apiezon-M grease sparingly, there 
should be no grease in the tap-barrel bore. To test the line, evacuate it, isolate it from 
the pump and watch for an increase in pressure over a period of about 5 minutes 
(manometer).

Fig. 4.28-1 Vacuum line apparatus.
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Make sure that you keep the Dewar flask around trap B (Fig. 4.28-1) topped up 
with liquid nitrogen throughout the experiment. Both the Dewar flask and the gas
storage flask must be taped.

At no stage in the experiment should you leave solid SiF4 in a vessel with a closed 
tap unless it is surrounded by liquid nitrogen since it is a gas at room temperature.

Never let air into the vacuum line while the Dewar flask surrounds trap B, other
wise you will condense liquid oxygen with consequent dangers of explosion. When 
you have finished, isolate the line with tap H, turn off the pump and let air into it via 
tap A, let air into trap B via tap A and immetiately remove the Dewar surrounding 
trap B. Ease the trap B off at the joint and place it in a fume cupboard. Use a tisssue 
to hold the top of trap B as it will still be very cold.

Carry out part b) and, if possible, part c) in one day. Keep the SiF4 which has not 
been used in the storage bulb overnight (if necessary) to carry out part d) on the fol
lowing day.

Special Safety Precautions

1. Read and note the introductions to this experiment.

2. Both pyridine and silicon tetrafluoride are toxic materials; avoid inhaling their 
vapours. If you do inhale either, inform a demonstrator. Rest and keep warm, 
breathe fresh air. Take milk of magnesia after SiF4 inhalation.

3. Special hazards which may arise in this experiment include tap blockage, over
heating the pyridine, condensation of liquid oxygen into the main or smaller 
traps, escape of SiF4 or pyridine, a build up of the SiF4 pressure (caused by the 
premature removal of the Dewar flasks while taps are closed).

4. The Dewar flasks which you use must all be protected with insulating tape or 
metal containers. Be especially careful when you clamp them; it is better to use 
a supporting ring at the base and a loose clamp as a top support.

4.28.1
Experimental

a) Barium Hexafluorosilicate (BaSiF6)

Barium chloride dihydrate (25 g, 0.1 mol) is dissolved in 70 cm3 of water. Aqueous 
H2SiF6 (30%) is added until precipitation is complete, this requires about 40 cm3 of 
the solution. The freshly precipitated white barium hexafluorosilicate is filtered and 
washed thoroughly until free from chloride. The product is dried in an oven at 
110 °C and then in a desiccator over phosphorus(V) oxide. Yield is nearly 100%.
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b) SiF4

Place dry Ba[SiF6] (5.0 g) in the bent-tube provided at the PTFE Rotaflo tap equipped 
socket D. Attach two smaller tubes at sockets C and E and a 500 cm3 gas storage flask 
at socket F (this must be protected with tape). Evacuate the whole assembly after en
suring that all connections, taps, etc. are properly greased.

Test for leaks with the manometer. Isolate the vacuum line from the pump and 
heat the Ba[SiF6] with a Bunsen burner (start heating at the top of the Ba[SiF6] to 
avoid this being blown into the line) until there is a pressure of about 10 mm (1 cm) 
of crude SiF4 in the line. Stop heating, slowly pump this crude SiF4 (contaminated 
with HF and fluorosilicic acid) into the main trap B (this is of course cooled with 
liquid nitrogen throughout). Isolate the line again (tap H) and cool the small tube 
at E, using a small Dewar flask almost full of liquid nitrogen, cool only the bottom 
3-4 cm. Open tap E. This is to condense the SiF4 in the next stage. Now heat the 
Ba[SiF6] to just below the softening point of the glass until no more SiF4 is evolved. 
Cool the small tube at C with liquid nitrogen in the same way as that at E, then open 
tap C, remove the small Dewar surrounding the vessel E and allow some 4/5 of the 
SiF4 to sublime from E into C. Isolate C from the vacuum line, keeping it cold with 
liquid nitrogen. Keeping tap E open, immediately pump the crude residue from E 
into the main trap. Isolate the line by closing tap H. Open tap C, remove the Dewar 
around the tube at C, and allow the pure SiF4 to vapourise from C into the evacuated 
gas storage bulb F. Isolate F from the line. The gas can now be slowly drawn from 
this as required for the two experiments below. Open tap H and pump any remain
ing SiF4 from the line into the trap. Slowly open taps C and E to also pump any 
remaining SiF4 into the trap. Close taps C, D and E. After it has cooled, remove the 
bent tube.

c) Infrared Spectrum of Si F4

Attach an infrared gas cell (NaCl windows) to the vacuum line at E and evacuate it 
for five minutes. Allow SiF4 to enter the cell from the storage bulb until a pressure 
of about 10 cm is attained in the cell. Isolate the cell and the storage bulb and pump 
out the line. Measure the infrared spectrum over the range 2500-625 cm-1, and 
then run another spectrum after pumping out most of the gas from the cell in order 
to measure v3 accurately (this will also give the cell “blank”). Using a 10 cm long cell 
with polythene windows, measure the infrared spectrum of approximately 1 cm 
pressure of SiF4 over the region 625-250 cm-1. To compensate for the absorption of 
the polythene windows place two polythene discs cemented together with Apiezon- 
M grease in the reference beam. Pump all the SiF4 out of the cells before letting air 
in. Give a complete assignment of all the bands observed from 2500-250 cm-1.

d) SiF4 • py2

Place ca. 4 cm3 of dried pyridine, some 3A molecular sieves (check that these are 
new) and a very small PTFE stir bar in a small tube and attach it to the line at E.
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Attach a calcium chloride drying tube to D (leave tap of D closed). Freeze the pyri
dine in liquid nitrogen and evacuate E. Then close tap E and allow the pyridine to 
warm up to room temperature. With the tap still closed, refreeze the pyridine and re
evacuate by opening tap E. Isolate E from the line and evacuate the tube C. Con
dense SiF4 into C by cooling the tube in liquid nitrogen (cover only the bottom 3- 
4 cm) and opening the storage bulb F. Quickly evacuate the line to remove any traces 
of uncondensed SiF4 and again isolate the line. Now distil the dry pyridine onto the 
solid SiF4 in C, moving the stir bar with an external magnet. If the pyridine does not 
distill under hand heat only from E, you have a leak in the line and must rectify this 
after turning off tap E. In this event, pump out the line again, rectify the leak, again 
evacuate the line and repeat the degassing of the pyridine. Never warm the pyridine 
other than with your hand. Allow the mixture in C to warm up very slowly. The tap C 
must be open to the manometer during this process. If the reaction becomes too vio
lent, cool again with liquid nitrogen. When the mixture has attained room tempera
ture, pump off al the excess pyridine into the main trap B, close H, close the tap at C, 
let dry air (via a calcium chloride drying tube at D) into the vacuum line. Remove the 
tube at C containing the adduct and immediately stopper it. Transfer it to a dry bag 
and run the IR spectrum. Turn the pump and line off as directed. Measure the spec
trum of pyridine (POISON!) as a thin film between KBr plates over the same region. 
Make sure that you make this film up in the fume cupboard. Clean the plates after
wards in the fume cupbaord when you have finished. Comment on the spectrum of 
the adduct. Hand in a sealed sample of the adduct with your report.

At the end of the experiment (or the session), remove the Dewar, let air via A into 
the trap, allow the bent tube to cool and then remove the tubes form C, D and E. 
(There should only be slight resistance — you do not need to let the line up to air.) 
Remove the trap and place in a fume cupboard. Let air into the pump and switch off 
at mains. Let air into the line via tap H. Clean and return “quick-fit” tubes and mag
netic stir bars to vacuum line. Keep NaCl cells in desiccator. Ba residues should be 
place in a fume cupboard in a marked container.

Further Reading

R. S. Armstrong, R. J. Clark, J. Chem. Soc. Faraday II, 1976, 72,11.
H. J. Campell-Ferguson, E. A. V. Ebsworth, J. Chem. Soc. (A), 1967, 705.
J. Heicklen, C. Knight, Spectrochim. Acta, 1964, 20, 295.
V. A. Bain, R. C. G. Killean, M. Webster, Acta Cryst. 1969, 25B 156.
SiCl4py2 X-ray structure: O. Bechstein, B. Ziemer, D. Hass, S. I. Troyanov, V. Rybakov, G. N. Man, 

Z. Anorg. Allg. Chem. 1990, 582, 200.
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4.29
Amino- and Nitrotetrazoles: Nitrogen-rich Heterocycles
Dap/n C. Piercey and Thomas M. Klapotke

Tetrazoles are five-membered heterocyclic rings containing four nitrogen atoms, one 
carbon atom and two degrees of unsaturation. This class of compounds boasts some of 
the highest nitrogen percentages of all organic compounds and at the same time most 
tetrazoles have high positive heats of formation, while possessing high thermal stabili
ties. These characteristics, along with the ease of synthetically tailoring the properties of 
tetrazole-containing compounds, have led to the application of various tetrazole com
pounds in all areas of energetic materials: propellants, explosives and pyrotechnics.

5-Aminotetrazole is synthesised by the diazotisation of aminoguanidine to guanyl 
azide, followed by cyclisation to 5-aminotetrazole, via a modified procedure similar 
to Thiele’s first historic synthesis of this compound in 1892. Sodium nitrotetrazolate 
was synthesised in a Sandmeyer reaction from aminotetrazole using copper nitrite. 
5-Aminotetrazole has applications in gas-generating and propellant compositions, 
and sodium nitrotetrazolate is a useful precursor to the primary explosive heavy me
tal nitrotetrazolates.

Special Safety Precautions

Caution: Explosion hazard!

The acidic copper salt of 5-nitrotetrazole produced is a powerful primary explosive 
when dry. When dry it is sensitive to flame, impact and static electricity. Care 
should be taken to ensure that it remains in the Buchner funnel only as long as is 
necessary to produce a damp solid filter-cake and does not begin to dry out. Exces
sive friction or force on the wet material should be avoided and a plastic as opposed . 
to a metal spatula should be used to remove the filter-cake from the funnel.

The sodium 5-nitrotetrazolate obtained is harmless to handle in the hydrated 
form produced in this experiment, but it should not be heated in the dry form as 
loss of the hydration waters produces the extremely sensitive explosive anhydrous 
material. The recrystallisation must be monitored closely to ensure it does not 
boil dry. Ensure that the vessel used for recrystallisation is sufficient for at least 
1 cm depth of liquid, as too thin layers of liquid can boil dry in a very localised 
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area, producing loud but harmless detonations. A steam bath is the preferred 
heat source for these recrystallisations.

During the diazotisation of 5-aminotetrazole to 5-nitrotetrazole, small amounts 
of toxic nitrous oxides are given off. The procedure should be conducted in a 
fume hood.

4.29.1
Experimental

a) 5-Aminotetrazole (CN5H3 • H2O)

In a 125 cm3 Erlenmeyer flask, 8 g of aminoguanidine bicarbonate is slurried with 
11.5 cm3 of distilled water, then 10.2 cm3 of 37% hydrochloric acid are added in 
small portions (2-3 ml) while magnetically stirring the flask to keep the mixture 
from foaming. The solution is allowed to stir for 15 minutes. A thermometer is in
serted in the flask and the flask is placed in an ice-water bath and allowed to cool to 
15 °C. A solution of 4.33 g of sodium nitrite in 9 ml of water is then added dropwise 
by hand from a Pasteur pipette while maintaining the temperature at 17-22 °C. If 
near the end of the addition of nitrite solution the aminoguanidine solution begins 
to turn yellow, the addition of nitrite is ceased as all the aminoguanidine has reacted. 
After addition, the reaction mixture is stirred at 20 °C for 20 minutes, then 5.4 ml of 
28% aqueous ammonia are added all at once, stirred for 5 minutes and then the so
lution is transferred to a 150 cm3 round-bottomed flask equipped with a heating 
mantle, stirrer bar and reflux condenser and brought to the beginning of reflux and 
is held there for 2 hours. Upon completion of the reflux, while the solution is still 
hot, the pH is adjusted to 4 using hydrochloric acid and ammonia solution. The solu
tion is then transferred to a 125 cm3 Erlenmeyer flask fitted with a thermometer and 
slowly cooled to 10 °C during which time 5-aminotetrazole crystallises. (Note: The so
lution may supersaturate; if crystals have not appeared by 40 °C, the interior of the 
flask should be scratched with a glass rod until crystallisation occurs). The superna
tant is then carefully decanted, squeezing out as much liquid as possible from the 
crystalline mass with a rubber spatula, and 15 cm3 of distilled water are added to the 
crystals and the mix is heated to 45 °C, held there for 5 minutes and then allowed to 
cool to 10 °C. The crystals are filtered using a Buchner funnel and are washed with a 
few small portions of ice-cold distilled water.

Calculate the yield of 5-aminotetrazole monohydrate and measure its IR spectrum 
(Nujol mull, KBr plates) and NMR spectrum.
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b) Sodium 5-Nitrotetrazolate Dehydrate

NaNO2, HNO3, CuSO4

15-18 °C

A solution of 5.2 g of sodium nitrite and 2.75 g of copper(II) sulfate pentahydrate in 
15 cm3 of distilled water is prepared in a 200 cm3 three-necked round-bottomed flask 
equipped with a stirrer bar, addition funnel and thermometer (Fig. 4.29-1). The re
maining neck is left open to the atmosphere. This solution is cooled to 5 °C in an ice 
bath and the addition funnel is charged with a solution of 2.57 g of aminotetrazole 
monohydrate, 0.05 g of copper(II) sulfate pentahydrate and 3.2 cm3 of 70% nitric 
acid in 30 cm3 of distilled water. The acidic aminotetrazole solution is added to the 
dark-green copper nitrite solution over the course of 2-3 hours, keeping the tem
perature between 15 and 18 °C. After addition, the reaction mixture is stirred for 
30 minutes in the ice bath, followed by the dropwise addition of a solution of 3.5 ml 
of 70% nitric acid in 1.5 ml of distilled water with cooling and stirring. After this ad
dition, the reaction mixture is allowed to stir for 30 minutes while warming up to 
room temperature. The mixture is then vacuum filtered using a Buchner funnel and 
the green filter-cake of acid copper nitrotetrazolate is washed with 15 cm3 of distilled 
water, then 15 cm3 of 1.8 M nitric acid, followed by three washes with 15 cm3 of 
distilled water. The filter-cake is allowed to dry in the funnel for around 3 minutes 
(not longer!) and it is carefully (avoiding excessive friction of the acid nitrotetrazolate 
between the spatula and the Buchner funnel!) removed with a plastic spatula and

Fig. 4.29-1 Classware for the Sandmeyer reaction on aminotetrazole.
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transferred to a 150 cm3 beaker containing 30 ml of distilled water. The suspension 
is stirred rapidly magnetically and 50% sodium hydroxide solution is added until 
the pH reaches 9. Copper hydroxide precipitates and the solution is heated and stir
red at 70 °C for 45 minutes. While still hot, the solution is filtered through a Buch
ner funnel packed with Celite to remove black copper oxide. The precipitate is 
washed with two 5 ml portions of distilled water. The filtrate is treated with concen
trated nitric acid until the pH reaches 6 and then the solution is evaporated to half 
its volume on a rotovap with a bath temperature of 60 °C. The solution is then trans
ferred to a crystallisation dish and water is allowed to evaporate off completely over 
several days. When dry, the crystals are dissolved in hot acetone and filtered to re
move sodium nitrate and the filtrate is allowed to evaporate, leaving crystals of so
dium 5-nitrotetrazolate dihydrate. Recrystallise from acetone paying attention to the 
Special Safety Precautions.

Further Reading

B. T. Fedoroff, O. E. Sheffield, Encyclopedia of Explosives and Related Items,Vol. 1, Picatinny Arsenal, 
Dover, NJ, 1978, p. A258.

B. T. Fedoroff, O. E. Sheffield, Encyclopedia of Explosives and Related Items,Vol. 9, Picatinny Arsenal, 
Dover, NJ, 1978, p. T154.

W. H. Gilligan, M. J. Kamlet, US Patent 4 093 623,1978.
E. E. Rothgery, K. O. Knollmueller, US Patent 5 424 449,1995.
G. Steinhauser, T. M. Klapotke, Angew. Chem. 2008, 47, 3330.
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4.30
Ammonium 5-Nitro-lH-Tetrazolate-Hemihydrate
Franz Xaver Steemann and Thomas M. Klapotke

The ammonium salt of 5-nitro-lH-tetrazole is useful in the preparation of various 
energetic compounds, e.g. NTNAP, containing the 5-nitro-lH-tetrazole moiety, 
which can be introduced by nucleophilic substitution.

5-Amino-lH-tetrazole is first converted to the explosive diazonium salt, which 
forms, under copper catalysis, the copper complex of 5-nitro-lH-tetrazole. This com
plex is next converted into 5-nitro-lH-tetrazole, which reacts with ammonia to form 
ammonium 5-nitro-lH-tetrazolate hemihydrate.

Special Safety Precautions

1. The reactions should be carried out in polyethylene (PE) beakers.

2. Sulfuric acid is corrosive.

3. Copper(II) sulfate pentahydrate is harmful and hazardous to the environ
ment.

4. Sodium nitrite is an oxidant, toxic if ingested and hazardous to the environ
ment.

5. Gaseous ammonia is toxic and flammable and should only be handled in a 
well-ventilated fume hood.

6. The intermediately formed green copper complex of 5-nitro-lH-tetrazolate is 
explosive when dry and therefore should be kept wet at all times!

7. 5-Nitro-lH-tetrazole can react rapidly with carbon or reducing agents, espe
cially if heated. The addition of decolourising carbon should therefore take 
place at temperatures below 50 °C and the resulting suspension should not be 
stirred longer than about 10 minutes.

8. Protective clothing and safety eyeware should be worn at all times.
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4.30.1 
Experimental

Ammonium 5-Nitro-lH-Tetrazolate Hemihydrate

N-----N

5-Amino-lH-tetrazole (8.5 g, 305 mmol) is dissolved in a solution of copper(II) sul
fate pentahydrate (two spatulas) in water (140 cm3) by adding concentrated sulfuric 
acid (5.6 cm3, 105 mmol). Copper(II) sulfate pentahydrate (11.1 g, 45 mmol) and so
dium nitrite (21.1 g, 305 mmol) are dissolved in water (60 cm3) in a PE beaker on an 
ice bath and the acidified 5-amino-lH-tetrazole solution is added dropwise (ca. 
30 minutes) while maintaining ice cooling. Gas evolution and precipitation of the 
green copper complex of 5-nitro-lH-tetrazolate are observed.

The ice bath is removed and sodium hydroxide solution (2.7 M, 80 cm3) is added. 
The suspension is then heated on a water bath at 78 °C for 1 hour. Precipitation of 
copper hydroxide is observed. The suspension is filtered through wet packed Celite 
and the filtrate is acidified with concentrated sulfuric acid (3.2 cm3, 60 mmol). Deco
lourising carbon is added to the warm acidified filtrate and the suspension is stirred 
for 10 minutes. Gas evolution is observed.

The suspension is filtered through wet packed Celite and the filtrate is again acidi
fied with concentrated sulfuric acid (3.2 cm3, 60 mmol) and then extracted with ethyl 
acetate (10 x 50 cm3). The organic layer is dried with magnesium sulfate and con
centrated to ca. 200-250 cm3. Gaseous ammonia is bubbled through the organic 
layer (Fig. 4.30-1) and the precipitated colourless solid is filtered off. This procedure 
is repeated until no more solid is obtained. The colourless solid can be recrystallised 
from methanol to yield 7.1 g (50%) ammonium 5-nitro-lH-tetrazolate-hemihydrate.
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NH3

Empty Organic 
extract

Fig. 4.30-1 Setup for reacting 5-nitro-l H-tetrazole with ammonia.

Further Reading

E. Herz, US Patent 2 066 954,1937; DE Patent 562 511,1931.
S. G. Cho, K. T. No, E. M. Goh, J. K. Kim, J. H. Shin,Y. D. Joo, S. Seong, Bull. Korean Chem. Soc. 

2005, 26, 399.
T. M. Klapotke, P. Mayer, K. Polbom, J. M. Welch, New Trends in Research of Energetic Materials, 

Proceedings of the 9th Seminar, 19-21 April 2006, Pardubice, Czech Republic, 2006, pp. 631 — 
640.

H. Gao, C. Ye, C. M. Piekarski, J. M. Shreeve, J. Phys. Chem. C, 2007, 111, 10718.



420

4.31
Arsenium Cations: Carbene Analogues
Neil Butford and Trenton M. Parks

Carbenes and their analogues represent important synthetic building blocks in that 
they are small, simple molecules with coordinatively unsaturated sites and high reac
tivity. The phosphorus analogues (phosphenium cations) have been known since the 
1970’s, but the first arsenium cations were only recently identified. This project in
volves the preparation of a chloroarsolidine (1), which is the starting material for 
quantitative production of the arsolidinium (2) gallate. The reaction involves hetero- 
lytic cleavage of the covalent As-Cl bond using a Lewis acid to give the ionic salt. In 
addition, the novel arsolidine-arsolidinium complex (3) is prepared and all three 
compounds are characterised by their melting point and IR and NMR spectroscopic 
features.

Special Safety Precautions

Operations should be performed in a fume cupboard.
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4.31.1
Experimental

a) 2-Chloro-cyclo-1,3-dithia-2-arsapentane I1’

Chemicals required

1,2-Ethanedithiol

Arsenic trichloride

Due to the pungent odour of ethanedithiol, all procedures 
should be performed in an efficient fume cupboard. The appa
ratus should be rinsed with bleach following the procedure.

Intensely poisonous! Latex gloves are not effective protection 
against this compound. The most effective protection is to 
avoid contact. Arsenic trichloride is slowly hydrolysed in air.

Carbon tetrachloride Poisonous and carcinogenic. Must be dried over P2O5.

Apparatus required

50 cm3 two-neck round-bottomed flask with stoppers, 50 cm3 pressure-equalising 
dropping funnel, stir motor and stir bar, source of dry nitrogen.

Procedure

Under an atmosphere of dry nitrogen, 1.4 g of 1,2-ethanedithiol in 5 ml of CC14 is 
added dropwise over a period of 5 minutes to a stirred solution of 2.7 g of AsC13 in 
10 cm3 of CCI4. The reaction self-cooling and is accompanied by the liberation of 
HC1 gas. The solution is stirred for 30 minutes, then stoppered and placed in the 
freezer (-20 °C) to promote crystallisation of the product. The cold supernatant li
quid is decanted from the crystals and the remainder of the solvent is removed in va
cuo. Typical yields: 80-90%. M.p.: 38.5-39 °C. The FT-IR spectrum is shown in 
Figure 4.31-1 a. NMR (CD2C12): 1H, 3.74 ppm, multiplet; 13C, 44.6 ppm.

b) Bis(l,3-dithia-2-arsolidinium Tetrachlorogallate), [2] [CaCl4]2

Chemicals required

Gallium trichloride

2-Chloro-cyclo-l,3- 
dithia-2-arsapentane

Methylene chloride

Extremely moisture sensitive. Purified by vacuum sublima
tion onto a water cooled finger.

From part a), exposed to dynamic vacuum (10 3 Torr) for at 
least 30 minutes. Slowly hydrolyses in air.

Dried over CaH2, P2O5, and CaH2; degassed by freeze-pump- 
thaw.

1) A modification of the procedure has been mentioned by W. H. C. Rueggeberg, A. Ginsburg, W. A. 
Cook, J. Amer. Chem. Soc. 1946, 68, 1860.
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Fig. 4.31-1 FT-IR spectra obtained as Nujol mulls between Csl plates on a Nicolet 510P 
spectrometer, Nujol regions have been blanked, a) 2-chloro-cyclo-l ,3-dithia-2-arsapentane (1). 
b) Bis(l ,3-dithia-2-arsolidinium tetrachlorogallate), [2][GaC!4]2.
c) 2-chloro-cyclo-l ,3-dithia-2-arsapentane-l ,3-dithia-2-arsolidinium tetrachlorogallate, [3][CaCI4].
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Fig. 4.31-2 Dual compartment vacuum reactor.

Apparatus required

Dual compartment (100 cm3 each) reactor with two Teflon stopcocks (A and B) and 
FETFE O-rings, featuring demountable compartments separated by stopcock B 
(Fig. 4.31-2), a modification of the standard H-tube reaction vessel.

Teflon coated magnetic stir bar, stirring motor, evacuated glass solvent bulb con
taining dry and degassed CH2C12, dry box (N2), vacuum line.

Procedure

The product and GaCfi are extremely moisture sensitive and must be handled, 
stored and manipulated under vacuum or in an inert atmosphere (dry box). The re
action is performed in a dual compartment reaction vessel, which is evacuated and 
flame dried (Bunsen) under dynamic vacuum before use. The starting materials, 
0.50 g of 2-chloro-cyclo-l,3-dithia-2- arsapentane and 0.45 g of GaCl3, are introduced 
into separate compartments in the dry box, and a stir bar is included with the GaCl3 
(compartment 2). The sealed unit is removed from the dry box and evacuated (do 
not evacuate for long periods, as GaCl3 is volatile). Methylene chloride solvent is sta
tic vacuum distilled onto each of the reactants (L15 ml each) by cooling each com
partment, in turn, with liquid nitrogen (GaCl3 first). At room temperature, the solu
tion of 2-chloro-cyclo-l,3-dithia-2-arsapentane is poured slowly (15 minutes) into the 
stirred solution of GaCl3 giving an instantaneous bright yellow reaction mixture. 
After stirring for 15 minutes, « 75% of the solvent is distilled from the solution by 
cooling empty compartment 1. Solid or oil may be observed at this time. Stopcock B 
is closed and the solid or oily material is redissolved by warming the bulb under the 
hot water tap (« 65 °C), accompanied by vigorous shaking. On slow cooling to room 
temperature, a yellow crystalline solid is formed. The solution is decanted from the 
crystals, and they are washed by cold spot (liquid nitrogen cotton swabs) back-distil
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lation. The solvent is entirely removed from the vessel m vacuo and the crystalline 
material is isolated and manipulated in the dry box.

Typical yields: 80-90%. M.p.: 94-95.5 °C. The FT-IR spectrum is shown in 
Figure 4.31-1 b, NMR (CD2C12); 1H, 4.06 ppm; 13C, 45.8 ppm.

c) 2-Chloro-cydo-l ,3-dithia-2-arsapentane-l ,3-dithia-2-arsolidinium
Tetrachlorogallate, [3][GaCl4]

Using the same materials and procedures described in part b), slowly add a solution 
of 0.45 g of GaCl3 in 15 cm3 of CH2C12 to a stirred solution of 1.0 g of 2-chloro-cyclo- 
l,3-dithia-2-arsapentane in 15 ml of CH2C12. A yellow solution is initially formed 
and produces a pale yellow precipitate during the addition. The majority of the sol
vent (A75%) is removed in vacuo depositing more of the product, then the remain
der of the supernatant solution is decanted from the precipitate, which is washed by 
cold spot (liquid nitrogen cotton swabs) back-distillation. The prodcut can be recrys
tallised from hot methylene chloride as described in part b).

Typical yields: 80-90%. M.p.: 116-117°C. The FT-IR spectrum is shown in 
Figure 4.31-1 c. NMR (CD2C12): 1H, 3.90 ppm; 13C, 45.0 ppm.

Further Reading

M. Sanchez, M. R. Mazieres, L. Lamande, R. Wolf, In: Multiple Bonding and Low Coordination in 
Phosphorus Chemistry (Eds.: M. Regitz, O. J. Scherer), Georg Thieme Verlag, Stuttgart, 1990, 
p. 129.

N. Burford, T. M. Parks, B. W. Royan, B. Borecka, T. S. Cameron, J. F. Richardson, E. J. Gabe, 
R. Hynes, J. Amer. Chem. Soc. 1992, 114, 8147.

N. Burford,T. M. Parks, B. W. Royan, P. S. White, J. F. Richardson, Can. J. Chem. 1992, 70, 703.
N. Burford,J. Muller,T. M. Parks, J. Chem. Educ. 1994, 71, 80.
N. Burford, C. L. B. Macdonald, T. M. Parks, G. Wu, B. Borecka, W. Kwiatkowski, T. S. Cameron, 

Can J Chem. 1996, 74, 2209.
N. Burford, C. L. B. Macdonald, D. J. LeBlanc.T. S. Cameron, Organometallics, 2000, 19, 152.
A. L. Wayda, J. L. Dye, J. Chem. Educ. 1985, 62, 356.
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4.32
Preparation and Structure of the Acetyl 
Chloride-Antimony Pentachloride Complex
Peter N. Gates

Reaction of a Lewis acid of the type MXn (e.g. M = B, Al, Sb, etc.; X = C1, Br) with 
acid halides, RCOX (R = alkyl, aryl, etc.), usually produces a 1:1 complex 
RCOX • MX„. The structure of such complexes depends on the particular acid halide 
and Lewis acid but is usually of one of two types.

CH3)C=O MXn or [CH3-C=O]+[MXn+1]- 
X

(1) (2)

An example of type 1 is the 1:1 complex formed between TiC14 and CH3COC1 which 
CH3

has the structure )C=O->TiCl4. Reaction between CH3COF and BF3 produces

a complex of type 2, CH3C=O+BF4.
A very quick and convenient distinction between such structural types can be 

made by infra-red spectroscopy and relies on the characteristic group frequencies of 
carbon-oxygen bonds. In the parent acid halide the vibrational mode which corre
sponds mainly to the stretching of the CO bond lies in the region of 1800 cm4. In a 
complex of type 1, a polarisation of electron density in the carbonyl bond would be 
predicted with a consequent reduction in the stretching force constant and hence 
the vibrational frequency. Such reductions have been observed in many Lewis acid 
complexes of carbonyl containing molecules. In a type 2 complex, where the formal 
bond order increases to 3, an increase in the CO force constant would be predicted 
with a consequent increase in the vibrational frequency (CH3CO+ is isoelectronic 
with CH3CN).

In this experiment, the object is to determine the structure of the complex formed 
between CH3COC1 and SbCl5. The complex is very sensitive to hydrolysis and must 
be prepared and handled under anhydrous conditions.
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Special Safety Precautions

1. Antimony pentachloride is corrosive and toxic by inhalation and skin contact. 
Apart from the dry bag, always use in a fume cupboard.

2. Carbon tetrachloride is toxic by inhalation and skin contact.

3. Acetyl chloride is corrosive and toxic by inhalation and skin contact. Keep 
away from sources of ignition.

4. The product is moisture sensitive and will hydrolyse to HC1 and ethanoic acid 
in moist air.

4.32.1
Experimental

Both reactants and the product are sensitive to hydrolysis and all operations should 
be carried out in a dry bag. You are provided with a sealed ampoule containing a 
known amount (ca. 5 g) of SbCl5. This should be opened in the dry bag by making a 
small nick with a glass knife in the constriction of the ampoule and carefully break
ing the neck. Pour the SbCl5 into CC14 (15 cm3) contained in a dropping funnel 
fitted with a silica gel drying tube. Calculate the stoichiometric quantity of CH3COC1 
required for a 1:1 molar ratio with the SbCl5 you have used and place this in a 
100 cm3 B24 round-bottomed flask together with 20 cm3 of CC14. Remove the drop
ping funnel from the dry bag and fit it to the round-bottomed flask via a connector 
with a side-arm. The apparatus should be protected from the atmosphere by attach
ment of a silica gel drying tube to the side-arm. Add the solution of SbCl5 in CC14 
dropwise, slowly with constant shaking (or stirring with a magnetic stir bar). When 
the addition is complete, the white solid may be filtered off as follows: connect a

Fig. 4.32-1 Closed suction filter.
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100 cm3 flask to the lower end of the closed sintered filter (Fig. 4.32-1) and connect 
the filter (via tap B) to an oil pump protected by a liquid nitrogen trap. (Consult a de
monstrator).

With tap A on the filter closed, quickly remove the side-arm connector from the re
action vessel, replace it with the top end of the closed filter, invert the apparatus and 
open tap B. Wash the white solid on the filter twice with 10 cm3 portions of CC14. 
(This should be done quickly with minimum exposure to the atmosphere. To release 
the vacuum in the filter, dry nitrogen may be admitted through tap A.) Suck the pro
duct dry on the filter. When most of the CC14 has been removed from the product, ra
pidly replace the lower flask (as above when washing) with an empty one and con
tinue pumping. When the product is dry, close tap B on the filter, detach from the 
suction and remove the closed apparatus to the dry bag. Transfer the white solid to a 
dry sample tube and seal it thoroughly with parafilm.

While the complex is drying, record the infrared spectrum of CH3COC1 as a neat 
liquid: place several drops of CH3COCI on a KBr plate and cover with another plate 
to give a thin liquid film. Record the spectrum over the range 4000-1200 cm-1. The 
infra-red spectrum of the complex should be obtained by preparing a sample in the 
dry bag as follows: remove a small quantity of the white solid from the sample tube 
and place it on the KBr plate. Then add a small amount of Nujol (liquid paraffin) and 
cover it with another plate. Rub the two plates together to obtain an even dispersion 
of the complex in the Nujol and quickly record the infra-red spectrum over the range 
2500-1200 cm-1 (consult a demonstrator).

If Raman facilities are available, a low-frequency spectrum is also instructive. 
Place a small amount (about 1 cm depth) of the sample in a melting point capillary 
tube, seal the end with plasticine and remove from the dry bag. Record a Raman 
spectrum over the range 100-400 cm-1 (consult a demonstrator). Alternatively, a Ra
man spectrum may be supplied. On this basis, suggest a structure for the complex, 
assigning the major bands in the infra-red and Raman spectra.

Further Reading

D. Cassimatis, B. P. Susz, Helu. Chim. Acta, 1961, 44, 943.
B. P. Susz, J. J. Wuhrmann, Helv. Chim. Acta, 1957, 40, 722.
F. P. Boer, J. Amer. Chem. Soc. 1966, 88,1572.
D. Cook, Canad.J. Chem. 1963, 41, 522.
P. N. Gates, D. Steele, J. Mol. Structure, 1967, 1, 349.
K. Nakamoto, Infrared Spectra of Inorganic and Coordination Compounds, 4th ed.,

Wiley, New York, 1986.
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4.33
Preparation and Some Reactions of the Folded P2N4S2 Ring
Tristram Chivers, Daniel D. Doxsee, and Robert W. Hilts

The eight-membered ring in 1,5-R4P2N4S2 (R = aryl, alkyl) has a folded structure (1) 
with a cross-ring S-S bond of ca. 2.5 A. This inorganic heterocycle is a hybrid of S4N4 
and the well known cyclophosphazenes. It undergoes a wide range of reactions 
based on the sulfur or nitrogen centres. For example, oxidative addition with halo
gens gives S,S'-dihalo derivatives, while the interactions with Lewis or Bronsted acids 
produces N-bonded adducts with retention of the S-S bond. The P2N4S2 ring in 1 
exhibits a versatile coordination chemistry and the following bonding modes have 
been established: ^-N, i?2-S,S', ?y2-N,S-/z-S'. The reaction of 1 (R= Ph) with organo- 
lithium reagents produces the adducts Li[Ph4P2N4S2R] (R = alkyl, aryl), which serve 
as a source of Ph4P2N4S2R' anions in the formation of tj -S bonded complexes with 
late transition metals. The folded rings (1) exhibit 31P NMR chemical shifts at anom
alously low fields (110-140 ppm) compared to cyclophosphazenes as a result of the 
transannular S-S interaction. Consequently, 31P NMR spectroscopy provides a diag
nostic probe for the loss or retention of the S-S bond in reactions of 1.

In this experiment, you will prepare 1 (R=Ph) from Li[Ph2P(NSiMe3)2] (2) and 
investigate the reactions of this inorganic heterocycle with bromine and with a 
Bronsted acid. The phosphorus-nitrogen-silicon reagent (2) has a monomeric struc
ture and may be used for the preparation of P-N heterocycles containing lanthanide 
or actinide metals.

NSiMe3

Ph2P', 0
NSiMe3

Li+

Note: If necessary, in view of time limitations, this experiment can be subdivided 
into parts a) and b) only or, if Li[Ph2P(NSiMe3)2] is provided, parts b) to d) only. The 
second option avoids delays imposed by the lengthy reflux necessary for the Staudin- 
ger reaction (Eq. 1).
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Special Safety Precautions

1. Chlorodiphenylphosphine (Ph2PCl) is a noxious, acrid liquid which reacts 
readily with moist air. It should be stored in a Schlenk vessel under a nitrogen 
atmosphere and transferred in a fume cupboard. Spillages should be de
stroyed with an aqueous solution of sodium hypochlorite.

2. Liquid bromine and thionyl chloride (SOC12) are highly toxic and extremely 
corrosive liquids. These reagents must be handled with protective gloves in
side a fume cupboard.

3. Organolithium reagents are likely to combust spontaneously on contact with 
air. These reagents must be transferred from ‘sure-seal’ bottles by using a cali
brated syringe after a needle has been inserted through the septum of the con
tainer. Spillages should be destroyed with n-butanol.

4. Trimethylsilyl azide (Me3SiN3) is a highly flammable and poisonous liquid. It 
also must be handled with gloves in the fume cupboard.

4.33.1
Experimental

a) Li[Ph2P(NSiMe3)2] (2)

The preparation of the lithium reagent (2) involves the two steps in Eqs. (1) and (2).

Ph2PH + 2Me3SiN3 -»

NSiMe3
Ph2P + rtBuLi

NSiMe3
H

NSiM^
Ph2pZ/ + 2N2

NSiM^

NSiMe3

Ph2P\ © Li+ + «-C4H10

NSiMej

(1)

(2)

The procedure for Eq. (1) is a modification of that described by Paciorek and Kratzer.
Under an atmosphere of nitrogen, heat a mixture of Me3SiN3 (3.63 g, 31.5 mmol) 

and Ph2PH (2.75 g, 15 mmol) in a 100 cm3 side-arm (Schlenk) flask fitted with a reflux 
condenser at 140 °C for 24 hours. While still at 140 °C, apply a dynamic vacuum for at 
least 2 hours to remove any residual Me3SiN3. Cool the flask to room temperature and 
record the yield of your product. This procedure will give 3-4 g of [Ph2P(NHSiMe3) 
(NSiMe3)] as a colourless liquid. Obtain the infrared spectrum of the product on KBr 
plates. Look for a strong N-H band at ca. 2900 cm-1. Record and interpret the ’H NMR 
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spectrum in CDC13. 3IP NMR (CDC13): singlet at 0.2 ppm (with reference to 85% 
H3PO4).

Ph2P(NSiMe3)[N(H)SiMe3] (6.07 g, 16.9 mmol) is transferred via cannula to a 
250 cm3 side-arm (Schlenk) flask fitted with a septum and equipped with a magnetic 
stir bar. The flask should be previously evacuated and back-flushed with N2 gas sev
eral times. Approximately 75 ml of dry hexanes are added to the flask, which is then 
placed in an ice-water bath. After about 10 minutes, an equimolar amount of nBuLi 
in hexanes (calculate the required volume based on the known concentration of this 
solution) is added dropwise via syringe (20 minutes) with stirring. The ice-water 
bath is then removed and the mixture is stirred until it reaches

room temperature. The septum is then replaced (be sure N2 gas is flowing into 
the vessel through the side-arm) with a reflux condenser equipped with a tap adapter 
which has N2 gas flowing through it. With the tap adapter open and the side-arm tap 
closed, the mixture is heated at reflux for one hour by using a heating mantle. The 
mixture is then allowed to cool to room temperature, the condenser is replaced with 
a septum and the flask is placed in a freezer (ca. -20 °C) for 2-3 hours. This results 
in the formation of white crystals. The residual supernatant liquid is decanted with a 
cannula and discarded. The white crystals of Li[Ph2P(NSiMe3)2] (4.80 g, 13.1 mmol) 
(78% yield) are dried under vacuum. The product can be handled in air for short per
iods, but it should be stored under an atmosphere of dry nitrogen. Record and inter
pret the NMR spectrum of your product in CDC13.31P NMR (in CH2C12): singlet 
at 16.5 ppm (referenced to 85% H3PO4).

b) l,5-Ph4P2N4S2 (l,R = Ph)

A colourless solution of freshly distilled SOC12 (0.97 g, 8.16 mmol) in dry CH2C12 
(100 cm3) cooled in an ice bath at 0°C is added dropwise (ca. 15 minutes), by can
nula, to a rapidly stirred solution of Li[Ph2P(NSiMe3)2] (3.0 g, 8.16 mmol) in dry 
CH2C12 (200 cm3) at 0 °C in a 500 cm3 side-arm (Schlenk) flask. During the addition, 
the solution should change from colourless to yellow. The ice bath is removed and 
the mixture is stirred under N2 for 18 hours. The solvent is removed under vacuum 
and then acetonitrile (30 cm3) is added to the pale yellow residue. The resulting 
yellow suspension is stored overnight in the freezer at ca. -20 °C. The yellow super
natant solution is discarded and the cream coloured solid is dissolved in 25 cm3 of 
CH2C12 to give a cloudy, colourless solution. The precipitated LiCl is removed by 
using a filter cannula and the filtrate is taken to dryness under vacuum. The residue 
is washed with hexane (30 ml) and then dried under dynamic vacuum for 2 hours to 
give l,5-[Ph4P2N4S2] (1.20 g, 2.45 mmol) as a white crystalline solid. Yield: 60%. The 
product can be handled in air for short periods, but it is slowly hydrolysed upon 
exposure to moist air for several weeks. Obtain a 31P pH} NMR spectrum for your 
product in toluene. If your sample is contaminated with phosphorus containing by
products, it can be purified by recrystallisation from CH2Cl2/hexane at 0°C. Record 
the infrared spectrum of your product as a Nujol mull and compare it with the litera
ture values. Obtain the mass spectrum of your product and identify the parent ion. 
Provide an explanation of the unusually long S-S bond in 1.



4.33 The Folded P2N4S2 Ring I 431

c) l,5-Ph4P2N4S2Br2 (3)

Note: In view of the moisture sensitivity of l,5-Ph4P2N4S2Br2, all samples of 3 must 
be handled in an inert atmosphere.

Liquid bromine (1.0 g, 0.6 mmol) is added dropwise by syringe to a stirred solu
tion of l,5-[Ph4P2N4S2] (0.30 g, 0.6 mmol) in dry dichloromethane (15 cm3) in a 
100 cm3 Schlenk flask. (The syringe should be washed with hexanes immediately 
after use.) The resulting yellow solution is stirred for 30 minutes and then cooled to 
-20 °C to produce yellow moisture-sensitive crystals of l,5-Ph4P2N4S2Br2 (0.33 g, 
0.5 mmol). Yield: 83%. Record and interpret the 31P {3H} NMR spectrum of your 
product in CDC13. Is your product contaminated with unreacted l,5-Ph4P2N4S2? 
Record the infrared spectrum of your product as a Nujol mull and compare it with 
the literature values. Where would you expect the S-Br stretching vibration to occur?

d) Reaction of l,5-Ph4P2N4S2 with HBF4 • Et2O

A colourless solution of HBF4 • Et2O (0.19 g, 1.2 mmol) in 8 cm3 of dry dichloro
methane is added dropwise, over 30 minutes, by cannula, to a stirred solution of 1,5- 
[Ph4P2N4S2] (0.51 g, 1.0 mmol) in 25 cm3 of dichloromethane in a 100 cm3 Schlenk 
flask. Stir the mixture for 16 hours at 23 °C, and then filter the slightly cloudy solu
tion and remove the solvent under vacuum. Dry hexane (50 ml) is added to the pale 
yellow residue and the mixture is rapidly stirred. Discard the supernatant solution 
and dry the colourless precipitate of l,5-[Ph4P2N4S2H]BF4 (0.43 g, 0.74 mmol) under 
dynamic vacuum. Record the 31P {3H} NMR spectrum of your product in CDC13 and 
propose a structure for the protonated derivative on the basis of the data that you ob
tain.
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4.34
Sulfur-Nitrogen Heterocycles and [SNBr0.4]x Polymer
J. Derek Woollins

As a result of investigations begun over a hundred years ago, there is an extensive 
chemistry of inorganic sulfur-nitrogen compounds. Many of these compounds have 
remarkable chemical properties as well as unusual structures and bonding. Most re
cently, polymeric sulfur nitride, (SN)X, has been found to be a one-dimensional con
ductor and a superconductor at low temperature. In this experiment, you will pre
pare three examples of SN heterocycles: [S3N2C1]C1, (NSC1)3 and [S4N3]C1, as well as 
the doped polymer [SNBr0 4jx. The first two are useful intermediates in the forma
tion other SN compounds whilst the third is an example of a 10 71 aromatic system.

Special Safety Precautions

1. Sulfur monochloride (S2C12) is corrosive and very toxic by inhalation. Always 
use in a fume cupboard. Spillages should be treated with solid sodium bicar
bonate followed by copious amounts of water.

2. Sulfur dichloride (SC12), which is produced and collected in the liquid nitrogen 
cold trap during the preparation of (NSC1)3, is corrosive. After removal from 
the vacuum line, clamp the trap at the back of the fume cupboard and allow to 
warm to room temperature. Add dropwise aqueous sodium bicarbonate. The 
treated material can be washed down the drain.

3. Chlorine gas is toxic. The whole cylinder should be securely clamped inside a 
fume cupboard. If in any doubt whatsoever about safe operation of the cylin
der, consult a demonstrator.

4. Carbon tetrachloride is toxic by inhalation or contact.

5. All of the sulfur-nitrogen compounds prepared in this experiment, except 
[S4N3]C1, should be regarded as air and moisture sensitive and thus likely to 
hydrolyse to HC1 and SO2 if exposed to the atmosphere.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
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6. The residue from the preparation of [S3N2C1]C1 must be destroyed. You should 
slowly tip the contents onto solid sodium bicarbonate in a fume cupboard. 
Very slowly add water and allow to stand.

7. Make sure that you carefully grease all joints with silicone.

4.34.1
Experimental

a) [S3N2CI]CI

In a fume cupboard, ammonium chloride (8.0 g), sulfur (4.0 g) and sulfur mono
chloride (24 cm3; care) are placed in a dry 50 cm3 B24 neck round-bottomed flask. 
The flask is fitted with a B24 straight walled condenser and a calcium chloride dry
ing tube. The joints should be throughly greased with silicone grease. The mixture 
is heated to gentle reflux (isomantle). Deep red crystals of the product should sublime 
out of the reaction into the lower end of the condenser within 15-20 minutes. You 
should try to keep the heating to a minimum and it is often helpful to lag the top of 
the flask with glass wool insulation. Gentle refluxing is maintained for 6-8 hours, 
or overnight if necessary - do not attempt to restart the reaction with product in the 
condenser since the product is often washed back into the reaction by the refluxing 
S2C12. The reaction is allowed to cool and the [S3N2C1]C1 removed as follows.

A thoroughly dried, preweighed B24 Schlenk tube is prepared and securely 
clamped with N2 flowing through it. The condenser containing [S3N2C1]C1 is rapidly 
transferred over (less than 5 seconds!). With continuous and steady N2 flow, the 
CaCl2 tube is removed and the product gently scraped into the Schlenk tube using a 
long handled spatula. The condenser is then returned to the reaction vessel and the 
Schlenk tube is stoppered (carefully grease the stopper with silicone grease). It may 
be necessary to pump on the product for a few minutes to remove traces of S2C12.

A second batch of [S3N2]C1 (to be used in the synthesis of [S4N3]C1) is prepared by 
addition of a further 10 ml of S2C12 to the reaction which is then refluxed as before.

Calculate the yield of your first crop of product and measure its IR spectrum 
(glove bag, Nujol mull, NaCl plates). Seal up a small sample in an ampoule.

b) (NSCI)3

Using the first crop of [S3N2C1]C1, transfer the condenser to the top of a B24 Schlenk 
tube as before. With N2 flow, remove the drying tube and connect the condenser to a 
scrubber unit. Turn off the N2 and connect the apparatus to a Cl2 cylinder (ask a de
monstrator before using the chlorine cylinder). Pass Cl2 gently through the system. 
The [S3N2C1]C1 will rapidly react and the product should be washed down into the 
Schlenk tube by the SC12 that is formed. Usually 5 minutes of slow Cl2 flow is suffi
cient. Turn off the Cl2 cylinder and pump away the SC12. If the product is still orange 
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coloured, repeat the chlorination. Measure the IR spectrum (glove bag, NaCl and 
polythene plates, 1100-200 cm ’j and seal some of your sample in a glass ampoule.

c) [S4N3]CI

Use the [S3N2C1]C1 from your second crop. You may have to rescale the reaction.
[S3N2C1]C1 (0.4 g) is refluxed in dry CC14 (20 cm3) and S2C12 (12 cm3) under N2 for 

5 hours or until all of the dark solid has been converted to a bright yellow precipitate. 
Cool the reaction, filter off the product (in air on a sintered funnel) wash it with 
3x5 cm3 of CC14. Discard your CC14/S2C12 waste into the container provided (see 
point 1 of the Special Safety Precautions).

Measure the IR spectrum (Nujol mull, KBr plates, 1200-200 cm-1). Measure the 
UV spectrum (400-200 nm) in cone. HC1 (Care: if you spill any acid in the spectro
meter, report it the demonstrator immediately). You should accurately weigh your 
sample so that you can report extinction coefficients. As a guide to the concentration 
required, the strongest band has e = 10000-15000 dm3 mol-1 cm-1. There is no 
need to seal your product up as it is not particularly air sensitive. The 15N NMR spec
trum of 100% 15N labelled [S4N3]C1 is given in Figure 4.34-1.

Fig. 4.34-1 15N NMR ofl00%15N labelled [S4N3]CI in cone. HCl at 27.36 MHz.
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d) [SNBro.4],

(NSC1)3 (1.34 g) is dissolved in 35 cm3 of dry CH2C12 under N2. The reaction is 
cooled to -60 °C and Me3SiBr (2.2 cm3) is slowly added. After stirring for 15 minutes, 
the reaction is allowed to warm to room temperature and the resulting precipitate 
filtered, washed with CH2C12 (2 x 10 ml) and dried in vacuo.

Record the IR spectrum of your product and compare it with that in the literature. 
Prepare a pressed disc using the IR press and measure the conductivity of your solid 
sample. The properties of (SN)X and its halogenated derivatives have been reviewed 
by Labes et al.

Further Reading
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1771.
A. J. Banister, Nature Phys. Sci. 1972, 237, 92.
I. R. Nevitt, H. S. Rzepa, J. D. Woollins, Spectrochim. Acta, 1989, 45A, 367.
V. Demant, K. Dehnicke, Z. Naturforsch. B, 1986, 41, 929.
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4.35
Selenium-Nitrogen and Tellurium-Nitrogen Compounds
Herbert W. Roesky and Judith Gindl

In the last ten decades, a large number of sulfur-nitrogen compounds could be ob
tained, but only a few selenium-nitrogen and tellurium-nitrogen compounds are 
known. Most are unstable and some of them decompose with explosion. Another 
problem is the lack of suitable stable precursors for the selenium- and tellurium-ni
trogen chemistry. In this experiment you will find that some stable selenium-nitro
gen and tellurium-nitrogen compounds (Se[N(SiMe3)2]2, Te[N(SiMe3)2]2, Se[(NCMe3 
(SiMe3)]2 and Te[NCMe3(SiMe3)]2) are useful precursors for preparing new com
pounds with Se-N and Te-N bonds. Se(NCMe3)2SnCl4 is a stable selenodiimide. 
(ClTeNSN)3N and (FTeNSN)3N are tellurium nitrides that are stable at room tem
perature. Most of the known tellurium nitrides are very explosive. All compounds 
described have been characterised by X-ray structural analysis.

Special Safety Precautions

1. Most of the selenium and tellurium compounds are toxic. Se[N(SiMe3)2]2, 
Se[NCMe3(SiMe3)]2, Te[N(SiMe3)2]2 and Te[NCMe3(SiMe3)]2 are relatively vola
tile. All preparations should be carried out in a well ventilated fume cupboard.

2. All compounds are air and moisture sensitive. Therefore, experimental manip
ulations should only be performed under an atmosphere of dry nitrogen gas 
in Schlenk apparatus or in a dry box.

3. Butyllithium reacts violently with H2O, the solutions should only be handled 
under dry nitrogen gas.

4. (ClTeNSN)3N may decompose violently when heated over 207 °C. (FTeNSN)3N 
may explode at room temperature when exposed to mechanical strain.

Inorganic Experiments, Third Edition. Edited by J. Derek Woollins
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32472-9
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4.35.1
Experimental

a) Se[N(SiMe3)2]2

LiN(SiMe3)2 (3.08 g) is dissolved in 40 cm3 of dry n-hexane. The solution is cooled to 
-78 °C and Se2Cl2 (2.11 g) is slowly added. The resulting yellow solution is stirred 
for 1 hour and then allowed to warm up to room temperature. It is further stirred 
for 12 hours, the solution is filtered and the volatiles are removed in vacuo by using a 
liquid nitrogen trap system. The orange residue is sublimed at 30-40 °C under dy
namic vacuum (<0.1 torr), which yields 2.75 g (75%) of the yellow crystalline pro
duct having a melting point of 64-65 °C.

Measure the XH NMR spectrum (dry box, CC14 as solvent, SiMe4 as reference). 
XH NMR: <5 0.27 (s). Mass spectrum (El) [m/z (80Se peaks, %)]: 400 (M+).

b) Te[N(SiMe3)2]2

A solution of LiN(SiMe3)2 (1.10 g) in dry n-hexane is cooled to -78°C, then TeCl4 
(0.51 g), dissolved in toluene, is added slowly. The reaction mixture is stirred for 
1 hour at -78 °C and after being allowed to warm up to room temperature, it is 
further stirred for 12 hours. The solution is filtered and the volatiles are removed in 
vacuo using a liquid nitrogen trap system. Sublimation of the residue at 30-40 °C 
under dynamic vacuum (<0.1 Torr) gives 0.43 g of the product. In order to obtain 
analytically pure product, the orange crystals are sublimed once again, now melting 
at 69-71 °C.

Measure the XH NMR spectrum (dry box, CC14 as solvent, SiMe4 as reference). 
XH NMR: <5 0.24 (s). Mass spectrum (El) [m/z (130Te peaks, %)]: 450 (M+).

c) Se[NCMe3(SiMe3)]2

To a solution of HNCMe3(SiMe3) (3.08 g) in 40 cm3 dry n-hexane are added 16 cm3 
of a 1.6 M nBuLi/hexane solution at 0°C. The solution is stirred for a few hours at 
room temperature, then cooled to -78 °C and Se2Cl2 (3.0 g) is slowly added. After 
allowing it to warm up to room temperature, the solution is stirred further for 
12 hours then filtered through Celite. The volatiles are removed in vacuo using a 
liquid nitrogen trap system. The orange residue is sublimed at 40-50 °C under va
cuum (0.1 Torr). Sublimation gives 3.2 g (65%) yellow crystals, melting at 72-73 °C. 
Further sublimation gives colorless crystals.

Measure the XH NMR spectrum (dry box, CC14 as solvent, SiMe4 as reference) and 
the 77Se NMR spectrum (CDC13 as solvent, SeMe2 as reference). XH NMR: <5 0.35 
(s, SiMe3), 1.45 (s, CMe3). 77Se NMR: <5 1071 (s). Mass spectrum (El) [m/z (80Se 
peaks, %)]: 368 (M+, 100).
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d) Te[NCMe3(SiMe3)]2

To a solution of HNCMe3(SiMe3) (3.18 g) in 40 cm3 dry n-hexane are slowly added 
16 ml of a 15% secBuLi/cyclohexane solution at 0 °C. The solution is stirred for a few 
hours, then cooled to -78 °C and TeCl4 (1.47 g), dissolved in toluene, is added slowly. 
After allowing to warm up to room temperature, the solution is stirred for 12 hours 
and filtered through Celite. The volatiles are removed in vacuo using a liquid nitro
gen trap system. The crude product is purified by sublimation at 40-50 °C under 
dynamic vacuum (<0.1 Torr). The bright yellow product (0.81 g; 35%) melts at 
67-70 °C.

Measure the XH NMR spectrum (dry box, CC14 as solvent, SiMe4 as reference) and 
the 12STe NMR spectrum (CDC13 as solvent, TeMe2 as reference). 1H NMR: <5 0.35 
(s, SiMe3), 1.47 (s, CMe3). 125Te NMR: 8 1742 (s). Mass spectrum (El) [m/z (130Te 
peaks, %)]: 418 (M+).

e) Se(NCMe3)2SnCl4

To a solution of Se[NCMe3(SiMe3)]2 (2.16 g) from part c) in 20 ml dry CH2C12 is 
added SnCl4 (3.03 g) in 10 ml CH2C12 and the reaction mixture is stirred for 3 d at 
room temperature.

The green precipitate is separated by filtration and the residue redissolved in 
500 ml dry THF. Insoluble by-products are separated by filtration and the solvent is 
removed in vacuo. A yellow product remains (0.87 g, 31%), decomposing at 142 °C.

Alternatively, the following procedure can be employed. To a suspension of SeCl4 
(0.55 g) in 20 ml dry diethyl ether is slowly added H2NCMe3 (1.1 g). The solution is 
filtered, the solvent removed in vacuo and the residue dissolved in 8 cm3 dry CH2C12. 
To this solution is added dropwise SnCl4 (0.65 g) in 10 cm3 CH2C12 at room tempera
ture. The immediately formed yellow solid is filtered off, dissolved in 200 ml dry 
THF and red by-products removed by filtration. After removing the solvent in vacuo, 
0.35 g (29%) of the product remain, decomposing at 141 °C.

Measure the 3H NMR spectrum (dry box, (CD3)2SO as solvent, SiMe4 as reference) 
and the 77Se NMR spectrum ((CH3)2SO as solvent, SeMe2 as reference). The product 
is not stable in this solvent, the measurements must be performed immediately.

NMR: 8 1.57 (s). 77Se NMR: <5 1392.0 (s).

f) (ClTeNSN)3N

3.50 g TeCl4 are dissolved in 120 cm3 of dry toluene. A solution of 3.10 g S(NSiMe3)2 
in 40 ml dry toluene is slowly added at 0 °C. The yellow precipitate is separated by fil
tration, washed with dry CHC13 and dried in vacuo to give 2.2 g (74%) of the product, 
decomposing at 207 °C.

Measure the IR spectrum (dry box, Nujol mull, KBr plates).
IR [cnT1]: 1120 (vs sh), 1090 (s), 1060 (vs sh), 680 (s), 570 (s), 520 (s).
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g) (FTeNSN)3N

A solution of S(NSiMe3)2 (1.04 g) in 30 cm3 ether is slowly added to a suspension of 
TeF4 (0.94 g) in 30 ml dry ether and the reaction mixture is stirred for 8 hours. The 
red solid is filtered off, redissolved in dry pyridine/toluene (3:1) and allowed to crys
tallise at -10 °C, giving 0.50 g (51%) of the product after drying in vacuo. It decom
poses at 112 °C.

Measure the 19F NMR spectrum (pyridine/C6D6 as solvent, CFC13 as reference) 
and the 125Te NMR spectrum (pyridine/C6D6 as solvent, TeMe2 as reference). 
19F NMR: <5 -42.6 (s). 125Te NMR: <5 1157.
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4.36
Nitride Chlorides of Selenium(lll) and Selenium(IV):
Se2NCl3 and Se2NCl5
Kurt Dehnicke

Special Safety Precautions

1. The nitride chlorides of selenium and their derivatives as well as the starting 
materials are moisture sensitive. All operations must be carried out under dry 
nitrogen.

2. Never use a larger quantity of tris (trimethylsilyl) amine as it is described in the 
procedure of synthesis, since explosive selenium nitride, Se4N4, is formed as a 
by-product (yellow solid).

3. The nitride chlorides of selenium may be handled only at room temperature. 
Heating them, particularly in an open flame, causes explosions.

4. The solvents dichloromethane and acetonitrile are toxic by inhalation or con
tact. Use a fume cupboard.

The nitride chlorides of selenium are highly reactive compounds which can be 
used as reagents for the preparation of other selenium nitride compounds. They can 
easily be prepared from selenium tetrachloride with tris(trimethylsilyl)amine in 
dichloromethane and acetonitrile suspensions, respectively, in good yields. Both 
nitride chlorides have molecular structures like dividers with almost planar Se2NCl 
four-membered rings:

Se"l2NCI3 Selv2NCI5
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With respect to the non-bonding electrons and the lone pairs at the selenium 
atoms, respectively, these atoms have distorted T-trigonal bipyramidal environ
ments.

Se2NCl3 reacts with the Lewis-acids GaCl3 and FeCl3 to give the U-shaped cations 
[Se2NCl2]+[MCl4]- (M = Ga, Fe), whereas with SbCl5 the corresponding S-shaped 
cation is formed:

Cl Cl

Sec-. .<Se

+

MCI4

- +
Ck

^Se- -Se SbCI6

Cl

From Se2NCl5 a cationic derivative is known, too: [Se2NCl4]+[AsF6]-, which is ea
sily obtained from [SeCl3]+[AsF6]~ and N(SiMe3)3.

According to the higher Lewis-acidity of SeIV compared with Se111, Se2NCl5 also re
acts as a Lewis-base with tetraphenylphosphonium chloride to give the anionic spe
cies [Se2NCl6]A Interestingly, its structure is asymmetric in that it has two selenium 
atoms with different co-ordination numbers (\|/-octahedral and \|/-trigonal bipyrami
dal, respectively), the Se2NCl four-membered ring being retained:

[ Ph4p]+

Thus, the amphoteric Lewis acid/base character of Se2NCl5 makes it possible to com
pare the bonding and structural features of the series:

Se-N/pm (on average)
Se-N-Se/°

[Se2NCl4]+
175.1
117.6

[Se2NCl5] [Se2NCl6]-
176.5 177.1
115.8 114.8

The differences are relatively small; however, they show the expected trends: the 
smaller the bond angle SeNSe, the longer the bond lengths SeN. These trends corre
spond also with respect to the changing of the charge. In all cases the SeN bond 
lengths are close to double bonds; the expected value of a Se-N single bond is 186 pm.
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4.36.1
Experimental

a) Se2NCI3

A solution of freshly distilled tris(trimethylsilyl)amine (2.2 g, 9.4 mmol) in dichloro
methane (20 cm3) is added dropwise to a suspension of selenium tetrachloride 
(4.1 g, 18.7 mmol) in dichloromethane (30 cm3) and stirred (magnetic stirrer).

Caution: Never change the order of the reagents; during the reaction SeCl4 must al
ways be in excess! The reaction mixture is than refluxed for 12 hours, filtered to re
move small amounts of unreacted SeCl4, and after concentration to 10 cm3 cooled to 
5 °C. The red crystals are separated by filtration, washed with a little cold CH2C12 
and dried in vacuum (yield 1.5 g, 57%, based on SeCl4, m.p. 69 °C). The chlorine 
formed by the reaction

2 SeCl4 + N(SiMe3)3 Se2NCl3 + 3 ClSiMe3 + Cl2 (1)

reacts with part of the tris (trimethylsilyl) amine. An improvement in the yield strived 
for by the addition of larger quantities of amine is not advisable since explosive by
products are formed.

Measure its IR spectrum (glove bag, Nujol mull, KBr or CsBr plates) and compare 
it with the literature data.

Measure the 77Se NMR spectrum in CH2C12 and/or CH3CN solution. Give an expla
nation why the compound is diamagnetic, although there are two single electrons.

b) Se2NCI5

The procedure of synthesis is similar to that for Se2NCl3, except for the reaction tem
perature. Follow the precautions mentioned above.

2 SeCl4 +N(SiMe3)3 -> Se2NCl5 + 3 ClSiMe3 (2)

A solution of freshly distilled tris(trimethylsilyl)amine (2.03 g, 8.67 mmol) in di
chloromethane (9 ml) is added dropwise at 0 °C to a suspension of selenium tetra
chloride (3.83 g, 17.35 mmol) in dichloromethane (15 ml) and stirred (magnetic stir
rer) at 0°C for 8 hours. After filtration, the pale pink powder of Se2NCl5 is washed 
with CH2C12 and dried in vacuum (yield 2.84 g, 94%, based on SeCl4). The com
pound is somewhat light-sensitive.

Measure its IR spectrum (glove bag, Nujol mull, KBr or CsBr plates) and compare 
it with the literature data.

Measure its 77Se NMR spectrum in CH2C12 and/or CH3CN solution and compare 
the data with those of Se2NCl3 (see above). Use other dry solvents with and without 
donor properties (for example THF, 1,4-dioxane, CHC13, C1CH2CH2C1) and compare 
the results.
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4.37
The Synthesis and Ring-Opening Polymerisation Behaviour 
of a [IJSilaferrocenophane
Ian Manners

Transition metal-containing polymers have attracted considerable attention. These 
materials offer the potential for combining the interesting and possibly useful prop
erties of metals (e. g. redox, catalytic, electrical, magnetic) with the processability nor
mally found for organic polymers. However, there are few examples of well-charac
terised, transition metal-containing polymers, due in part to the synthetic challenge 
of obtaining these compounds.

One route that has been used successfully to obtain these materials is ring-open
ing polymerisation (ROP). High molecular weight poly(ferrocenylsilanes) (2) were 
first obtained by the thermally-induced ROP of the strained [l]silaferrocenophanes 
(1) in 1992. Since then, anionic and transition metal-catalysed ROP synthetic routes 
have been successfully applied to obtain a variety of high molecular weight polymers 
and copolymers from other strained [1]- (e. g., 3) and [2]ferrocenophanes (e.g., 4). 
This section outlines the synthesis and polymerisation of one of these monomers.

E = GeR2, PPh, S R = H, Me

Special Safety Precautions

Handling of the commercially available solutions of n-butyllithium in hexanes re
quires inert gas (argon or dinitrogen). Both n-butyllithium and the resulting pro
duct^) are pyrophoric.
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4.37.1
Experimental

a) Synthesis of (l,l'-Ferrocenediyl)dimethylsilane

Transfer 5.0 g of ferrocene into a dry, 250 cm3 three-necked round-bottomed flask, 
which is being continuously flushed with N2 gas. Add 100 cm3 of hexanes and 
3.8 cm3 of l,l,r,r-tetramethylethylenediamine (TMEDA) to the flask. Place a rubber 
septum in one neck. Using a syringe, transfer 34 cm3 of a 1.6 M n-butyllithium solu
tion (in hexanes) to the flask through the septum. Stir the mixture overnight under a 
slow flow of N2.

Stop stirring the contents of the flask and allow the solid to settle. Using a can
nula, transfer as much of the supernatant as possible into a separate, dry 250 cm3 
flask which has been purged with N2. Using a syringe, add 100 cm3 of fresh hexanes 
to wash the solid. Remove the supernatant as before. Finally, add 100 cm3 of fresh 
hexanes to the solid.

Cool the contents of the flask to -10 °C. Add 4.2 cm3 of dichlorodimethylsilane 
dropwise via a syringe to the stirred contents of the flask, maintaining the tempera
ture at -10 °C during the addition. Maintain the temperature between -10 and -5 °C 
for 30 minutes after the addition is complete and then remove the cooling bath and 
allow the flask to warm up to room temperature. Remove the solvent under high va
cuum and dry the product in this way for several hours (overnight, if necessary - be 
sure to check the liquid nitrogen traps before leaving).

Refill the flask with N2 gas and insert a sublimation cold finger into one of the 
necks of the flask. Adjust the cooling water temperature to 5-10 °C and evacuate the 
flask. Leave the apparatus under high vacuum overnight (be sure to check the liquid 
nitrogen traps before leaving), allowing the red-orange product to sublime on to the 
cold finger.

Next morning, refill the flask with N2 gas and transfer the apparatus to an N2 
glove-bag. Scrape the product into a clean, dry 100 cm3 round-bottomed flask. Ob
tain a!H NMR spectrum in degassed C6D6.

If there are significant amounts of impurities (what might these be ?) evident in 
the NMR spectrum of the sample, recrystallise the product at -20 °C overnight. De
cant the mother liquor under N2 using a cannula (do not discard the mother liquor; 
reduce the volume of solvent under vacuum and attempt another recrystallisation at 
-20 °C to obtain more of the product). Wash the crystals with cold (-78 °C), fresh 
hexanes to remove trace amounts of ferrocene and TMEDA and then dry the solid 
under high vacuum (about 20-30 minutes). Obtain a 3H NMR spectrum in de
gassed C6D6, to confirm the purity of the product.

b) Transition Metal-catalyzed ROP of (1,T-Ferrocenediyl)dimethylsilane

Under N2, dissolve 0.5 g of the monomer in 5 cm3 of dry tetrahydrofuran (THF). 
Add a few spatula tips of PtCl2 and leave the reaction mixture stirring for a few hours 
at room temperature. Filter this solution (if necessary) and then add it dropwise to
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100 cm3 of hexanes with stirring. Filter off the polymer and dry it under vacuum. 
Obtain a 3H NMR spectrum in C6D6 and also a gel permeation chromatogram of the 
polymer.

To cast a film, dissolve 0.4 g of polymer in 1 cm3 of THF. Place this solution on a 
film-casting plate and allow the solvent to evaporate. Carefully remove the film from 
the plate. To oxidise the polymer film, dip it into a hexanes solution of I2. Carefully 
wash the film with hexanes. To reduce the film, dip it into a solution of hydrazine in 
methanol.

c) Thermal ROP of fl,T-Ferrocenediyl)dimethylsilane

Under N2, transfer 0.3 g of the monomer into a polymerisation tube. Seal it under 
vacuum. Heat the tube in an oven at 120-130 °C. During this period, the monomer 
will melt and then the contents of the tube will be seen to solidify. Remove the tube 
immediately. Carefully crack open the tube and dissolve the contents in THF. Filter 
(if necessary) and precipitate the polymer in 100 cm3 of hexanes. Filter the polymer 
and dry it under vacuum. Obtain a 3H NMR spectrum in C6D6 and also a gel per
meation chromatogram of the polymer.

c) Characterisation

Compare and contrast:

1. the 3H NMR spectra obtained for the monomer and both samples of polymer;

2. the weight-average molecular weight (Mw), the number-average molecular weight 
(Mn) and the polydispersity index (PDI = Mw/Mn) obtained from the gel permea
tion chromatograms.
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iron(0) 376

- nitrosyl complex 155
- potentiometric tritration 35
- tricarbonyl complex 375 
isomer
- geometrical 139
- stereochemical 139

J
Jahn-Teller distortion 
- cooperative 313 
Johnson Matthew apparatus Ilf. 
- calculation 13 
- measurement 12

k 
kinetics
- analysis 255
- first order 255
- measurement 257
Krohnke methodology 278

/
laboratory report 16 
lanthanum
— Lao.2Sro.3Mn03 311
- Lao.85Sro.i5Mn03 311 
lead
- complex 232
- Pb(II) formate 43 ff. 
ligand 
- ambidentate 54 
- binucleating 283 
- expanded 275 
linkage isomerism 54 f. 
liquid crystal
- metal-containing 301 
lithiation 175 
- ferrocene 175 
lithioferrocene 337 
lithium
- Li[Ph2P(NSiMe3)2] 429
- LiC6H4Me-4 370
- phenyllithium 211 f.
lyotropic system 302

m
macrocyclic complex 131
- coordination chemistry 131
- synthesis 131 
magnesium boride 104 
magnetic moment 14
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magnetic property
- Fe(phen)2(NCS)2 299
magnetic susceptibility 11
magnetochemistry 297
manganese
- CaMnO3 311
- chlorotris (tert-butylimido)manganese(V11) 

290 f.
- Lao.7Sr0.3Mn03 311
— La0.85Sro.i5Mn03 311
- metal acetylacetonate 112
- Mn3+ 112
melt synthesis 301
mercury(II) dithizonate 257
metal acetylacetonate complex 109 f.
- thin-layer chromatography (TLC) 115
metal complex
- dithioimidodiphosphinato ligand 229 
metal hydride complex 
- characterisation 63
- synthesis 63
metal-carbonyl bond 192
metal-hydrogen bond 192
metallocene hexafluoroarsenate complex 

383
- covalent and ionic 383 
methyl-2-acetamidoacrylate 375
- iron tricarbonyl complex 375
(methyl-2-acetamidoacrylate)tricarbonyl- 

iron(0) 376
methylcobaloxime 191
methylphenyldibromostannane

CH3(C6H5)SnBr2 184
methylphenyldichorostannane 

CH3(C6H5)SnCl2 185
methylphenyltin sulfide CH3(C6H5)SnS 

185
methylpyridinebis(butane-2,3-dioximato)- 

cobalt(III) 195
methyltriphenylstannane CH3(C6H5)3Sn

184
migratory insertion reaction 364
molar susceptibility 14
- diamagnetic 14
molecular orbital calculation 261
molybdenum
- blue 316
- [Cp2MoCl2]2+[AsF6]2 385
- cycloheptatriene molybdenum dicarbonyl 

bromide 355
- cycloheptatriene molybdenum tricarbonyl 

354 ff.
- cycloheptatriene molybdenum tricarbonyl 

tetrafluoroborate 3 5 5 ff.

- dimolybdenum complex 158
- K4[Mo2C18] • 2 H2O 159
- [Mo(CO)2(COMe)(/?5-C5H5)(PPh3)] 368
- [Mo(CO)4L2] 139
- [Mo2(O2CMe)4] 159
---- bonding 161
- - 13C{'H} NMR spectrum 161
---- characterization 160
---- data analysis 161
---- far-IR and Raman spectra 161
- [MoMe(CO)3(>75-C5H5)] 367
- [MoO2Br2(DMF)2] 149ff.
- [MoO2Br2(H2O)2] • (diglyme) 149ff.
- organometallic compound 353
- poly oxymetallate 315
- [PPh4]2[Mo(CO)4Te4] 325
- [PPh4]2[MoSe4] 324
monogermane GeH4 102

n
nanoscopic ball 315
nanoscopic wheel 315
nematic phase 302 ff.
NH3 optimisation 262
NH3BF3 optimisation 263
[NH4][BF4] 40 f.
- preparation 41
NH4+[N(PPh2S)2]“ 230
nickel
- bromonitrosylbis(triphenylphosphine)nickel 

156 t
- catalysis 201
- complex 176, 232
- Cu(II)-nickel(II) bimetallic complex 297
- CuNi(cdta) • 7 H2O 297
- dichloro[l,2-bis(diphenylphosphino)ethane]- 

nickel(II) catalyst 201
- dichlorobis(triphenylphosphine)nickel(II) 

catalyst 202
- dihalide phosphine complex 120
- dimethylglyoxime complex 29
- hexaammine nickel(II) tetrafluoroborate 

28 ff.
- Ni(II) complex 124ff.
- [Ni(2,12-dimethyl-3,7,ll,17-tetra-aza- 

bicyclo[11.3 l]septadec l(17),2,ll-13,15- 
pentaene)]2+ 132 ff.

- [Ni(5,7,7,12,12,14-hexamethyl-l,4,8,ll-tetra- 
azacyclotetradeca-4,14-diene)]2+ 131

- [Ni(5,5,7,12,12,14-hexamethyl-l,4,8,ll-tetra- 
azacyclotetradeca-7,14-diene)]2+ 131 ff.

- [Ni(NCS)2(PPh3)2] 121
- NiBr(NO)(PPh3)2 156
- [NiCl2(PCy3)2] 121
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- NiCl2(PPh3)2 120
- NiCu(cdta) • 6 H2O 297
- nitrosyl complex 155
nitration 209 
nitride chloride
- Se(III) Se2NCl3 440 ff.
- Se(IV) Se2NCl5 440ff. 
nitrogen
- (ClTeNSN)3N 438
- l,l'-bis(trimethylsilylamino)ferrocene 342
- (FTeNSN)3N 439
- (NSC1)3 433
- [SNBr0.4]x polymer 432ff
- [S4N3]C1 434
- [S3N2C1]C1 433
- Se[N(SiMe3)2]2 437
- Se[NCMe3(SiMe3)]2 437
- Se(NCMe3)2SnCl4 438
- Te[N(SiMe3)2]2 437
- Te[NCMe3(SiMe3)]2 438
nitrosylbis (diethyl di thiocarbamato) iron 155 
nitrotetrazole 413
- 5-nitro-lH-tetrazole 419
nuclear magnetic resonance (NMR) spectra
- acetylacetonate 115
Nujol mull preparation 6

o
octaphenylcyclotetrasiloxane 77
optical band gap measurement 252
optical purity 16
organo transition-metal chemistry 364 
organolithium reagent 173
- ferrocene derivative 173
organometallic hydroxide 396
organotin chemistry 183 
oxalate determination 34ff. 
oxidative addition 193

P
P-N-P ligand 234
- asymmetric mixed-donor 234
P2N4S2 ring 428
palladium
- complex 234, 306
- [PdCl2(CCH3)2] 308
- [PdCl2(CCH5)2] 308
- [PdCl2(CCH3)(CCH5)] 308
- [(PhO)2P(O)-N-P(S)Ph2]2Pd 236 
paramagnetism 
- anomalous 243
particle size analysis
- X-ray diffraction 251 
pellet forming 7

(r]5-pentachlorolcyclopentadienyl)tetra- 
carbonylvanadium (r]5-C5C15)V(CO)4 381

(r]5-pentamethylcyclopentadienyl)tetra-
carbonyl vanadium 380

2,4-pentanedione 109
perovskite ceramics
- electrical property 309
- magnetical property 309
- structural property 309
phenyllithium 211
phosphine 219
- methyl iodide reaction 220
- tertiary 65, 218
---- synthesis and reactivity 218
phosphine oxide 220, 222
- (PhO)2P(O)Cl 235
- (PhO)2P(O)NH2 236
- Ph2P(O)(CH2)4P(O)Ph2 222
- tertiary 65
phosphine sulfide
- HN(PPh2S)2 229 ff
- (PhO)2P(O)-NH-P(S)Ph2 236
- Ph2P(S)Cl 236
phosphonium salt 223
phosphorus
- ester 79
- P(III) chloride 79
photoluminescence behaviour 252
l,5-Ph4P2N4S2 430 f.
l,5-Ph4P2N4S2Br2 431
platinum
- trans-bis(4'-alkyl-4-cyano-l, 1 '-biphenyl)-

dichloroplatinum (I I) 301
- cis- and trans-[PtCl2(8CB)2] 304
- cis- and trans-[PtCl2(NCPh)2] 308
- cis-PtCl2(PPh3)2 145
- trans-PtHCl(PPh3)2 145 f.
- - NMR spectra 147
---- 31P NMR spectra 146
---- 195Pt NMR spectra 147
polarimetry 16
polarising microscope 304
polyhalide 96
- quantitative analysis 97
- thermal decomposition 97
polyiodide Me4NIx 92
polymer
- siloxane 75
- [SNBr0.4]x 432 ff.
polymerisation
- ring opening (ROP) 444ff.
poly oxomolybdate cluster 315
polyselenide 322
polysiloxane 75
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polytelluride 322 
potassium 
- bromide 6 
---- pellet 6 f.
- chromate 47 f.
- K[IC14] 99
- K4[Mo2C18] • 2 H2O 159
- K+[N(PPh2S)2]~ 232
- K2SO4
  recovery 91
- peroxodisulafte K2S2O8 89
---- purity 90
- tetraperoxochromate(V) 47 ff.
- tris(3,5-dimethylpyrazolyl)hydroborate 

70
- tris(oxalato)ferrate(III) 26
- trithionate K2S3O6 86 
potentiometric tritration 
- calculation 36 
- iron 35 
precipitation
- homogeneous solution 28 
preparation
- clean-up 7
- sample 5
proton, chemical shift 9
4'-(4-pyridyl)-2,2': 6',2"-terpyridine (pytpy)

272, 274ff.
- coordination to iron(III) 274
- synthetic route 1T1 
pyrrole-2-aldehyde 126

fl
quantum dot
- synthesis 250
- zinc sulfide 249

r
Raman spectroscopy, sample preparation 

8
ratios of rates method 259
reductive elimination 193
refractive index 305
relaxation mechanism 253
repo rt writing 16 ff.
ring opening polymerisation (ROP) 444ff.
- thermal 446
- transition metal-catalysed 445 
ruthenium
- chlorohydridocarbonyltris (triphenyl - 

phosphine)ruthenium(Il) 196
- dihydridocarbonyltris (triphenyl - 

phosphine)ruthenium(II) 197
- K[HRu3(CO)n] 394

- reduction 392 f.
- Ru3(CO)12 391
- [Ru(H)(Cl)(CO)(PPh3)3] 193
- [Ru(H)2(CO)(PPh3)3]
---- NMR spectrum 199
---- 31P-{*H} NMR spectrum 200
- [RuClH(CO)(PPh3)3] 407
- [RuH[B3H8](CO)(PPh3)2] 405 f.
---- ^P-f1!-!} NMR spectrum 40

s
salen 283
sample
- 13C NMR spectroscopy 10
- *H NMR spectroscopy 9
- infrared spectroscopy 5
- Raman spectroscopy 8
- UV-Vis spectroscopy 8
sample grinding 6
sample plate 5
- KBr 5
- NaCl 5
sample preparation 5 ff.
- liquid sample 5
- solid sample 5
Schiff base ligand 124 ff.
secondary building unit (SBU) 246 
selenium
- alkali metal polyselenide 322
- alkali metal polytelluride 322
- Se(III) nitride chloride Se2NCl3 440ff.
- Se(IV) nitride chloride Se2NCl5 440ff.
selenium-nitrogen compound 436
- Se[N(SiMe3)2]2 437
- Se[NCMe3(SiMe3)]2 437
- Se(NCMe3)2SnCl4 438
semi-log method 258
semiconductor 249
SF6 optimisation 264
[l]silaferrocenophane 444
- ring opening polymerisation (ROP) 

444 ff.
silicon
- LCaN(SiMe3)2 • THF, 

L=HC[(CMe)(2,6-iPr2C6H3N)]2 397
- Li[Ph2P(NSiMe3)2] 429
- oxygen compound 75
- SiF4 409ff.
---- infrared spectrum 411
- SiF4(C5H5N)2 409
- SiF4 • py2 119
siloxane
- high molecular weight 76
- polymer 75
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silver
- AgSO3NAg2 • H2O 239 f.
- recovery 241
- trisilveramidosulfate monohydrate 239 
smectic phase 302
[SNBr04]x polymer 432 
sodium
- Na2Se4 323
- Na2Te4 323
- 5-nitrotetrazole dehydrate 415
- tris(carbonate)cobalt(III) trihydrate 

Na3[Co(CO3)3] • 3 H2O 134
- trithionate Na2S3O6 86 
spectral data, writing 18 ff. 
spectrophotometric measurement 257 
spectroscopic technique 5 ff.
stannic iodide Snl4 73
stannyl reaction 177
stirred voltammetry (SV) 288 
sulfur
- (NSC1)3 433
- [SNBr0.4]x polymer 432 ff.
- [S4N3]C1 434
- [S3N2C1]C1 433
- SO3 • N(CH3)3 complex 239ff.

t
tantalum
- [Ta(NPPh3)4]Cl 296
- [Ta(NPR3)4] [TaCl6] 293 
tellurium-nitrogen compound 436
- (ClTeNSN)3N 438
- (FTeNSN)3N 439
- Te[N(SiMe3)2]2 437
- Te[NCMe3(SiMe3)]2 438
template reaction 136
template Schiff base condensation 135
2,2': 6',2"-terpyridine complex 271
tetraiodobis (triphenylphosphine oxide) tin (IV) 

(Ph3PO)2SnI4 tetraiodotin(IV) 73
- triphenylphosphine complex 73 
tetrakisphosphorane iminato complex 293 
tetramethylammonium triiodide 92 
tetraphenyldi thiodiphosphinylimide

HN(PPh2S)2 229ff.
tetraphenylsilane SiPh4 211 ff.
- 13C{1H} NMR spectrum 214
- characterisation 213
texture 305
thermal decomposition 59
- polyhalide 97
thermotropic system 302
thin-layer chromatography (TLC) 115

tin
- CH3(C6H5)3Sn 184
- CH3(C6H5)SnBr2 184
- CH3(C6Hs)SnCl2 185
- CH3(C5Hs)SnS 185
- mass spectrum 186 f.
- Mossbauer spectrum 186 f.
- stannic iodide Snl4 73 
titanium
- Cp2Ti(AsF6)2 384
titanocene pentasulfide 330f.
titrimetric analysis 40 
transition metal
- alkylidyne complex 369
- catalysis 205
- carbon bond 190
- complex 287
---- electrochemical UV/Vis and EPR 

technique 287
- tetrakisphosphorane iminato complex 

293
transition-metal chemistry
- organo 364
1,3,5-triaza-2,4,6-triphosphorin-

2,2,4,4,6,6-hexachloride 227
1,3,5-triaza-2,4,6-triphosphorin-

2,2,4,4,6,6-hexaaniline 227 
triphenylphosphine 65 
- oxide 65, 81 f.
- sulfide 81 f.
tris (3,5 -dimethylpyr a zolyl) hydroborate 70
- copper carbonyl complex 72 
trisilveramidosulfate monohydrate

AgSO3NAg2 • H2O 239f.
tungsten
- chlorothionitrene complex 327
- [C13W(N3S2)]2 328
- [CL|.W(NSC1)]2 328
- cyclothiazeno complex 327
- [PPh4]2[W(CO)4Te4] 325
- [PPh4]2[WSe4] 324
- [W-(CC6H4Me-4)Br(CO)2(tmen)] 370
- [W(NPPh3)4]Cl2 295
- [W(NPR3)4]C12 293
- WOC14 329

u
UV-Vis spectroscopy 8
- [Fe(pytpy)2][PF6]2 281
- sample preparation 8
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v
vacuum line technique 409 
vanadium
- alum 51
- (r|7-cycloheptatrienyl)tricarbonylvanadium 

(q7-C7H7)V(CO)3 381
- di[bis(2-methoxyethyl)ether]sodium- 

hexacarbonylvanadate(-l)
[Na(diglyme)2][V(CO)6] 379

- halfsandwich carbonyl complex 377
- metal acetylacetonate 111
- (r] -pentachlorocyclopentadienyl)tetra- 

carbonylvanadium (q -C5Cl5)V(CO)4 381
5

s
- (r] -pentamethylcyclopentadienyl)tetra- 

carbonylvanadium (t] -C5Me5)V(CO)4 
380

5
5

- V(CO)6 379
- (VO)2+ 111
- [VO(acac)2] 142
- [VO(L)j precursor 285
- [VOGd(L)(NO3)3] complex 285 f.
Vaska's compound 194
vitamin B12 coenzyme 191

y
ytterbium
- Cs[Yb(NPR3)4] 293
yttrium
- l,3-bis(trimethylsilyl)-2-chloro-2,2-dipyridine- 

1,3-diaza-2-yttria-[3]ferrocenophane 3 50
- l,l'-bis(trimethylsilylamino)ferrocene 341
— YBa3Cu3O7 310

z
zinc
- sulfide quantum dot 249
- [Zn(NH3)4][BF4]2 40ff.
---- analysis 42
---- preparation 41
zirconium
- rac-ethylene-1,2-bis (1 -indenyl)zirconium 

dibenzyl complex
C2H4Ind2Zr(CH2Ph)2 386 ff.

- rac-ethylene-1,2-bis(1 -indenyl)zirconium 
dichloride C2H4Ind2ZrCl2 386fF.



Inorganic chemistry is one of the first subjects any chemistry 
student learns. This classic book, now in its third edition, has been 
revised, restructured and updated to help students learn to develop 
their laboratory and reporting skills.

The experiments have been thoroughly tested and safety instruc
tions are included and wherever possible, hazardous substances have 
been replaced by less harmful ones.

The book is divided into three types of experiments: 
introductory, intermediate and advanced. This well-planned division 
is an excellent aid to help find suitable experiments for a range 
of students from undergraduate to graduate level. There is now 
a total of 96 experiments.
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