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Section I of the thesis describes structural investigations 

of silyl and germyl pseudohalides. The molecular structures 

of silyl isoselenocyanate, gerniyl isocyanate, germyl azide and 

digermyl carbodiiinide have been determined by electron diffrac-

tion, and shrinkage corrections to the angles found are 

discussed. 

The photoelectron spectra of methyl, silyl, germyl and 

trimethyl silyl azides, isocyanates and isothiocyanates have 

been recorded. The ionisation potentials and band contours have 

been explained by the existence of iT ..bonding in the silyi 

and germy]. compounds. 

The infrared spectra of silyl isocyana.te and isothiocyanate, 

and germyl isocyanate have been studied using 15N and 

substitution. Proton magnetic resonance spectra of silyl and 

germyl isocyanates and isothiocyanates containing 90% 15N, and 

germyl and silyl cyanides containing 60% 13C were recorded. 

The signs of- all- couplingconatants in- the silylcompóundswère 

related to J( 29siH). The spectra showed that normal-cyanates 

and thiocyanates, and isocyanides could only be present in 

concentrations of less than one percent of, and were not 

involved in fast exchange with, the predominant isomers. 

Section II of the thesis describes preparative and spectro-

scopic studies of silyl and germyl phosphine complexes. The 

complexes were of general formula LI1o(C0)6_.  Complexes of 

trigertayl phosphine (for x = 1,293), trisilyl phosphine (for 

x = i), mono-ally]. phosphine (for x = 2) and mono-germy]. phosphine 



(for x = 2) were prepared. Also complexes of formula L PH 3No(CO)4  

were prepared for L = mono-silyl phosphine and mono-germyl 

phoephine. The mono-germyl phosphine complexes were both 

prepared by exchange reactions. 

No evidence was found that the phosphines used were weaker 

donors than phosphine itself. 
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SECTION 	I 

THE MOLECULAR STRUCTURES OF SILYL AND G.EPMYL PSFtJDOHALIDES 

"A foul and pestilent congregation of vapours" 

- Hamlet, Act II, So.II.. 
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1.1 Introduotioi 

The name "pseudohalidet' was originally given to this group 

of compounds to emphasise their very close resemblance in 

physical and chemical properties to the halides. They are 

structurally and electronically very similar in that the groups 

all contain unsaturation and. also at least one atom with a formal 

lone pair of electrons. At first the term was used to include 

only the groups which were anions derived from the dimeric 

psudohalogen parents but now other species are included for 

which no pseud.ohalogen parent exists. They are included 

because of their great similarity- to the rest of the groups 

previously included. 

The molecular structures of a great many pseudohalid.es 

have been investigated using a variety of spectroscopic and 

diffraction techniques. Very rarely, however' 	definitive 

structural information been produced by the application of any 

of these techniques but much more often by a combination of 

several. Thus a general discussion of the structural informa-

tion and an assessment of its importance and validity must 

precede an analysis of the results in this thesis. 

There are two reasons for the interest in the structures of 

pseud.ohalides. In the case of all the pseudohalides included 

in this study except azides, the pseudohalide moiety possesses 

two potential donor sites and hence the radical attached to the 

moiety may be attached to either of these. Thus one or more 
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structural isomer may exist in each case. The other interest 

in the structure of the pseudohalides is in the angle between 

the bonds at the donor atom. In some cases this is found to 

be far from that expected on simple criteria and thus information 

from as large a number of compounds as possible is helpful in 

determining the factors involved. 

The following discussion of the present structural 

information available on these compounds will be restricted to 

these two main points of interest. 

1.2 Donor Site 

(a) Cyanides 

For methyl cyanide both the normal-cyanide and iso-cyanide 

isomers are stable and thus spectroscopic information may be 

obtained on both forms. Chamical evidence for the existence 

of either isomer in the silicon and germanium analogues may 

be discounted as such evidence can always be explained by an 

equilibrium between the two forms or by isomerisation taking 

place immediately prior to reaction. 

Infra-red evidence was not easy to obtain at first and a 

crystalline sample of trimethyl silyl cyanide had to be used to 

obtain sufficiently sharp bands to detect isotopic shifts in 

vibrational frequency on partial 13C and 15N substitution, The 

Information obtained favoured the normal-cyanide structure' but was 

not accepted as conclusive 2  as the bands could have been overtones 
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or combination bands. 

A vapour phase study of triinethyl ally1 and triethyl 

silyl cyanides 3  showed two bands in the carbon-nitrogen stretching 

region. The. strong one was assigned to the normal-cyanide and 

the much weaker one to the iso-cyanide. The n-cyanide band was 

demonstrated to decrease in intensity with increasing temperature 

while the iso-cyanide band increased reversibly. A temperature 

dependent equilibrium between the two isomers was thus postulated. 

The 15N and' 3C shifts of the two bands agreed with calculated 

shifts assuming the assignments to the normal-cyanide and iso- 

cyanide. 

Detailed infrared study was also carried out on silyl 

cyanide4  using 13c, 15N, 2H substitution. All the observed 

bands could be satisfactorily assigned on the basis of a linear 

normal-cyanide structure and the isotopic shifts were in good 

agreement with this assignment. A similar study of gerinyl 

cyanidF, comparing calculated shifts for the two possible 

isomers with the observed shifts led to the same conclusion. 

Further support for the normal cyanide structure for silyl 

cyanide was obtained from the chemical shift of the protons in 

the magnetic resonance spectrum 6. It is very close to that 

measured for allyl acetylene and very different from the value in 

compounds in which th. silyl group is directly bound to nitrogen. 

The chemical shifts of silyl protons are very sensitive to the 

p -atom but not to atoms further away. A very similar series 

0.1 
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6 
of spectra were also obtained for the serien Me X 

Si H3  CL and 

the magnitudes of 2J ( 13CH) and 1J (29Si H) and the chemical 

shift of the shy1 protons were found to vary in the same way as 

in the series where the cyanide group was replaced by iodide, 

chloride, and a methyl group • Thus it was likely that the same 

atom was attached to silicon in each case. 

The broadening of the absorption in shlyl cyanide has been 

shown, however, to be consistent with quadrupole relaxation of 

1A 	6 
tN only. These nuclear magnetic resonance measurements, 

however, do not rule out the possibility of the presence of small 
7 

amounts of the isocyanide form. In fact, a more recent study 

using 60. of 13C in the cyanide group reported the absence of 

coupling between this nucleus and the protons. This supports the 

infra-red evidence for an equilibrium between the two isomers 

in this case. 

b) Cyanates, thiocyanates  and selenocyanates 

No covalent normal-cyanates are known to exist and methyl 
8,9 

cyanate is found to have the iso-structure from infrared and 
10,11 

electron diffraction evidence. 

The infrared, spectrum of the silyl compound was consistent 
12 

with an isocyanate structure although a weak band was observed 

123 cm. above the very strong asymmetzio (N-C-0) stretch. This 

was assigned to a combination of this band with the lowest 

vibrational bending mode which could not be observed within the 
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range of the instrumentation used. The chemical shift of the 

protons in the nuclear magnetic resonance spectrum 12  was found 

to be very similar to that of similar compounds in which the 

silyl group is bound directly to nitrogen. Further evidence 

for an isocyanaté structure was obtained from the microwave 

spectrum13  and electron diffraction. 14  None of the techniques 

used, however, rule out the possibility of the existence of both 

isomers with the normal-cyanate present to a very much lesser 

extent. 

The evidence available on the, germyl analogue is very 

similar but has been interpreted, in a different way. Both 

the infrared1516 and proton magnetic resonance spectra 17favour 

an isocyanate structure but a weak band in the infrared spectrum 

102 cm.-1  above the asymmetric (N-C-0) stretch is assigned to a 

small amount of the norinal-cyanate form. 	It was not assigned 

as a cnbination 'band because of the absence of the corresponding 

differ€ice band. No information was obtained on whether the two 

isomers were in equilibrium. 

In the case of the thiocyanates both 2lethyl compounds 

are stable and hence their spectra could be used for comparison 

with the other thiocyanatea. 

The infrared, 18  proton magnetic resonance, 19 and microwave 

spectra 20  of the silyl compound show that it exists at least 

mainly in the iso-form. This is supported by electron diffraction 

data. 14  Similarly, vibrational and magnetic resonance spectra 21 
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obtained, for the germyl analogue also favour the iso-thiocyanate 

structure. However, in both the shy1 and gerinyl cases the 

infrared spectra are extremely complex in the region in which the 

band of germyl thiocyanate, assigned to the normal thioyanate 

form, was observed. This complexity is caused by fermi 

resonance between the asymmetric (N-c-s) stretch and the first 

overtone of the corresponding symmetric stretching vibration, 

because of the near-ooincidence of these absorptions. 

The infrared and proton magnetic resonance spectra of 

silyl selenocyanate22  were again found to be in good agreement 

with those expected from the iso-form but a high resolution study 

of the infrared spectrum has not yet been attempted. 

X) Canami 

In this case the donor atom must obviously be nitrogen 

but both substituent groups may be attached to one nitrogen or 

they m,,-- 	attached to different nitrogen atoms. 

The infrared spectrum of the methyl compound shows it to 

have a cyanamide structure. 23  The vibrational spectra of the 

silyl24 ' 25  and gerny12526 compounds are very similar and quite 

different from. that of the methyl compound, and were interpreted 

in terms of a carbod,iimide structure 	Their proton magnetic 

resonance spectra2426 were also consistent with this interpreta- 

tion. 
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It can be seen that there are often considerable structural 

differences between the silyl and germyl pseudohalides and their 

methyl analogues. These differences can only be explained in 

terms of the intramolecular forces involved. The work described 

in Chapter .3  is an attempt to compare the bonding found in these 

molecules. Some assessment can, however, be made from a 

comparative study of the geometrical structure of the series of 

molecules. The experimental evidence from which information 

has been derived and the interpretation of this evidence is now 

presented. 

3 	efi Structure 

a) Azides 

Information on the angle formed by the bonds at the donor 

nitroge:.. atom of the azide moiety has been derived from vibra-

tional and microwave spectroscopy, and fromelectron diffraction 

studies. The results available from these studies are shown in 

table Li, which also gives similar information for the other 

pseud.oha].idea studied. 

The vibrational spectra of silyl azide 27  are in agreement 

with a 03,, model for the molecule (linear skeleton) but no 

rotational detail was observed on any of the infrared bands. It 

was assumed, therefore, that the molecule is non-linear and of 

C3  symmetry, but that the angle at nitrogen is not wide enough to 



	

Subatituent (x) 	 * 

	

H 	CH 	Si3 	sip 	SiMe 	GeE3  

-NCO 	- 	140 	15214 	161. 150 	141 	E 

	

12853  140 32 18013 	- 	- 	- 

	

-NCS 	- 	4111 16314 	- 	154 	- 	E 

	

135 	14776 180 20 	- 	- 	- 	N 

	

-NCS 	- 	- 	160 	- 	- 	- 	E 

	

- 	- 	N 

	

NNN 	- 	11711 	- 	- 	12077 	123 	E 

	

114-53- ( 18028 	- 	- 	- 	N 

* E denotes measurement by electron diffraction. 

N 	it 	 it 	 " microwave spectroscopy. 

TABLE 1.1 - Angles at nitrogen in pseudohalides (xi). 
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allow resolution of the a' and a's' components of the asymmetric 

vibrations. The absence of rotational detail also implies a 

high energy barrier to free rotation of the ellyl group about 

the silicon-nitrogen bond. These conclusions were coufirined 

by a /,,wave  study 28 which showed the molecule to be an asymmetric 

top. 

The infrared 29  and raman30  evidence available for germyl 

azide is very similar except that one too many polarised 

absorptions appear in the roman spectrum for the molecule to 

possess C3. symmetry. Irregular fine structure was observed 

on one of the vibrational absorptions in the infrared spectrum 

which could be due to internal rotation, since (GeN) > (SiN)> (CN). 

The molecule was, therefore, assumed to be bent at nitrogen 

although no microwave study is yet available. 

(bj Isocyanates 

12,15,16 
'-.:de vibrational spectra of silyl and germyl isocyaxiate 

are consistent with the molecules possessing C3  symmetry. 

Rotational fine structure with a three-fold intensity pattern 

(strong, weak, weak) is reported on all the asymmetric vibrational 

bands. It was assumed, therefore, that both these molecules 

have a linear heavy-atom skeleton. 

The infrared spectrum of methyl isocyanate 31  is also 

consistent with C molecular symmetry and shows rotational 

structure. Since the molecule is known to be an asymmetric top 
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from its microwave apeotr=32  the fine structure was attributed 

to internal rotation of the methyl group about its local C3  axis 

(the (aN) bond). 

The separation between the PR branches of the parallel 

bands in the infrared spectrum of germyl isooyanate1516  gave 

an angle at the nitrogen atom of approximately 1700.  A prelim-

inary microwave study 33  of the molecule, however, showed the 

angle to be about 1540 . 

A microwave study of silyl isocyanate 13  did confirm that 

the molecule is a symmetric top in its ground state, but unusual 

features in the spectrum were explained in terms of a very low-

lying excited state. This corresponded to a vibrational 

frequency of less than 50 cm if the assumptions used for small 

amplitude vibrations are valid. 

A recent electron-diffraction study14  of the same species 

has given an angle at the nitrogen atom of 1520.  In order for 

this re.3ult to be consistent with the molecules' linearity as 

shown by microwave the molecule must have a skeletal bending 

vibration corresponding to a frequency of about 69 cm.-l . This 

supports the explanation proposed for the microwave spectrum and 

is also consistent with,assignments made in the infrared spectrum 

to combinations involving this skeletal bending vibration. 

The infrard spectrum of trimethyl silyl isocyanate34  is 

also consistent with a linear skeleton of the heavy atoms. 

Microwave data is not available but an electron diffraction stud 
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found an angle at nitrogen of 1500. This angle was defined by 

the peaks in the radial distribution curve corresponding to the 

non-bonded distances r(Si..0) and r(Si..C). Since no smearing 

of these peaks was observed the authors concluded that the 

molecule was non-linear. 

fcj Isothiocanates 

Information available on the structure of the isothio-

cyanates is very similar to that previously discussed for the 

isocyanates. The conclusions drawn from this evidence are also 

very similar. 

The silyl species was shown to be linear from its micro-

wave spectrum 20  but again the spectrum is complicated by a 

low-lying excited state corresponding to a vibrational frequency 

rather greater than in the iaocyanate. An electron diffraction 

study14  of the molecule found an angle of 164 0  at the nitrogen 

atom a1 thus predicted a vibrational frequency of about 113 cm. 

for the skeletal deformation. 

Microwave data is not available for grmy1 isothiocyanate 

but in this case the molecule was shown to be non-linear by the 

-observation of two components (a'  and a "  ) of the rocking 

deformation of the germyl group in the infrared spectrum. 21  

The separation of the PR branches of the "parallel bands" in 

this spectrum suggest an angle of about 1560  at nitrogen. 

Again infrared evidence on the trinethyl silyl species 
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favours a linear skeleton but an elQctrn diffraction study35  

showed an angle of 154°  at the nitrogen atom. This was taken 

to imply a non-linear skeleton for the molecule, as shrinkage 

was not taken into account because of the absence of stearing 

on the peaks due to r(Si. .$) and r(Si..C). 

It is apparent that there are differences in geometrical 

structure between the gernyl and allyl pseudohalides although 

these differences may not be as great as those between the 

species and their methyl analogues. The contrast between the 

silyl and methyl pseudohalides is best shown by the linearity 

of the skeletons of the silyl species'. Similar comparisons can 

be made in molecules containing carbon or silicon bound to an 

atom of group 6 (table 1.2). 

The position of the gernyl pseudohalides is less clear-cut.. 

The spectroscopic evidence on these molecules often does not 

give definitive information on whether they resemble the silyl 

or methyl species more closely. 

Structural evidence is thus presented in this work in an 

attempt to make this decision easier. Electron diffraction 

studies of gerinyl isocyana.te and azide are reported (Chapter 2.2 

and 2.4) together with infrared spectra in which the checking of 

assignments has been assisted by isotopic labelling (Chapter 4). 

The proon magnetic resonance spectra of the isotopically 



N C Si Si Ge * 
X H H P H 

Y 

0 	11278 	144 82 
	

15674 	12685 	E 

11279 	 - 	- 	 N 

S 	- 	9783 	 9985 	E 

9980 	- 	- 	- 	 N 

Se 	- 	9784 	- 	9586 	E 
9781 	- 	 - 

* E denotes measurement by electron diffraction. 
H it 

 microwave spectroscopy. 

TABLE 1.2 The Angle (MYM) in the Molecules (MX 3)2YO, 
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substituted species' were recorded (Chapter 4) to inveetigate 

exchange between the possible isomers. 

Photoelectron spectra of trinethyl si].yl, silyl, germiyl, 

and methyl pseudohalides were also recorded (Chapter 3) to 

determine any differences in bonding in these series' which 

could be used to interpret the structural data. 

The aim of the work reported in Section I of this thesis 

was, therefore, to obtain as much information as possible on 

the molecular structures of silyl and germyl pseudohalides, and 

to correlate this information to give some idea of the differ-

ences in bonding between analogous carbon, silicon' 

germanium compounds. 



14 

MOLECULAR STRUCTURES OF PSEDORALIDES BY ELECTRON 

DIFFRACTION TECHNIQUES 
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2.1 General 

The molecules studied by this method 'were: 

gerjiyl isocyaxiate, germyl azide, silyl isoselenooyanate, 

and digerin3fl carbodiiide.. 

The determination of the molecular structures of these species 

required different techniques and they will, therefore, be 

described in separate sections. The general experimental work 

was, however, very similar .and thus will be described here. 

The electron diffraction patterns obtained for each species 

were recorded photographically using the Baizers' ICD.62 gas 

diffraction apparatus at the University of Manchester Institute 

of Science and The1mo1ogy. 6  Three plates were exposed for each 

sample at nozzle-to-plate distances of 250, 500, and 1000 mm s. 

The intensity information on the plates was converted to digital 

form using a fully-automated Joyce-Loebl microdensitorneter at the 

Royal Observatory, Edinburgh. Reduction of the data and least 

squares refinements were performed on an IBM 360/50 computer at 

the Edinburgh Regional Computing Centre. 

The programs used were very similar to those previously 

described by G.M. Sheidrick et al. 37  and are in four stages. 

The first stage combines the corrected traces and subtracts 

a calculated atomic scattering curve. A cubic curve (found by 

least-squares fitting) is then subtracted to level the data 

across the plate. 
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The second stage allows subtraction of a background curve 

to account for incoherent atomic and other extraneous scattering. 

The best curve was found, in each case, by comparison of data 

from all three plates. 

The third stage is the least squares refinement program 

based on that of Hedberg. 38  The complex scattering factors of 

Cox and Boriham39  are usedi The errors quoted at this stage were 

increased to allow for systematic errors such as the measurement 

of the wavelength associated with the electron bean (estimated 

error usually ± 0.00003 A° ). This program also calculates 

two 'Rfactors': 

i'Tjwrj 
RG=  

.2. 

and  
-I, 	 2' 

\ wjjIj •/ 

where I = vector of intensities, U = vector of residuals, 

W = weight matrix with elements Wjk. 

The final stage of the programs calculates and plots the 

radial distribution ciriee (P(r) and P(r)/r)  by fourier inversion 

of the intensity curves. The distances calculated in the 

refinement stage correspond to the centres of gravity of the 

peaks in the P(r)/r curve, 40  No shrinkage corrections were 

applied in the programs. 

The wavelength associated with the electron beam used to 
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produce the diffraction patterns remained constant for all the 

species studied. It was measured from the pattern given by a 

sample of powdered Thalloua Chloride and was found to be 

0.05659 (± 0.00003) i.° . 

2.2 Ger-1 Isocyanate 

The injection temperature of the sample used to obtain 

the diffraction pattern was maintained at 60 0C. Sufficient flow 

of gaseous sample to photograph this pattern was possible with 

the bulk of the sample at room temperature. 

The molecular intensity curves, final weighted difference 

curves, and weighting functions are shown in figure 2.1 and 

table 2.1. 

Two sets of refinements (A and B) were carried out since 

best refinement of the model was achieved with less weight on 

the 250  mm. data than on the 500 and 1000 mm. data. The second 

set (figure 2.2 and table 2.2) are included to show that the 

results obtained by inclusion of the 250 M.  data with full 

weight were not significantly different from those with this data 

weighted down. 

Only two assumptions were made about the structure of the 

molecule and these were incorporated in the model which was 

refined to fit the experimental data. These were that the 

(NCO) moiety is linear in its equilibrium position and that the 

gercyl group has local C 3  symmetry although the rotation axis 



Figure 2.1 - Intensity and difference 
curves for gerinyl isocyanate 
(Refinement A) 

(a) 	250 rain. data 
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Figure 2.1 Intensity and difference 
curves for gerinyl isocyanate 
(Refinement A) 

(b) 	500 mm. data 
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Figure 2.1 - Intensity and difference 
curves for gerniyl isocyanate 
(Refinement A) 

(o) 1000 mm. data 

'8 



HEIGHT DEL S S MIN Si 52 3 MAX P/H SCALE FACTOR WAVELENGTH 

250.0710 0.400 81800 12.000 23.000 28.400 0.3502 0.801 + 0.027 0.05659 
500.0908 0.200 3.600 4.500 13.000 15.200 0.4179 0.762 + 0.013 0.05659 

1000.0950 0.100 1.200 2.200 6.4.00 7.600 0.4.773 0.757 1 0.017 0.05659 

T!.BLE 2.1 WEIGHTING FUNCTIONS, CORRELATION PARA!WPERS AND SCALE FACTORS (Refinement A) 

HEIGHT 	DEL S 	S MIN 	Si 	32 	S MAX 	P/H 	SCALE FACTOR 	WAVELENGTH 

250.0710 .0.4.00 8.800 12.000 23.000 28.4.00 0.3367 0.812 + 0.033 0.05659 
500.0908 0.200 3.600 4.500 13.000 15.200 0.4.655 0.769 ± 0.020 0.05659 

1000.0950 0.100 1.200 2.200 6.4.00 7.600 0.071 0.757 + 0.028 0.05659 

TAE 2.2 WEIGHTING. FUNCTIONS, CORRELATION PARUTS AND SCALE FACTORS (Refinement B) 



Figure 2.2 - Intensity and difference 
curves at 250 mm. for 
germyl isocyanate (tefinetnent B) 
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was not constrained to coincide with he (CeN) bond. 

With these constraints eight parameters were required to 

define the relative positions of all the atoms in the molecule. 

The ones chosen were the equilibrium bond lemgths .(C:e H)., 

(Ge N), (NC), and (co), the bond angles (E 	N) and (Ge 'cc), 
the angle of twist of the .gerj1 group relative to the (NC) 

bond, and the angle between the C 3  axis of the germyl group and 

the (Ge-N) bond, 

All four bonded distances, the amplitudes of all of these 

except the (co) bond., and the (Ge c) angle refined together 

independently. 

The (Ge-H) and (Go-N) peaks in the radial distribution 

curve (figure 2.3) are well separated but the peaks due to the 

(No) and (co) bonded distances are very close and overlap. 

Useful information on these distances was, however, obtained 

using the peak at 2.364  A°  due to the (NO) distance. Careful 

refinement with few other parameters varying yielded a satis-

factory ratio between the amplitudes of the (NC) and (co) 

distances. With this ratio fixed the amplitude of the (CO) 

distance also refined satisfactorily with the other parameters. 

Two other well-defined peaks in the radial distribution 

curve at 3.962  and 2.858 A° are due to the (Ge..C) and (Ge.,O) 

non-bonded distances. Their amplitudes also refined satisfactorily. 

No amplitudes of non-bonded distances to the hydrogen 

atoms would refine but some information was obtained from the 



FIGURE 2.3(a) 

Radial distribution curve for 
gerinyl isocyanate (Refinement A) 

3 1 4 	1 5 	1 8 	.
1 7. A 



FIGURE 2.3(b) 

Radial distribution curve for 
ermyl isocyanate (Refinement B) 

3 1 4 	 1 6 	.'7A   
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peaks due to these distances. Their amplitudes were fixed at 

reasonable values by comparison with similar molecules and 

refinements were carried out with the twist angle fixed at angles 

in the range 00  to  600.  A graph of these results showing the 

final R-factor obtained by refinement at the fixed twist angle 

is shown in figure 2.4.  The 90% confidence level
41  is marked 

on this graph. The curve shows a minimum at 320  and when the 

twist angle was then set to 320  it refined within a region close 

to this value. It was therefore fixed at 320  for subsequent 

investigation of the positions of the hydrogen atoms. 

This was attempted by a similar refinement with the angle 

of tilt (between the C 3  axis and the (GeN) bond) fixed at values 

in the range - 4.0 to +4.00.  A graph of the final R-factors 

obtained for each angle of tilt is shown in figure 2.5.  The 

95% confidence level41  is marked on this curve. The minimum 

R-factor was obtained for a tilt angle of 0 0  and when set to 

this value it changed very little on refinement • It was 

therefore fixed at 00. 

The final molecular parameters and least squares correla-

tion matrices for the two sets of refinements differing only 

in the weights given to the 250 mm. data set are shown in tables 

2.3 to 2.6. 

The final R-factors obtained in the two oases 

were: 
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(A) Independent Distances 

Distance 	 Amplitude 

R 1 (Ge - H) 1.532 0.006 0.050 ± 0.010 
R 2 (Ge - N) 1.831 1 0.004 0.046 0.006 

R 3 (N - C) 1.190 1 0.007 0.039 1 0.006 

B 4 (C - 0) 1.182 ± 0.007 0.042 
(Tied to U 3) 

(B) Dependent Distances 

H) 2.493 0.010 0.120 (Fixed) 

D 2 (Ge... o) 3.961 0.009 0.099 1 0.006 

P 3 (Ge... .c) 2.858 0.009 0.074 ± 0.006 
P 4 (C... H) 3.902 0.012 0.140 (Fixed) 

D 5 (0.,. H) 3.393 ± 0.007 0.140 (Fixed) 

D 6 (C... H) 3.671 ± 0.009 0.140 (Fixed) 

D 7 (0... H) 5.050 ± 0.019 0.180 (Fixed) 

D 8 (o... H) 4.258 ± 0.009 0.180 (Fixed) 

P 9 (o... H) 4.695 1 0.009 0.180 (Fixed) 

D10 (N... o) 2.364 ± 0.007 0.045 1 0.012 

Dl]. (N... H) 2.760 ± 0.007 0.120 (Fixed) 

P12 (N... H) 2.760 ± 0.009 0.120 (Fixed) 

P13 (N... H) 2.760 ± 0.009 0.120 (Fixed) 

(Q) Independent Angles 

<1(H - Ge - N) 	110.0 (Fixed) 

<2(Ge - N - C) 	141.3 ± 0,2 

< 3(Twist) 	 32.0 (Fixed) 

< 4(Tilt) 	 0.0 (Fixed) 

(D) Dependent Angles 

< 5(H - Ge - a) 	108.9 ± 0.2 

TABLE 2.3 - Molecular Parameters for Germyl Isocyanate 
(refinement a). 



R 	R2 	R3 	R 4 	<2 	u 	U2 	U3 	U6 	U7 	U14 	K.1 	K2 	K) 

1000 	551 	-27 	327 -4.24 -2 -511 91 -32 69 -156 -7 -125 31 
1000 	-232 	398 -449 4.8 26 56 34 154 -'129 28 56 105 

1000 	-763 -566 -60 10 -79 97 -58 144 28 23 -53 
1000 73 -4 24 72 -92 34. -181 -26 -32 9 

1000 64 -.44 10 -71 -76 33 -37 -4.8 0 

1000 383 237 29 36 15 282 -79 87 
1000 423 265 227 -27 562 453 113 

1000 251 297 118 601 427 115 

1000 193 110 34.3 4.30 153 

1000 -77 370 431 181 

1000 198 150 '-64. 

1000 4.69 1142 

1000 	79 

1000 

PA3 2.4 LEAST SQUtBI CORRELATION MATRIX MULTIPLIED BY 1000 (Refinement A) 



(It) Independent Distances 

Distance Amplitude 

Hi '(Ge - H) 1.531 ± 04007 0.049 ± 0.012 

(Ge - N) 1,830 ± 0.004 0447 ± 0.006 

R3 (N - C) 1.184 ± 0408 0.040 ± 0.006 

R4 (C - o) 1,190 ± 0.008 0,042 
(tied to U 3) 

(B) Some Dependent Distances 

D2 
	

3.962 ± 0.010 
	

0.101 ± 0.007 

D3 
	

2.851 ± 0.011 
	

0.077 ± 0.007 

D 10 
	

2.367 0.007 
	

0.047 ± 0.012 

(C) Independent Angles 

< 1 	(H - Ge - N) 110.0 (Fixed) 

< 2 	(Ge - N - C) 141.1 ± 0.3 

< 3 	(Twist) 	32.0 (Fixed) 

< 4 	(Tilt) 	0.0 (Fixed) 

TABLE 2.5 - Molecular Parameters for Germyl Isocyanate 
(refinement B). 



R 	.R2 	R3 	RI1. 	<2 	Ui' 	U2 	U3 	u'6 	117 	U14 	K 	K 	K3 

i000 	364. 	-120 	182 -136 72 -312 -4.8 -103 —28 -90 -156 -215 -6 

1000 	-291 	318 -282 34.7 -123 -146 -37 5 -19 -83 -66 68 

1000 	-803 -547 -165 98 164. 99 '-1 61 76 74 -13 

1000 137 70 -29 	''-107 -65 22 -35 -9 -21 -7 

1000 30 -63 '-83 -69 -52 -45 -68 -71 -16 

1000 U -111 -25 18 18 33 -159 57 

1000 549 369 371 226 725 498 84 

1000 360 403 292 731 440 75 

1000 255 194 461 416 124. 

1000 151 534 406 126 

1000 395 234 4. 
1000 510 107 

1000 39 

1000 

TABLE 2.6 LEAST SQUARES C0RRJATI0N MATRIX MULTIPLIED tY 1000 (Refinement B) 
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0.125 and 	0.069 

for a weight Of 0.3 to the 250 M.  data (refinement A)., 

and 

= 0.160 and I'D =i0.092 

for full weight to the 25 mm. data (refinement B). 

2.3 Digemyl Carbodiimid.e 

The sample temperature and injection temperature used in 

this case were both 60 0C. and plates were exposed at the usual 

three camera distances. The 1000 rn* plate however was too 

light to trace, and the 250 jnm. data contained extraneous 

scattering. Therefore, the structure determination was 

performed with only the 500 mm. plate. 

Figure 2.6 and table 2.7 show the molecular intensity 

curve, final weighted difference curve, and weighting functions 

used. 

Three assumptions were made about the molecular structure 

and imposed as constraints in the refinement of the model. The 

(NcN) chain was assumed to be linear and the(C3 )axis of the 

germyl groups to be colinear with the (CeN) bond.. The conforma-

tion of the hydrogens of the germyl groups was taken to be 

staggered with respect to the (NCN) skeleton. 

Because of the symmetry of the molecule only six parameters 

were then required to define the relative positions of the atoms. 



Figure 2.6 - Intensity and difference 
curves for .digermyl carbodiimide. 

2 	18T V 8L 1Aø' M4'27 '14" 	'16 



HEIC.Iff 	DEL S 	S MIN 	Si 	S2 	S MAX 	P/H 	SCALE FACTOR 	WAVELENGTH 

500.0908 	0.200 	2.800 	41000 	13.500 	15.000 	0.3036 	0.679 + 0.014 	0.05659 

TABLE 2.7 WEIGHTING FUNCTIONS • CQRRELATION PARAMERS AND SCALE FACTORS 
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Those chosen were the equilibrium bond len8 	(GeH), (GeN) 

and (NC), the angles (HN):  and (GeC), and the dihedral aigle 

between the two (GeN) bonds - (Ge(I1)Ge). 

The absence of good 250 M. data meant that no information 

could be obtained on the amplitudes of vibration of bonded 

distances. These amplitudes are small compared with those of 

longer interatomic distances and therefore, since information 

on an amplitude is derived from the damping of the sine wave 

corresponding to the interatomic distance involved, the scattering 

information at larger 'S' is required from the 250 inn, plate. 

The amplitudes of vibration of the three bonded distances 

• had to be fixed therefore to reasonable values by comparison 

with gernyl isocyanate. The (GeH) bond length could not be 
at 4'-St 

refined satisfactorily-i  and was also set to a reasonable value, 
A, 

The angle (HGeN) was fixed to tetrahedral. 

The dihedral angle (Ge(NCN)Ge) was initially fixed at 70 0  

by comparison with the difluorophosphine compound 48  and the two 

bonded distances refined together with the angle (GeNC). After 

these refinements it was possible to refine the amplitude of 

(Ge...Ge) visually from the plot of the radial distribution 

curve - figure 2.7, although at this stage the agreement with 

the difference curve was not reflected significantly in the 

R-factor obtained. However, the amplitude (Ge..Ge) would then 

refine together with the amplitudes (Ge..C) and (Ge..N) if the 

dihedral angle remained fixed. 



FIGURE 2.7 

Radial distrIbution ourvé fo, 
digerinyl oarbodiimide 

13 	1 4 	1 5 . 	1 6 	'TA 
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Allowing these refinements to continue theY dihedral .angle 

as fixed at values in th range 40 to 100 0  and a very definite 

minimum in the final R-factor as obtained for a dihedral angle 

of 750. These results are plotted in figure 2.8. The 95% 

and 99.5% confidence levels4 ' are marked On this graph. Figure 2.9 

also shows the. variation in thö final amplitude (Ge. .Ge) with 

the dihedral angle obtained in these refinements. 

The dihedral angle was then set at 750  and allowed to 

refine with all the other parazaet era. The final angle found was 

75 4 10  and the amplitude (Ge..Ge) was very close to that previously 

found to correspond with this dihedral angle. 

The final molecular parameters and the least squares 

correlation matrix obtained from the refinements are shown iii 

tables 208 and 2.9. 

The final R-factors were: 

= 0.118 and RD = 0.090 

2.4 Gernyl Azide 

A sufficient flow of sample to photograph its diffraction 

Pattern was obtained with the bulk of the sample cooled to 0°C. 

using an injection temperature of 60 0C. Two series'b  of three 

plates were exposed at the same three camera heights but one 

series when traced showed a considerable amount of random 

scattering. The second series was very much better but the data 

on the 500 mm. plate was not in good agreement with thM from 
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Figure 2.8 - Variation of R- factor with the 
d.ihedral. angle in digermyl 
carbodiimicle. 
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W -  Independent Distances 

Distance Amplitude 

R 1 (Ge - H) 1,505 ± 0.010 0.050 (Fixed) 

H 2 (Ge - N) 1.813 ± 0.005 0.035 (Fixed) 
H 3 (C - N) 1.184 ± 0.009 0.040 (Fixed) 

) Dependent Distances 
D I (H... E) 2.456 ± 0.024 0.120 (Fixed) 
D 2 (u.,. N) 2.714 ± 0.013 0.120 (Fixed) 

D 3 (H... 	c) 3.423 ± 0.022 0.160 (Fixed) 

D 4 (H... 	C) 3.883 ± 0.022 0.160 (Fixed) 

D 5 (H... N) 4.341 ± 00030 0.190 (Fixed) 
D 6 (H... N) 5.058 ± 0 .031 0 .190 (Fixed) 

D 7 (Ge... H) 6.488 ± 0.033 0.300 (Fixed) 

D 8 (Ge... H) 5.782 ± 0.024 0.300 (Fixed) 

D 9 (Ge... H) 5.261 ± 0.022 0.300 (Fixed) 

(Ge... 	C) 2.807 ± 0.015 0.121 ± 0.010 
DII (Ge... N) 3.906 ± 0.027 0.119 ± 0.010 
D12 (Ge...Ge) 5.270 ± 0.030 0.291 ± 0.024 

D13 (N... N) 2.367 ± 0.027 0.043 (Fixed) 

D14 (H... H) 7.724 ± 0.045 0.320 (Fixed) 

D15 (H... H) 6.602 ± 0.036 0.320 (Fixed) 
D16 (H... H) 4.883 ± 0.007 0 4 320 (Fixed) 

D17 (H... H) 5.675 ± 0.024 0.320 (Fixed) 
D18 (H... H) 6.616 ± 0.024 0.320 (Fixed), 
D19 (H... H) 6.790 ± 0.034 0.320 (Fixed) 

(c) Independent Angles 

<1 (H - Ge-O-N) 	109.5 (Fixed) 

<2 (Ge-N - C) 	13 8.0 ± 0.5 

'3 (Dihedral) 	75.1 (Fixed) 

(D) Dependent Angles 

<4 (H - Ge- H) 	109.5 ± 0.1 

* 
A dihedral angle of zero refers to the cis-configuration. 

TABLE 2.8 - Molecular Parameters for Digermyl Carbod.iixnide. 



HBIGIff 	DEL S 	S MIN 	8]. 	82 	S MkX 	P/H 	SCALE FACTOR 	WAVELENGTH 

249.8810 0.400 6.800 81400 24.000 28.400 0.0917 1.392 i 0.050 0.05659 
999.9048 0.100 1.200 2.250 6.000 7.700 0.4852 0.723 + 0.054 0.05659 

TABLE 2.10 WEIGHTING. FUNCTIONS, CORRELATION PARAMETERS AND SCALE FACTORS FOR GEBMYL AZIDE 

B]. 	 R2 	R3 	<2 	1313 	 1.134 	 1315 	 K  

1COO 	 689 	 716 	-753 -300 -66 -27 -307 
1000 	4.14 	-595 -73 21 17 -6 

1000 	-895 -474 -97 -42 416 
1000 383 56 29 309 

1000 170 91 551 

1000 71 331 

1000 183 
1000 

TABLE 2.9 LEAST SQUARES CORRELATION MATRIX MULTIPLIED BY 1000 
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the 250  and 1000 mm. data. These two plates were therefore 

used for the final structure determination having checked that 

their data was consistent with the previous "noisy" series of 

plates. 

The molecular intensity curveS, final weighted difference 

curves, and weighting functions are shown in figure 2.10 and 

table 2.10. 

The model refined to agree with the experimental data 

was identical to that used for germyl 1 socyanate except that 

the pseudohalide moiety (-NNN) was not constrained to a linear 

equilibrium configuration. 

Nine parameters were therefore required to define the atomic 

positions - the equilibrium bond lengths of (GeH), (GeN), 

(N1N2 ), and (N2N3 ), the bond angles (HGeN) (Ge 1N2 ), the twist 

angle of the gernyl group relative to the (N1N2 ) bond, the tilt 

angle between the C axis of the germyl group and the (GeN) 

bond, and the non-linearity of the azide moiety (N12N3).* 

All four bonded distances in the molecule refined satisfac-

torily together with the angle (Ge'1N2 ),) despite the overlapping 

* 
See figure 2.12 for the numbering of the nitrogen atoms of 

the azide moiety. 



Figure 2.10 - Intensity and difference 
curves for germyl azide. 

(a) 	250 mm. data 

'4 32 Sl 



Figure 2.10 - Intensity and difference 
curves for germyl azide. 

(b) 1000 mm. data 
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of the two peaks due to the two nitrogen/nitrogen diinoes in 

the radial distribution curve (figure 2.11). The vibrational 

amplitudes of the bonded distances all had to be fixed, however, 

except that of the (GeN) bond. They were all fixed at reasonable 

magnitudes by comparison with similar molecules. The tilt 

angle, the angle (HN), all amplitudes involving hydrogen atoms, 

and the amplitude of the non-bonded (N1•03) distance were 

similarly fixed. The bond angle within the pseudohalide moiety 

(NA N3 ) did refine, however, with the other parameters to very 

close to linear and the group was therefore constrained to 

linearity for further refinements. 

The amplitudes of the other germanium-nitrogen distances - 

(Ce..N3 ), also refined.. 

An attempt was also made to refine the phase parameter 

for the scattering produced by the (Ge-H) bonded distance. This 

parameter is defined in the data by the magnitude of the "S cut-off" 

- the point at which the envelope of the intensity curve produced 

by that molecular distance crosses the S axis of the intensity 

curve • In the case of germanium and hydrogen the S cut-off 

lies neither in the S region normally observed (using camera 

heights of 250 mm. and over), nor well outside this region. 

Its intermediate magnitude has an effect on the intensity curve 

which cannot be predicted without accurate knowledge of the phase 

parameter. It is not possible, however, to distinguish, In 

the observed S range, between the effects of the beating pattern 

defined by the phase parameter, and the exponential envelope of 



FIGURE 2911 

Radial distribution curve for 
germyl azide 

3 	141V '5 16  
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Figure 2.12 Numbering of nitrogen atoms in germyl azide. 
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the intensity curve pruduced by the vibrational amplitudes of 

the molecule. As a result It is normal to accept the phase 

parameter derived from the separate geianium and hydrogen 

scattering factors and to refine the vibrational amplitudes of 

the molecule in the usual way.. 

This attempt to refine the phase parameter for (Ge-H) 

decreased the R-factor but only by adversely affecting the 

vibrational amplitudes. The R-factor decreased as the S out - 

off decreased, but the amplitudes also decreased to magnitudes 

far smaller than those found in similar molecules. Refinement 

was also attempted with the vibrational amplitudes fixed but it 

then had very little effect on either the phase parameter or 

the R-factor. 

A graph of the variation of the final R-factor with the 

twist angle from 00  to  600  is shown in figure 2.13 with the 

99.5% confidence level
41 
 markec. on it. The twist angle was then 

set at 160  and refined within the range 18 to 190.  There was, 

however, a high correlation between the twist angle and the 

amplitude (Ge. . .N3 ) 

The final parameters obtained for the molecule, and the 

least squares corrleation matrix are shown in tables 2.11 and 

2.12. The final R-factors obtained from the two plates were: 

R 	0,178 and R, 	0.130, 



10 15 20 25 30 35 '40 '45 

0.1 

+ 
ctor with 

r"myl azide. 

0.260 

0.25 

0.2 

0. 

0.220 

0.21 

0. 



(A) Independent Distances 

Distance .Amplitude 

H 1 (Ge - 1.537 0.007 0.040 (Fixed) 

H 2 (Ge - N) 1.855 ± 0.004 0.081 ± 0.006 
R 3 (N - N) 1.134 ± 0.004 0.035 (Fixed) 

H 4 (N - N) 1.245 ± 0.004 0.034 (Fixed) 

(B) Dependent Distances 

D 1 (H... u) 2.517 ± 0.013 0.120 (Fixed) 

D 2 (Ge... N) 3.725 ± 0.022 0.134 ± 0.011 
D 3 (Ge... N) 2.651 ± 0.012 0.095 ± 0.006 
D 4 (H... N) 3.804 ± 0.013 0.170 (Fixed) 

D 5 (H... N) 3.128 ± 0.012 0.170 (Fixed) 

D 6 (H... N) 3.369 ± 0.012 0.170 (Fixed) 

D 7 (H... N) 4.992 ± 0.018 0.200 (Fixed) 

D 8 (H... N) 3.884 ± 0.018 0.200 (Fixed) 

D 9 (H... N) 4.285 ± 0.012 0.200 (Fixed) 

D10 (N... N) 2.370 ± 0.012 0.041 (Fixed) 

Dl]. (H... N) 2.767 ± 0.009 0.130 (Fixed) 

D12 (H... N) 2.767 ± 0.009 0.130 (Fixed) 

D13 (H... N) 2.767 ± 04009 0.130 (Fixed) 

(C) Independent Angles 

& 1 (H-Ge-N) 109.0 (Fixed) 

< 2 (Ge-N-N) 123.2 ± 0,4 
C 3 (Twist) 19.1 ± 0.6 

<4 (Tilt) 0.0 (Fixed) 

<5 (N-N-N) 180.0 	(Fixed) 

< 6 (Dihedral) 0.0 	(Fixed) 

(D) Dependent Angles 

< 7 	(H-Ge-H) 	109.9 ± 0.02 

TABLE 211 - Molecular Parameters for Germyl Azide. 



R 	R2 	R3 R4 <2 <3 U2 u6 U7 K]. K2 

1000 	485 	181 -192 -287  147  -603  -157 -294 -527 49 

1000 	41 -112 -356 -3 -250 -36 -19  -233  107 
1000 -76 -92 -175 -239 -97 -162  -336  -36 

1000 329 -406 484 140 291 621 -25 
1000 -742 276 58 288 362 -12 

1000 -256 98 -392 -320 -44 
1000 223 420 791  -11 

1000 202 256 99 
1000 510 77 

1000 0 

1000 

TABLE 2.12 - Least Squares Correlation Matrix Multiplied by 1000. 
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2.5 Silyi. Tsoselenoôraxiate 

A suitable flow Of sanplO was btäime& wih an inj'edtioi 

temperature of 60 01CO. and 	bulk of -the shffilij.a room Ubpbtaa  

ture • Plates exposed at the usual th ecamera i'eight were 

used to refine the molecular strUctiWe but the R-factor was 

improved by decreasing tIIe weight gIven to the 250 Mi  plate in 

the total intensity data. The full weight was given to each of 

the other plates but only 50% to the 250 M. plate in the final 

refinements. 

Figure 2.14 and table 2l.3 show the molecular intensity 

curves, final weighted difference curves, and weighting functions 

used. 

The model used to refine the structure was identical to 

that used for gerny]. isocyanate (see section 2.2). The parameters 

used to define the relative atomic positions were the bonded 

distances (sin), (SiN), (NC) and (CSe), the bond angles (H 'iN) 

and (siN
A
c), the angle of twist of the silyl group relative to 

the (NC) bond, and the tilt angle between the C3  axis of the shyl 

group and the (sin) bond. The tilt angle was, however, fixed 
at 00. 

The (sin) distance was also fixed - by comparison with 

similar molecules. All vibrational amplitudes of the bonded 

distances had to be fixed because of the poor 250  mm, data (See 

section 2.3). 

Two major peaks in the radial distribution curve (figure 2.15) 



Figure 2.1k - Intensity and difference 
curves for silyl isoselenocyanate. 

(a) 	250  mm. data 

28 	'32   S' 



Fig ure 2. 14 - Intensity and difference 
curves for silyl isoselenocyanate. 

(b) 
	

500 mm. data 
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Figure 2.34 - Intensity and difference 
curves for silyl isoselenocyanata. 
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I 

(0) 1000 mm. data 
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HE I GHT DL S S MIN Si 32 S MAX P/H SCiLE FACTOR WAVELENGTH 

250.0710 01400 8.800 11.000 23.000 26.800 0.2924 0.614.6 ..- 0.029 0.05659 

	

500.0908 	0.200 	3.000 
	

4.0000 	13.000 	15.000 	0.4798 
	

1.020 ± 0.022 	0.05659 

	

1000.0950 	0.100 	1400 
	

2.000 	6.500 	7.000 	0.3895 
	

0.588 + 0.017 	0.05659 

1E 2.13 WEIGHTING FUNCTIONS, C0RRLATION PARAMETERS JN1) SCALE FACTORS 



FIGURE 2.15 

Radial distribution curve for 
silyl isoselenocyanate 
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- clue to (CSe) and (siN), overlap. This caused considerable 

difficulty in the refinements. These two distances would not 

at first refine together using the available intensity data. 

The distance (CSe) was, therefore, fixed at a magnitude slightly 

larger than in the molecules COSe42  and CSSe43- 	(1.709 A°  in 

both). The (Cs) distance in COS44 - i CSSe43  , and CS245  

is 1.56 A°  and in -NCS is also 166 A°. 6  ° The (CO) distance

47  in COS44 	CO2 	, and COSe42  is 1.16 A° while in -NC0 6  

is 1.17 A0 . The amplitude of (CSe) was also fixed in agreement 

with the series -NC0 6  , -NCS 6  , -NCSe. 

After refinement of the other parameters - the bonded 

distances (siN) and (CN), the amplitudes of (Si..Se) and (Se..N), 

and the angle (sac), the bond length (CSe) was released and 

refined satisfactorily together with the other parameters close 

to its magnitude when previously fixed. The amplitude (Si..C) 

also refined satisfactorily if the 250  mm. data was fully 

weighted but had to be fixed to its refined value when the weight 

was reduced to 50%. 

Tables 2.14 and 2.15 show the effect on the final R-factor 

of variation of the twist angle in the regions 0 to 600,  and 

o to 200 . The first set of data shows a minimum R-factor for 

a twist angle of about 100  and the more accurat6 data gives a 

minirimmat about 7. The twist angle was, therefore, fixed at 

70 for the final refinement. 

The final molecular parameters and the least squares 



Angle 	 R-factor 

0 0.1856 

5 0.1841 
10 0.1828 

15 0.1848 

20 0.1855 

25 0.1866 

30 0.1863 

35 0.1872 

40 0.1888 

45 0.1899 

50 0.1909 

55 0.1915 
60 0.1921 

TABLE 2,14 - Variation of R-factor with twist angle for 
silyl isoselenocyanate. 

Angle 	 R-factor 

0 0.1856 
2 0.].44 

4 0.1838 

6 0.1830 
8 0.1832 

10 0.1842 

12 0.1860 

14 0.1848 

16 0.1857 

18 0.1858 

20 0.1848 

TABLE 2.15 - Variation of R-factor with twist angle for 
silyl isoselenocyanate. 
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correlation matrix are shown in tables 2,16 and 2.17. 

The final R-factors obtained were: 

0.184 and RD = 0.128 

for weights on the three data sets of 0.59  1.0, and 1.0. 

2.6 Discussion 

The parameters obtained in the electron-diffraction 

structure determinations described above are discussed, together 

with spectroscopic results obtained using isotopically substituted 

pseudohalides, in Chapter 5. 



(A) Independent Distances 

Distance Amplitude 

R 1 (Si - H) 1.485 (Fixed) 0.080 (Fixed 

R 2 (Si - N) 1.703 ± 0.024 0.050 (Fixed) 

R 3 (N - C) 1.215 ± 0.013 0.035 (Fixed) 

R 4 (Se - C) 1.716 ± 0.018 0.045 (Fixed) 

(B) Dependent Distances 

D 1 (H... H) 2.417 ± 0.012 0.120 (Fixed) 

D 2 (Si... Se) 4.554 ± 0.028 0.096 ± 0.005 

D 3 (Si... c) 2.871 ± 0.040 0.056 ± 0.029 

D 4 (c... H) 3.812 ± 0.037 0.140 (Fixed) 

D 5 (c... H) 3.550 ± 0.033 0.120 (Fixed) 

D 6 (C... H) 3.585 ± 0.033 0.140 (Fixed) 

D 7 (Se... H) 5.508 ± 0.033 0.180 (Fixed) 

D 8 (Se... H) 5.068 ± 0.028 0.180 (Fixed) 

D 9 (Se... H) 5.129 ± 0.022 0.180 (Fixed) 

D10 (Se... N) 2.952 ± 0.015 0.044 ± 0.015 
Dl]. (N... H) 2.617 ± 0.027 0.120 (Fixed) 

D12 (N... H) 2,617 ± 0.022 0.120 (Fixed) 

]13 (N... H) 2.617 ± 0.022 0.120 (Fixed) 

(C) Independent Angles 

ç 1 (H-Si-N) 110.0 (Fixed) 

<2 (Si-N-C) 159.0 ± 0.6 

<3 (Twist) 7.0 (Fixed) 

<4 (Tilt) 0.0 (Fixed) 

(D) Dependent Angles 

<5 (H-Si-H) 109.0 ± 0.5 

TABLE 2.16 - Molecular Parameters for Silyl Isoseleno-cyanate. 



R2 	R3 	R4 <2 u6 U7 U14 id 1 K2 K3 

1000 	479 	-927  -525 -136 602  -57  -239 -204 -314 

1000 	-480  -834 -83 33 231  -153  -84  -245 

1000 361 147 -543 19 249 245 372 

1000 57 -245 -11 126 29 147 

1000 -40 75 184 342 131 

1000 -612 -72 -73 -116 

1000 138  128 10 

1000 44 165 

1000 188 

1000 

TABLE 2.17 - Least Squares Correlation Matrix Multiplied by 1000. 
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THE PHOTO-ELECTRON SPECTRA OF GROUP FOUR PSEIIDOHALIDES 
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3.1 lntroducidn 

The phoO-ionisation of molecules by a source of imown 

energy ;  followed by an analysis of the kinetic energy of the 

electrons released, gives a direct measure of ionisation 

potentials. The bands observed in photo-electron spectra, 

therefore, correspond to excitation of an electron from particular 

orbitals in the molecule. For small molecules the observed 

bands can be assigned to ionisation from specific molecular 

orbitals if, as is usual, Koopmanst  theorem49  is accepted. 

For larger molecules, however, assignment of the observed bands 

to excitation from specific molecular orbitals is usually only 

possible for the first ionisation potential, which corresponds 

to the highest occupied level. Further assignments can 

sometimes be made in these molecules by comparison within an 

extensive series of very similar molecules. 

The approach used in making assignments in this study of 

the group four pseudohalides was one of comparison of the shy1, 

gertiyl, and trimethyl silyl species with their methyl analogues 

and also with their corresponding hydrides. The degree of 

complexity of these molecules pi'eoluded the use of molecular 

orbital calculations directly for the assignment of the observed 

bands. 

The hydrides were used as the basis for comparison as 

their spectra could be satisfactorily assigned by comparison 

with the linear species - carbon dioxide, carbonyl sulphide, and 
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nitrous oxide. 50  

3.2 Molecular Orbitals 

The r' molecular orbitals of carbon dioxide are formed 

from combinations of the 2s and 2p atomic orbitals of oxygen 

and the 2s and 2p orbitals of carbon, where the '.' axis is 

taken to be coincident with the molecular symmetry axis. 

Molecular orbitals of '17' symmetry are produced by combina-

tions of the 2p and 2p  orbitals of both carbon and. oxygen. An 

energy diagram of the molecular orbitals produced from these 

cmmbinations is shown in figure 3.1. The occupied levels may 

thus be desôribed in order of increasing energy as - 

lO 20 30 40 1 yr , 2 IT • Photoelectron spectroscopy has 

been used to determine the energies of these orbitals 50  and 

has shown that the order is as given above. Similar sets of 

energy levels may be derived for carbonyl sulphide and nitrous 

oxide, although since the point group is C, rather than D 

the orbitals may no longer be labelled 'u' and 'g'. 

The order of the levels in nitrous oxide, 49  however, is 

not the same, as the 1 17  level is of lower energy than the 4 Q' 

level giving the order- 1C20 3O' 117, 4w', 2t7. 

The energy levels used in this discussion of the pesudo-

halides are shown in figure 3,2. For pseudohalide molecules with 

a linear skeleton the pattern of levels of the pseudohalide 

group is identical to that used for carbonyl sulphide and nitrous 
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Figure 3.1 - M.O • energy diagram for carbon dioxide 
(bonding and non-bonding levels only) 

Order of levels in increasing energy is 
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C 	 Co 2 	 0 



Figure 3.2 - M.O. energy diagram for pseudohalides. 
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oxide. When the skeleton is bent, however, the point group 

Is C8  rather than C and as a consequence the TT levels are 

split into those which are symmetric with respect: to theil plane 

of symmetry (a? ) and those which are antisymmetric (a"). The-

levels thus become a', as shown in figure 3.2. 

The relative energies of the 'T7 ? and ' " sets need 

not remain fixed in a series of compounds, and it seems that 

in the azides, as in nitrous oxide . 49  the lii levels are lower 

in energy than the 4 c'level. 

Consideration of the energy levels discussed so far was 

sufficient for the hydrides but for the species NH 3Q, where Q 

represents the pseudohalide group, we must also consider the 

(NH) levels. These are well separated, as in the parent 

hydrides ME451  into sets derived from the ( np  ) orbitals of N, 

denoted by Np, and from the (ns) orbitals of N, denoted by Ms. 

In a bent molecule of C 5  symmetry, Ms is of symmetry class a', 

and Np has two components Np(a') and Mp(a"). In a linear 

species, of course, Ms is of o-syn,metry and Np of Ti symmetry. 

Some of the orbitals discussed will lie below - 21.2 eV 

(the exciting energy) and will not give rise to observable bands 

in the spectra. In general, lO 20 and Ms (for N = carbon) 

are likely to be of low energy. When N is silicon or germanium 

Na may be expected to give rise to very weak bands in the region 

of 15 to 19 eV as in the NH4  spectra.51  The following discussion 

is thus in terms of the 30 40 1 11, 2 li, and Hp levels only. 
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Mixing between ']1E3 ' and 'pseudohalide' levels of the same  

symmetry will take lace and thus the assignment of a band to 

one or other of these is not always possible. 

3.1  Photoelectron spectra 

The spectra of the 15 pseudohalides of general formula 

RQ (where R = H, CH 
39

S1H3 , GeH3 , Me?3S1 and Q = NCO, NCS, N 3 ) 

are smnma.rised in table 3.1, in which are given the ionisation 

potentials of all the observed bands. 

The spectra of HQ are given by Eland 52  and the spectra 

obtained for MH3Qxeshown in figures 3.3 to  3.5. Three 

distinct types of band were identified in the spectra. One 

had the strongest feature corresponding to the adiabatic 

transition, in which no change of vibrational quanta occurred. 

These bands were derived from ionisation by loss of an electron 

from a non-bonding orbital. They are denoted by N in table 3.1. 

The rest of the bands were derived from excitation of bonding 

(or antibonding) electrons and had a broad outline. Some of 

these bands showed a progression in one vibrational frequency 

as fine structure and these are denoted by P in table 3.1. 

Assignment of bands to rno v1a. 

In order to assign the bands observed in the spectra of 

the hydrides (HQ) the vertical ionisation potentials 50  for 

CO2 , COS, and N20 were used. As can be seen in table 3.2 
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Figure 3.3 — Photoelectron spectra of ME 3N3 . 



V 
N 
d 

0 
.1- 
2 

kL 

'I 
N 
S 

0 

I- 
z 

C;eHNCO 

'I 
UI 
U, 

2 
0 	 - 

• 	

• 

MAU. 'T-- 
; 	 Ii 	 13 	- 14• •  

Figure 3.4 — Photoelectron spectra of IVIH3NCO. 



q 	 o 	 Ja. 	 13 	 14- 	 . 	 6 	17 

T-. P., eV - 

w 

'9 
p.. 
2 
) 

0 
'I 

w 
U, 

U, 

z 
0 
U 

Figure 3,5. - Photoelectron spectra of MH 3NCS. 



Band number 

Compound 1 la 2 3 4 5 

KNCO 11.62N 12.30P 15.8? 17.50P 19.242 - 

ffNCS 9.94 10,3P 13.31P 15.12 - - 

EN  10.72N 12.24P 15.37N 16.8 - - 

CH3NCO 10.67N 11.20 14.7 16.1P 16.7 18.0 

CH3NCS 9.37 - 12.6 14.6 15.6? 17.5 

CH3N3  9.81N 11.32 14.4 14.2 16.6 17.9 

SIH3NCO 11.10? 	- 13.1? 15.7? 17.1 	- 

SiH3NCS 9.54 - 	 12,5 13.9? 14.7 	15.9 

SiH3N3 	10.33 	11.00 	13.0 	15.0 	16.2 	- 

GeH3NCO 	10.76 	- 	12.8 	15.3 	16.9 	- 

GeH3NCS 	9.14 	- 	12.3 	13.4 	14.1 	15.5 

GeH3N3 	10.01 	10.77 	12.8 	14.7 	16.2 

IVIe3SiNCO 	10.3 	- 	11.5 	broad band with sharp 

Ne3SINCS 	9.3 	- 	11,0 ( 
	

one at 12.5eV  extending 

Me3SiN3 	9,7 	- 	11.2 	to about 16eV. 

TABLE 3.1 - Ionisation potentials of observed bands in eV 

(+0.02 or 0.1 eV depending on number of figures given) 



Level Vertical I.P. 
002 

of corresponding band (eV) 
008 	 N 2  0 

27 13.79 11.19 	 12.89 

17.32 15.53 	 18.24 

40' 18.08 1604 	 16.39 
31 19.40 1796 	 20.11 - 

TABlE 3.2. 

Energy level 
Compound 2VT(a") 21T(al) lIT 	4' 	3G' 	Np 

aNco 11.62 12.30 15,8 	17.50 	19.24 	- 

B1CS 994 10.3 13.31 	15.12 	- 	- 

HN3  10.72 12.24 16.8 	15.47 	- 	- 

CH3NCO 10.67 11.20 14.7 16.1 18.0 16.7 

CH3NCS 937 - 12.6 146 175 15.6 
CH3N3  9.81 11.32 16.6 15.2 17.9 14.4 

SiH3NCO 11.10 15.7 17.1 - 13.1 

SiH3NCS 9.54 139 14.7 15.9 12.5 

SiH3N3  10.33 11.00 16.2 15.0 - 13.0 

GeH3NCO 10.76 15.3 16.9 - 12.8 
GeH3NCS 9.14 13.4 14.1 15.5 12.3 
GeH3N3  10.01 10.77 16.2 14.7 - 12.8 

TABLE 3.3 - Ionisation potentials for molecular 

energy levels (in eV) 
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the highest energy levels for each is 2 rI with a. gap of over 

3eV before the next level. The spectra of the hydrid.es 

mOO, BcS, m 3  (table 3.1) each contain a pair of bands (1 and 

la) of ionisation potential 10 to 12eV, which are separated in 

each case from the next band by about W. They were, therefore, 

assigned to the components 2 1i(a') and 2 77 (a") in a bent on 

- derived from the 2 Ti level of the linear triatomic molecules. 

The difference in vertical I.P, between the at and all 

components of the 2 71 level is larger (1.5ev)  for HN3  than 

for HNCO (0.7ev)  and mWs (0.4ev). This is consistent both 

with a narrower angle in HN than in HNC0 (as has been found 

for the neutral molecules 53 ) and with greater concentration of 

the 2 17 (a") component on the N atom bound to H in 	than in 

}UiCO4  or IThTCSt The shape of the component at lower I.P. is 

of the non-bonding type in each case while the component at 

higher I.P. is of bonding type. The second component was 

assigned as 2 77 (a') which is involved in (Iiu) bonding, and 

the first component as 2 77 (a") which cannot be involved in 

that bond. 

The spectra of the NI 3  compounds contain one or two bands, 

designated 1 and la, in the region 9 to 12eV. Again these 

were assigned to the 2 17 level or its two components. The 

spectra of all the azides showed two resolved components and 

hence all the ions are bent at nitrogen (as are the neutral 

molecules). 

In the spectrum of methyl isocyanate two components were 

observed but only one was found in the spectra of silyl and 
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gernyl isocyanatee. Thus the ion CH  NCO, like the neutral 

molecule, is bent at nitrogen but it seems that SiH 3NCd and 

GeH3  NCd may be linear or close to it. However, the limiting 

skeletal angle to allow resolution of the a' and all components 

is not known. 

The band corresponding to the 2 rr level in the iso-

thiocyanates is broad in all three cases and shows no splitting. 

It could, however, include a weaker component separated by 

0.4eV (as in HNCS) or less from the main peak. 

A band near lleV in the spectra of the trimethyl silyl 

derivatives was assigned to the trimethyl silyl group, but at 

lower ionisation potential two bands were found in the spectrum 

of the azide and one band in those of the isocyanate and 

isothiocyanate. In the azide and isocyanate these bands were 

shifted by about 0.8eV to lower I.P. compared with the analogous 

bands in the silyl derivatives, presumably by interaction with 

the trimethyl siiyi levels near 11eV. The shift of the 2 77 

band in the isothiocyanate was only 0.2eV, presumably because of 

the greater energy separatior from the trimethyl silyl levels 

near 11eV. 

At higher I.P. three further bands were observed in the 

spectrum of HNCO, and these were assigned to the 30 40 and 

i P levels. Calculations of the energies of these levels 54  

and comparison with the levels of CO  led, therefore, to the 

assignment of bands 2, 3, and  4 to the 11T , 4o', and  3 r'levels 
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respetive1y. No splitting was observed in the band assigned 

to the 1 1 level. This may be due to the breadth of this 

band, because it arises from the excitation of a bonding electron, 

which may obsoe a second component at higher I.P. 

In HNCS only two further bands were observed and these 

were assigned by analogy with HNCO and COS to 1 Ti (at lower 

i.P.) and 4' (at higher i.P.) 

In HN band. 2 was found to be non-bonding from its 

contour and was thus assigned to 4 c/, while band 3 which had 

a bonding contour was assigned to the 1 17 level. This 

assignment was consistent with the order of levels found in 

N 2  0 in which 4 a' was found at lower ionisation potential than 

1 TT 	The band assigned to 1 II in HN3  again showed no 

discernible splitting. 

In the NIL derivatives exóitation from Np would be expected 

to give rise to a band with two components for a bent ion and 

a single band for a linear ion in the same region as the bands 

due to 4 Cr and 1 17 • Between 12eV and 17,4eV each of these 

nine spectra contained three bands. These were assigned to 44 1 , 

iTT , Np and thus splitting of the 1 11 and Np bands into 

their components was not observed. The silyl and germyl 

compounds all gave a band around 13ev which was assigned to Np 

by analogy with NH451  and NH3X 55  (where X= Cl, Br, I). 

Bands 3 and 4 in these compounds were assigned to 1 17 and 4 0' 

assuming that these two levels retained the order found in the 
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hydrides (HQ). In the methyl compounds band 3 was narrow in 

each case compared with bands 2 and 4 and was assigned to 4 (7'. 

Assignment of Np and 1 77 was then made depending upon whether 

1 J—j was expected to be at higher or lower I.P. than 4 zr by 

analogy with the hydrides (HQ). 

This simple assignment was sufficient for the interpre-

tation of the observed spectra, although it takes no account 

of the mixing which takes place among all a' levels and among 

all all levels. No splitting was observed of the Np or 1TIJ  

bands in the spectra of the methyl compounds, despite the 

splittings found in the 2 Ti bands of methyl azide and methyl 

isocyanate. 

In the methyl compounds and silyl and germyl isothio-

cyanates one further band. (band 5) was observed. This was 

assigned to 3 cr' since in the silyl and gerniyl compounds N 5  

would be expected in this region and may well contribute to the 

observed band. The sharp fall in I.P. of this band from methyl 

to silyl isothiocyanate is difficult to explain unless involve-

ment of the 3s orbital of silicon is taken into account. 

The assignment of the observed bands to the expected 

molecular energy levels is given in table 3.3 and the trends 

in the derivatives of each psoud.ohalogen can be seen here. 
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16 VIbrational rit& tture 

Excitation of a ground state molecule to vibrationally 

excited states of ihe ion may give rise to vibrational fine' 

structure in the observed bands of the photo-electron spectrum. 

In the spectra of the pseudohalides under study vibrational 

fine structure was observed on almoèt every band for the hydrides, 

on the 2 71 (a") band for the methyl compounds, and occasionally 

but not consistently on the bands of the sily]. compounds. No 

fine structure was resolved on any bands in the spectra of the 

germyl and trimethyl silyl derivatives. 

On the 2 IT (a") band. in ENCO, HII3 , C5 NCO and CH3N3  

typically non-bonding vibrational fine structure was observed, 

comparable with that observed on the 2 jf bands in CO  and 

N20. 50  The frequencies found are shown in table 3.4. The 

two lower frequencies were assigned to the symmetric and 

antisymmetric pseudohalogen stretching vibration. The third 

frequency observed for HNCO and HN3  was not affected by deutera-

tion and was not, therefore, assigned as exclusively due to the 

(NH) stretching vibration, For lINGO it was assigned to the 

combination of the pseudohalide stretching vibrations and this 

assignment was in agreement with the observation of a similar 

frequency in CH3NCO. For EN  this assignment was not very 

satisfactory, as agreement between the observed frequency and 

the arithmetic sum of the two vibrations was very poor. Various 

combinations are, however, possible as the infrared spectra of 



Band 	Compound Vibrational Frequencies 

2T1(all) 	HNCO 1080 1980 3200 

DNCO 1130 2070 3230 

CH3NCO 1150 2180 3260 

Assigned to v a as s + Vas 

HN3  840 1780 3000 

DN3  870 1890 3060 

CH 3N3 
910 1820 - 

Assigned to VS Vas 

2T 1(a') HNCO Progression in 610 cm 1  

ENCS it 
" 	600 cm 

EN 3 It tI 	570 om 

1 iT HNCO H  1120 cm 

HNCS " 	 850 cm-1  

SiH NCO " 	 790 om 1  

SiH3NCS " 	 490 cm 

40" H11C0 " 	 460 

CH3NCO " 700 cm 1  

HN3  560 900 2340 	2800 

DL 480 1000 2280 	2800 

Assigned to 	 Cf 	 -"'as  

3cr 	HIWO 	 Progression in 1000 cm 

SIH NCS 	 2 peaks, separation 740  cm 

SiD3NCS 	 2 peaks, separation 600 cm 

Table 3.4 - Vibrational Structure (all intervals in cm, ±50 am-') 
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EN3  and DN in the 'egion arOirid '3300  ôm. are quite complex. 

In HNCS and CH3NCS the 2 T (a") bands are broader, probably 

because of spin-orbit coupling at sulphur, and no fine structure 

could be resolved. 

The 2 fl (a') bands for the three hydrides are all of 

typically bonding contour and all show a progression of about 

600 cm. 	'After deuteration of each, no fine structure could 

be resolved and thus the progressions were assigned to the 

(]1H) deformation mode of the ions. 

In HiTC0, BNCS, SiH 3NCO, and SiH3NCS, progressions were 

found on the 1 IT bands.. These were assigned to the symmetric 

pseudohalogen stretch, its frequency in the ion being reduced 

by the removal of a fl  bonding electron.' This assignment 

was again in agreement with those made for 002  and OOS.50  For 

CH3NCO and CH 3NCS no such simple progressions were observed. 

Perhaps mixing between 1 TI and Np is responsible for this as 

it would also explain the irregularities in 1 ri band positions 

for the methyl compounds. 

Only E1N, ItNCO, and Cfl3NCO showed fine structure on the 

40'band. In HNCO the progression in 460 cm. is probably due 

to a deformation at nitrogen or carbon. A few peaks which were 

possibly part of a progression were observed for CH 3NCO but the 

band overlapped with the band assigned to excitation from the 

Np levels. 

The 40-1band in HN3 , as in N20, 50  has a sharp cut-off on 
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the 16w ii.sti6n 	j:j side but several 'Vibrationa11evèls 

were observed for the normal and deierated species. These 

were assigned to vibrations of the ion by comparison with the 

vibrations of the ground state molecule. Similar assignment 
50 

was possible for the 4 " band of the ion N 2  0 	by comparison 

with the vibrations of the molecule: 

N 2  0 	1345 

614 

2251 Va  

N20 	1350 	Va;3 

2460 

in which only the vibrations of the ion of the same symmetry 

as the level from which the electron was excited are activated. 

The assignments made for HN were consistent with this. The 

assignments are shown in table 3.4. 

A progression of 1020 om., probably due to the symmetric 

pseudohalogen stretch, was observed on the 30'band of BIWO. 

In SIH3NCS this band showed two peaks of equal intensity 

followed by a much broader component. The separation of the 

two peaks decreased on deuteration and the feature was assigned, 

therefore, to excitation of the silyl rocking vibration, rather 

than to spin orbit coupling at sulphur. 

A complicated structure observed on the Mp band. of SiH3NCO 
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was assigned to two overlapping progressions of 1100 cn., 

probably arising from the symmetric silyl deformation. The 

two progressions were probably caused by Jahn-Teller splitting 

as a similar feature was observed in the spectrum of silyl 

aoety].ene. 6  The separation of the two (0 - 0) transitions is 

630 om. 	The deizerated species showed an irregular structure 

on this band but two progressions could not be resolved. It 

is possible that the fine structure observed on the 4 	bend 

in CH3NCO could also be explained in terms of overlapping 

vibrational progressions. This explanation would require the 

interchange of the assignments of Np and 4.0', and the doubling 

in this case would be due to the a 4  and all components of Np 

since the ion CH 3NCO is not linear. 

3.6 Trends, in..ionisation Potential 

There are irregularities in the ionisation potentials 

of the pseudohalide levels when the group 4 atom is changed. 

Some of these effects can be correlated with interactions between 

the pseudohalide levels and the Np levels of the group 4 atom. 

In the case of non-linear ions interactions between the metal p 

levels and all the pseudohalide levels are possible, but in the 

case of linear ions interactions are only possible with the 1 T 

and 2 fl  pseudohalide levels. 

If one accepts the assignment of the observed bands to 

excitation specifically from the Np and pseudohalide levels it 

in possible to explain the variations in ionisation potential 



Q Levels M = C Si Ce 

NCO 211(a") Np -6.0 

2 fl(a - Np ....5,5 
-2.0 -2.0 

1 TT - Np -2.0 +2.6 +2.5 

4 O - Np -0.6 +4.0 +4.1 

NCS 211 - Np -6.2 -3.0 -3.2 

iTT - Np -3.0 +1.4 +1.1 

4 o - NP -1.0 +2.1 +1.8 

N3  2ltta") - Np -4.6 -2.7 -2.8 

211(a') - Np -3.1 -2.0 -2.0 

4 0' - Hp +0.8 +2.0 -1.9 

1 7 't  - Np +2.2 +3.2 

Table 3-5- -  Separation of Energy Levels (eV) in N113Q. 
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found - by estimating the magnitude of the interactions involved. 

However, interactions of this kind do not explain one important 

trend found in the ionisation potentials of the pseudohalide 

levels. 

Table 3.6 shows the ionisation potentials of the i rr 

and 2 TT bands of the pseudohalides studied, giving an average 

in cases where two components (a and a") were observed. It 

is clear from this data that except for ilT of the azid.e 

the TT levels of the silyl pseudohalides are lower in energy 

than those of their carbon analogues. 

This trend cannot be explained by interactions with the 

Np levels of carbon and silicon, as such interactions would be 

expected to lower the ionisation potential of the 'TT levels 

of the silyl compounds more than those of the carbon ones. 

To explain this trend one must include an interaction 

involving an unoccupied level of the group 4 atom. The 

interaction must be of IT type since the effect is observed 

in both linear and non-'linear ions. The most likely level 

to be Involved is the 3d level (which is available only-  for 

silicon), since the observed effect is greater for silicon than 

carbon. 

Such an interaction requires that the TI levels of the 

silyl pseudohalides are involved in bonding. Comparison of 

the contours of the bands assigned to 177 and 2 FT  in the 

spectra of the shy], and carbon compounds confirms the existence 



Q Level MC Si Ge 

NCO 271 10.93* 11.10 10.76 

1 T 14.70 15.70 15.28 

NCS 2 T 9.37 9.54 9.14 

12.58 13,90 13.40 

N3  2 TV' 10.57*  10.67* 10.39*  

lIT 16.60 16.22 16.16 

* Mean of two components. 

Table 3.6 - Vertical I,P.s of 	Levels in IV1HQ. 
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of this interaction. 

The ionisation potentials of the bands observed in the 

spectra of the gerl compounds do not give clear evidence for 

similar bonding. The band contours, however, do show that the 

pseudohalide IT levels are involved in bonding. 

These conclusions are supported by a similar study of 

the series' Ma3X and NH2X255  (in which N = C,Si, Ge and 

X = F, Cl, Br, I) in which strong evidence was presented for 

(p --, d)TT bonding in the silyl and germyl species. 

The first ionisation potential observed for the trimethyl 

silyl pseudohalides is lower than that observed in thp methyl com-

pounds (see tables 3.1 and 3.6)1 This does not rule out mixing 

between the `rj7 levels and the empty d. orbitals of silicon 

since this region of the spectra of the triraethyl silyl deriva-

tives is complicated by the trimethyl silyl bands at around 

11eV. It is not possible, therefore, to draw any conclusions 

on the existence of such bonding in these molecules. 

3.7 Discussion 

The photoelectron spectra of the pseudohalide molecules 

studied give clear evidence for the existence of "fl" bonding 

between the pseudohalide group and the group 4 atom when this 

is silicon or germanium. 

The spectra do not, however, give any information on the 
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effect of this inteaction on molecular geometry. The absence 

of splitting between the 2 TT (at) and 2 1T (a") bands merely 

indicates, if Kooprnan's theorem is aceeptedj that the ion formed 

by this excitation is linear, or nearly linear. 
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SPECTROSCOPIC STUDIES OF THE PSEUDOHALIDES 
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4.1 Proton magnetic resonance slectra 

Previous studies of the proton spectra of silyl and germyl 

pseudohalides have been mentioned, in Chapter 1. In these, 

the chemical shift of the observed resonance was used to decide 

which isomer (normal or iso) is present. The observed peaks 

could, however, represent equilibrium mixtures in which fast 

exchange was taking place between the two isomers • In order 

to investigate the existence of these exchange systems 15N 

and 13C substituted pseudohalides were prepared. Their spectra 

are reported in the following sections. 

(al Iotopically-substitutedspecies 

The proton spectra of allyl and gerniyl isocyanates and 

isothiocyanates containing 90% of 15N were recorded in solution 

in cyclopentane. Also the proton spectra were recorded of 

silyl and germyl cyamides containing 60% of 13C again in 

solution in cyclopentane. The form and assignment of these 

spectra are shown in figures 4.1 to 4.4, and tables 4.1 and 4.2 

give the parameters obtained. 

The spectra of ally1 isocyanate and iso-thiocyanate 

obtained both show a small peak at 5.39'i' which had satellites 

with a coupling of 'J( 29siH) = 220.8 Hz. The amount of this 

species could be reduced to ca. 3 to 4% by distillation and the 

peaks were assigned to disilozane which would be formed by 

hydrolysis of the ally]. species. Since the peak occurs at an 

identical chemical shift in both species and with the same 



J(NH) 

i (Si H) 

Figure 4.1 - 1H-Spectrum of SiR 315NCX where X = OS. 

J(NH) 

-> 

Figure 4.2 - 1I-Spectrum of CeH 315NCX where X = OS. 

n.b. In all figures of n.m.r. spectra in this work (unless 
otherwise stated) frequency increases from right to left. 



J (Si H) 

J(CH) 

Figure 4.3 - 'H-Spectrum of SiH 3CN containing 60% of 13C. 

J(cH) 

Figure 4.4 - 1H-Spectrum of GeH 3CN containing 60% of C. 



Proton mapetio resonance parameters for the scies' 

Compound 	Chemical shift 2J( 15NH) 1J(29SiH) 13(29Si-15N) 

in p .p .m. 
( 't') in Hz in Hz in Hz 

SiH3NCS 	 5.53 	 -4.37 	-234.6 	+19.9 

SiH3NCO 	 5.55 	 -5.0 	-230.6 	+19.6 

GeH3NCS 	 4.82 	 ±4,9 	- 	 - 

GeH3NCO 	 4.96 	 ±5,4 	- 	 - 

TABLE 4.1. 

Proton mapetio resonance  parameters forthe species j 

Compound 	Chemical shifts 	2J(13CH) 	1J(29siH) 	'J(29Si-'3c) 
in p.p.m.( 't) 	in Hz 	in Hz 	in Hz 

SIH3CN 	 6.17 	 +4.5 	-232.5 	-67 

GeH3CN 	 5.83 	 ±6,4 	- 	 - 

TABLE 4.2. 
Chemical shifts are quoted relative to T.M.S. (io.o') 

as internal standard. The signs of coupling constants 

assume that J( 29Si-H) is negative. All spectra were 

recorded in cyclopentane. 
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J(29siH) it is most unlikely to be due to a small amount of 

the normal cyanate or thiocyanate as the chemical shifts of 

silyl protons are sensitive to the 	-atom. No other peaks 

were observed in the spectra of the silyl species' with an 

estimated level of detection of —'1% of the main resonance. 

The spectra of germyl isocyanate and isothiocyanate 

obtained both show an impurity peak at 5.50 	which was 3 to 

4% of the main resonance in all samples • Its chemical shift 

agreed with published, values for géniyl bromide and this halide 

was used to prepare both of these speciest. Again the fact 

that the peak appears at an identical chemical shift in both 

spectra is good evidence that it is not due to a small amount 

of the normal cyanate or thiocyanatei Both of these species' 

were also prepared from germy3 iodide and no peak was observed 

at 5.50 -. in these spectra (isotopically labelled isocyzinates 

and isothiocyanates were not used in this experiment). No 

other peaks were observed in the spectra of the gerinyl species' 

and 'again the estimated level of detection was -'-' 1% of the main 

resonance. 

15 The observation of coupling to 13C and. N in all these 

spectra rules out the possibility of fast exchange between normal 

and iso-forms of the species'. The magnitudes of the coupling 

constants J( 29Si-13c) and J( 29Si-15N) found by spin tickling 

(see Part b) are consistent with the existence of the cyanates and 

thiocyanates in their iso-forms (N-bonded), and with the cyanides 

as normal-cyanides (C-bonded). 
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The 11 chemical shift of germyl isocyanate 57  is further 

evidence for an N-banded structure, The resonance lies 64p4.. 

to high field of the free isocyanate ion, whereas all tiormal-

cyanates resonate to low-field of this standard. 

The existence of very small amounts of the other forms 

of these species (-.-i%) which are not involved in fast exchange 

cannot, however, be ruled out by these experiments. 

The assumption that the splittings observed in the spectra 

of the isotopically substituted species were due to coupling 

to 15N and 13C was tested by spin-tickling experiments which 

are described in the following section. 

The proton magnetic resonance spectrum of an impure sample 

of trixaethyl siiy1 cyanide containing 90% 13C has recently been 

recorded. 58  This showed two peaks which were assigned to the 

130-cyamido (giving 3J( 13CH).'3 Hz). These peaks are affected 

by irradiation in the region normal for the resonance of 

and thus fast exchange between normal and iso-forms is not 

possible. 

) pin-tickling exeiments 

SiH NCO 

The 15N and 29 Si spectra for siiyi isocyanate 

are shown diagrammatically in figures 4.5 and 4.6 respectively. 

They assume that J( 29SiH) ) J( 29Si-15N). 

The spectra were not observed but the second radio-frequency 



J(SIN) 

,J(NH) 

F 

Figure 4.5 - 29Si.satellites in 15N-spectrum of 

SIH315NCX where X = 0 S. 

J(Si H) 

J(SiN) 

a b C d e I g I; 

Figure 4.6 - 29 Si Spectrum of SIH3 15NCX where X = 0,S. 
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source was used to scan these spectra while the proton spectrum 

was observed.. Complete spin-decoupling could only be observed 

in the proton spectrum when a large amplitude radio-frequency 

was used. This did not allow precise measurement of the 

coupling constants, as decoupling was observed over a range of 

magnitudes for the radio-frequency. Thus the r.f. was normally 

of small amplitude and distortion of the proton-spectrum in 

the regions in which transitions were fromin-states which 

were being excited by the r.f. was observed. 

In the simplest cases, in which a very small amplitude 

r.f. was used, the exciting frequency merely altered the 

populations of spin states without altering their energies. 

This effect was observed in the proton-spectrum as a change in 

the intensities of transitions to or from these spin states. 

This method was used in the double resonance spectra of Bilyl 

isocyanate with excitation at the frequencies of the 29Si 

resonance. 

Figure 4.7 shows the high-frequency 
29  Sisatellite in the 

proton-spectrum (see figure 411)0 At exciting frequencies of 

19,865,589. 2  Hz and 19,865,608.8 Hz the proton spectrum was 

perturbed as shown. The difference between these frequencies 

(19.6 Hz) must represent the sacing between 2 lines in the 29Si 

spectrum (figure 4.6). Since J( 29siH) is known from the proton 

spectrum to be 230.6  Hz the splitting of 19.6 Hz must represent 

The relative signs of the coupling constants 

1J(29Sj) 5N) and. 2J( 151'H) are also given. Since the lower 



Figure 4.7 - 1H( 29Si) in siiyi isocyar 

589.2 	 0 	 608.8 

882  

Figure 4.8 - 1H( 15N) in silyl isocyanate 
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frequency line in the 29S1 spectrum represents a transition 

involving the same spin state as the lower frequency line in 

2Q 	 reduqeci 
the 'Si satellite in the proton spectrum the two/coupling 

constants must be of the same sign (see section (c)). 

In order to relate these coupling constants to 

which has been found to be in the range -200 to 

-400 Hz in all species studied, irradiation at frequencies in 

the 15N resonance were carried out. Figure48 shows the results 

of these experiments at the optimum frequencies, found. Again 

two frequencies were fouxid, about 20 Hz apart, which affected 

the proton spectrum'. These, however, did not merely alter the 

intensities of the lines in the proton spectrum. The amplitude 

of the second r.fi was larger than that used to irradiate in 

the 29j  region so that the signal was broad enough to excite 

all the lines in region E or region P (figure 4.5). Its 

amplitude was sufficient in this experiment to alter the energies 

of the spin-states involved and thus the effect observed on the 

proton-spectrum was complex. However, at the frequencies 10, 

132, 862 and 10, 132, 882 perturbation of the 29S1 satellites 

in the proton spectrum was as shown in figure 4.6. The differ-

ence between these frequencies (20 Hz) again represents 

J( 
 29 15 Si- N) and, since the lower irradiating frequency perturbs 

29 	 reduced 
the lower frequency Si satellite in the proton spectrum, the/ 

coupling constants ( 29Si-15N) and (29SiH) must be of the 

same sign. 

It seems likely that two of the  three coupling 
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constants are negative, as listed in table 4.1. 

S1H3lies 

The 15N and 	spectra for silyl isothiocyanate are 

of the same form as those of the lsooyanate and are represented 

in figures 4.5 and 4.6. Again the perturbation of the proton-

spectrum by irradiation at frequencies in the regions of the 

resonance of 15N and 29Si nuclei were observed. 

Figure 4.9 shows the effect on the high and low frequency 
29 Si satellites in the proton spectrum (see figure 1) of 

irradiating frequencies in the 15N region. Since the lower  

irradiating frequency affects the lower frequency 29  Si 
reduced 

satellite in the proton spectrum again the/coupling constants 

( 29S'-H3 ) and 31(29si.?5N) must be of the same sign. 

Since complete decoupling was not observed the best 

tickling frequencies had to be judged from the symmetry of the 

pattern of distortions found over the range of frequencies. 

Observing the low frequency 29  Si satellites a symmetrical 

series of distortions is found around the tickling frequency 

10,133,643 Hz - the corresponding pairs being 654 and  652, 655 

and 651 etc. Similarly, observing the high frequency 
29  Si 

satellite the pattern is symmetrical about the tickling frequency 

10, 133, 672 Hz (which is very similar in its distortion to 653.) 

In order to measure the difference between these two 

frequencies more accurately-the amplitude of the second r.f. was 

CHEMIST IL' BIIMIY 



4 672 

Low 

AA 
1 	 652 

High 

669 	 0 	 671 

Figure 499 - 1ii ( 15N) in shy1 isothiocyanate. 
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reduced and the distortions of both satellites recorded over a 

smaller range of tickling frequencies around the two found. The 

optimum frequencies found were 10, 133,  671.8 and 10, 133, 652. 6  Hz. 

This difference must represent a splitting in the 15N spectrum 

(figure 4.5) which must be 1J(29si-15N) since 2J( 151j-H3) is 

known from the proton spectrum. 

In order to relate the sign of 2J( 15N-U3 ) to the other 

two coupling constants spin-tickling of the 
29  Si nucleus was 

also carried out. Only the higher frequency 
29  Si satellite 

(shown in figure 4.10) was observed and the irradiating frequencies 

were assigned to lines in the 
29  Si spectrum shown in figure 4.6. 

The effect on the spectrum is tabulated below: 

Irradiating 	Assignment 	Collapse in 
frequency in 	(figure 4.6) 	H-spectrum 
Hz 	 (figure 4.10) 

19,866,045 	 a 	 B 

19 9 866,020 b A 

19,865,810 o B 

199865,790 d A 

19,865,590 e B 

19,865,560 f A 

19,865,340 g B 

19,865,320 h A 



B 

Figure 4.10 - High frequency 29  Si satellite in 

'H-Spectrum of S1H 315NCS or S1H 313CN. 

J(Sii-i) 

J(CH) 

D 	 •c 

Figure 4.11 - 'H-Spectrum of S1H313CN. 
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A fairly large amplitude irradiating frequency was used 

and, therefore, coupling constants could not be measured 

accurately but the amplitude was kept constant throughout the 

series. 

Again the lower irradiating frequency in each pair (b, d, 

f, h) collapsed the lower frequency line in the proton spectrum 
reduced 	 15 (A). Thusthe/coupling constants ( 29Si- 15N) and2K(N-H3 ) 

must be of the same sign and 'the coupling constanta are 

given in table 4.1. 

SiH3CN 

The 1H and 29Si spectra of the molecules 

containing 13  C and the 13C-spectrum of silyl cyanide are shown 

in figures 4.11 to 4.13 respectively. 

A anall amplitude r,'ti was used for spin-tickling in the 

region of the 29  Si resonance (figure 4.12), and two frequencies - 

19, 864, 958 and 19, 865,  025 Hz, were found which perturbed 

the lines A and B in the proton spectrum respectively (figure 4.10). 

reduced 	 1_ 29 13 	. 13 
Therefore, the/ coupling constants ( Si- c) and ( CR3 ) 

must be of the same sign and the splitting of 67 Hz must 

represent 1 j(  29 Si-13C). 

Similarly, irradiation at two frequencies in the region 

of the 13C resonance - 25, 1479 535 and  25, 147, 601.5 Hz (E 

and F in figure 4.13),  was found to perturb the proton spectrum 
reduped 

in the region C and D respectively (figure 4.11). The/coupling 



J(Su-i) 

i(s 
) 

a 	b 	 c.d 	 e 	I 	 g 	h 

Figure 4.12 - 29 Si-Spectrumof SiH 313CN. 

J(CH) 

J(SiC) 

F 
	

E 

Figure 4.13 - 13C-Spectrum of 29SiH3CN. 
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constants 1g(29$j_1)  and (29si-H) must therefore be the 

same sign, aM the magnitude of 1J(29si-13C) found by tickling 

the 29  Si resonance is confirmed. 

Two of the coupling constants were again taken to be 

negative as listed in table 4.1. 

(o) Reduced coupling constants 

In order to compare the coupling constants between 

different pairs of directly-bonded nuclei it is normal to use 

reduced coupling constants defined by the equation:- 

= JAB.X 	
2

4 7T 1 x 

for nuclei A and B, where J = coupling constant,AB  

and X and X are magnetogyric ratios. 

With the effects of magaetogyrio ratios removed it is 

possible to observe trends in the (reduced) coupling constants 

which can be related to the bonding between the atoms. 

Normally, the reduced coupling constants increase with the 

atomic numbers of the atoms 	and substitution of increasingly 

electronegative atoms usually decreases the reduced coupling 

constants. 60 
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Table 4.3 shows the reduced coupling constants for the 

coupling constants given in tables 4.1 and 4.2. The relative 

iagnitudes for 1K(29Si-15N) and 31c(29Si-13c) are in agreement 

with the electronegativities of nitrogen and carbon given by 

the Allred-Roohow forraula61 (3.07 and 2.50 respectively). The 

magnitude of 1K(29Si-H) found is not in agreement with the 

electronegativity of hydrogen (2,30),  however. This is 

probably due to the difference in atomic number between carbon 

and hydrogen - this effect being less important when comparing 

carbon with nitrogen. 

(a) Chemical shifts of 15  Nnueleus 

It is possible in double resonance experiments to deter-

mine the chemical shifts of the nuclei being irradiated from 

measurement of the tickling frequencies used to perturb the 

proton spectrum. The exact operating conditions of the 

instrument must, however, be recorded in order to make the 

necessary corrections to the observed frequency. (The routine 

alterations of the machine settings used change the magnitude 

of the irradiating frequency required.) If the conditions used 

are known, the irradiating frequency can be corrected to allow 

comparison with the locking frequency, and the chemical shift 

found from that of the lock sample used (usually tetramethyl 

silane). Many calibrations of tetramethyl silane are now 

available using the accepted standards for each magnetic nucleus. 

The normal standard for 15N is tetramethyl ammonium iodide. 62 



Compound. 	1K( 29siH) 	1K(29si13c) 	1K( 29Si15N) 	2K( 15 ) 	2x(13 ) 

SiH3NCO 	+96.58 - 	 +81.10 	+4.11 	- 

SIH3NCS 	+98.38 - 	 +82.34 	+3.62 	- 

SiH3CN 	+97.50 +111.75 	 - 	 - 	 +1.49 

GeH3NCO 	- - 	 - 	 ±444 	- 

GeH3NCS 	- - 	 - 	 ±4.03 	- 

GeH3CN 	- - 	 - 	 - 	 ±2.12 

All values of K are in the units 10 19  N. 23  

TABLE 4.3 - Reduced coupling constants for the species' IIH3CN and 

NHNCX. 
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The 15N chemical shift of only one of the paeidobalides 

studied (ailyl isocyanate) was calculated and related to this 

standard. Several other 'species have recently been studied, 63 

however, and are given in table 4.4. 

Prom table 4.4 it is clear that the 15N nucleus is very 

sensitive to its environment, and that the eleotronegativity 

of the groups attached to nitrogen have a very great effect 

on its chemical shift. 

4.2 Infrared §t2ctrd 

The spectra of all the pseudohalides in this work have 

been recorded previously and are discussed in Chapter 1. The 

spectra described in this section are of isotopically substituted 

silyl isocyanate and isothiocyanate, and gertiyi isocyanate. 

They were recorded to determine the magnitudes of the fundamental 

frequencies not observed directly,(.in particular the low-

frequency skeletal bend), by a study of some of the combination 

bands. Most of the vibrational modes involving ( siH) and 

(Gell) have s  therefore, been omitted. 

The si].yl compounds belong to the point group C, and 

gernyl isocyanate, since it is not linear (see discussion in 

Chapter 5), belongs to the point group C 9 . 

The silyl compounds have ten normal modes of vibration - 

five of symmetry class a, and five degenerate modes of class e. 

Gerxirl isocyanate, however, has 15 normal modes of vibration - 



Compound 
	

15N chemical shift 

PF2NH2  

S1H3 PP2  

SIH NCO 

(sm3 ) 211H 

(siH3 ) 3w 

-21.4 

-14.1 

+33.7 

+69.0 

+79.9 

TABLE 
4L4• 	

,E3)4 

* 
A positive chemical shift represents a shift 

to high field. 
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five of symmetry class all and ten of symmetry class a'. The 

in-plane modes (aö)  correspond to the five a1  modes of C 3  

and one component of each of the degenerate (e) modes. Thus 

the degenerate modes of C 3 , are split in Cs  into two components. 

Since this splitting was not observed in any of the bands in 

the spectrum of germyl isocyanate, the spectra of all three 

species will be discussed in terms of a C3.ç!  model. 

The observed spectra are presented in tables 4.5 to  4.7 

together with the numbering of the normal modes for each 

compound. For combination bands of fundamentals whose isotopic 

shifts with 15N substitution are measured, calculated and 

experimental shifts are tabulated. 

Table 4.8 aunmsrises the combination bands observed in 

the region 2300 to 4000 om. for the three compounds. 

The assignments are now discussed: 

(a),silyl.isothio2Xanate 

The previous assignment of the very strong band at 2039 cm. 

as 2 ,l 	was supported by its isotopic shift compared with 

that of the fundamental } 3 . The absence of bands in the 

region 230 to 400 cm--1  showed., however, that the assignment 18 

of 2 	to the band at 567 cme was not possible. It seems 

likely that this band should be assigned to 	+ V 10  and 

that 	f 9  is masked by the band at 505 cm. ( 'h/ 5 ). It is 

quite possible for the combination V 9 + )1 10  to be of greater 



Observed frequencies Isotopic shift Assignment Calculated shift 

15 	 ('N-15N) 

3119 	 'v2+ )Ø/3 

2920 

2840 

2649/I 2615/i 34 ' 2 F V9+ 'LO 	29 

26001/ 2569/! 31 \15 	24 

2540/1 2520/! 20 2\'+; V 	 22 

2106 2081 

2095 2071 24 V2  
2083 2059 

2039/! 2018/! 21 2 V3 	 22 

1888// 1890// 0 2 V 
7 
	 - 

1415/i 

1090 

1034// 1023// 11 V 3 	 - 

567 562 5 V9+ V10 	 - 

505 505 0 95 	 - 

The fundamental frequencies of the molecule are:- 

\)(SIH) 

V 2  "(cN) •v7 S(sm)a  

V3 \' (Cs) V8 ' (Sm) 

V4  S (sm) 8  

V (siN) 

•) 9  

10  ( 	

Skeletal bending 

The symbol 1/ denotes a bsnd with parallel contour. 

TABLE 4.5 - Infrared frequencies for silyl iso±hiooyanate. 



Observed, frequencies Isotopic shift Assignment 	Calculated shift 

1L½ 15N 2. ( 14N 	15N) 

3846 - 3840 - 

+ V+ 2"'10 - 

3747 3699 3749 49 ''+`V 	 28 

3688// 3659 3034 29 - 

3540 - 3537 - 2 '/ 	 - 

3149 3150 - -1 - 

2986 2965 2978 21 V1 	" '5"10 	- 
2927/! 2914 2916 13 -Y 1+ V5 2  

2424 2407 2415 17 V1+2 ''io 	 - 

2300 2297 3 V- 

14481/ 1423/! 25 ') 	 - 

1239 1260 -21 2 V 	 -2 

- 1070 - - 

619 620 -1 - 

582 579 3 •') 9 	 - 

The fundamental frequencies of the molecule are: 

'i (NCO "6 •-,J (S m) 

v (siH) 5  g' (siu)a  

V(Nco) 5  'V8 p (Sm) 

(sin) 

'% (SiN) -  skeletal deformations 

TABLE 4.6 - Infrared frequencies for silyl isocyanate. 



Observed frequencies Isotopic shift Assignment Calculated shift 

3742 - - v,J + )-i-2 - 

3663 3632 31 '+ V 27 

3628 3598 30 2+ 3+2\j0  - 

3530/! 3520/I 10 19 

2974 2965 9 IV2 	4 
2927 2918 9 2 V 32 

2849 2842  7 "J+ V+2 V10 - 

2758 2740 18 + 17 

2372 2344 28 V1+2 'o - 

2270 2259 11 - 

2124// 2121// 3 - 

1406 1390 16 - 

861// 861// 0 \/ 4  - 

6561 645]. 11 

495 489 6 V - 

1 denotes a band of perpendicular contour. 

The fundamental frequencies of the molecule are:- 

'V6 'y(GeH) 

(GeH) ,  

'31 3  )(NCO)5 '8 f (GeR) 

, (GeH)5 
skeletal deformations  

V(GeN) - 

TABLE 4.7 - Infrared frequencies for germyl isocyanate. 



Assignment Sii5NCO SiD3NGO SiH315NCO 	GOH3NCO GeH315NCO 	SIH3NCS SiD3NCS SiH315NC 

3846 3840 	- 3742 - 	 - 	 - 

v l+  V3 3747 3749 	3699 3663 3632 	3119 	 - 

23+2 \0 - 
- 3628 3598 	- 

3688// 3034 	3659 35307/ 3520// 	- 	 - 

354.() 3537 	- - 	 - 

3149 - 	 3150 2974 2965 	- 	 - 

2 - - 	 - 2927 2918 	2039 	2025 	2018 

284.9 2842 	- 	 - 

qO 	2986 	2978 	2965 

2927/! 	2916 	2914 	2758 	274.0 	2600// 	2581 	25691/ 

	

- 	- 	- 	- 	- 	26z.9// 	2623 	2615// 

2"3 +-) 	 - 	- 	- 	- 	- 	2540// 	2534. 	2520/i 

1+2 0 	2424. 	24.15 	2407 	2372 	2,344 

The numbering of the assignments relate to those of silyl and germyl isocyanates 
(silyl isothiocyanate numberings have been altered to correspond) 

TABLE 4.98 Combination bands for silyl isocyanate and isothiooyanate and gerniyl isocyanate in the 

range 2300 to 4000 cm. -1 



58. 

intensity than the fundamental 	since this combination (but 

not V9 ) has a component of the same symmetry class as the 

band ) • Fermi resonance may then aocount for the intensity 

of the combination. Since the band. at 567 cm. is much weaker 

than \) it seems likely that the interaction between the two 

is not strong and thus V 10 may be about 60 cm.. 

Further evidence comes from the band. at 1090  om. which 

could be assigned as V 3  + V 10 leading again to a 
magnitude of about 70 cui. for V .o• The infrared spectrum 

of ailyl isothiocyanate has recently been recorded in solution 

i 64 	 -1 	 -1 
in hexane 	n the region 25 to 250  cm. • A band at 93 cme 

was observed and this must be assigned to V. 

It is strange that 15N substitution produces no shift of 

\
04

P 5  (the (SiN) stretching mode). 	It is possible that the 

presence of 	under this band hides the shift expected. 

Recent calculations based on an electron diffraction and 

infrared study of difluoro(isocyanato)phosphine and difluoro 

(isothiocyanato)phosphine 6  have shown, however, that the band 

assigned to the (PN) stretch in these molecules has contributions 

from several other modes. In fact, in both oases the contri-

bution of (PN) stretching in this vibrational mode of the 

molecules is quite small. 

(b) Silyl isocyanate 

The bands observed in the spectrum of the deuterated. species 



59. 

from 2400  to 4000 cm. are included in table 4.6 to show which 

bands involve the (siH) modes, Assignment of the other 

combination bands is, therefore, easier. 

From the intensity of the band at 2424 cm. in the 

compound it seems likely that it is involved in fermi resonance 

with the fundamental V 1 . The combination was previously 

assigned 66 V + \,) 10 but this does not have a component 

of a1  symmetry and could not, therefore, interact with \1 • 
It seems more likely that the combination is Ni + 2%,) 10 

which gives a magnitude of 62 cm." for10.  Two other 

bands were observed which may involve ' 10 (3846 cm. and 

2986 om.) and lend some support to the assignment. Further 

support is derived from the assignment of these combinations in 

other isocyanates •6769, 

(p) iGerOyl isocyandte  

Assignments could not be made to all the combination bands 

observed without involving the low-frequency skeletal bend 

As in silyl isocyanate a band is observed above the (Iwo) 

asymmetric stretch whose intensity may be explained by fermi 

resonance with V 1 , Again the assignment V, + JLV10 is 

made on symmetry grounds and this gives a magnitude of 5]. cm. -1 

for the fundamental ) • A band was observed, at 115 cm.'  in 

a spectrum of liquid germyl isocyanatel6 and this may also be 

assigned '• The assignment of the band at 2372vom. as a 

combination involving V 10 was discounted 16  in the absence of 
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a corresponding difference band (ca. 2168 om. 1). In view of 

the two (GeR) bands in this region it is not surprising that 

a weak difference band is not observed. No difference band was 

observed in silyl isocyanate, but in djf1uoro(isocyanato)ph0Sphifle 6  

a series of bands is reported: 

V + 2  1 	8 	 where '8  is the skeletal  

1 + 	8 	 bending frequency in this 

1 	 molecule. 

,J 1 - 

In difluoro(isothiocyanato)phosphifle 6  even 	+ 3 Y 8  

is observed. A similar series is found around the (NCN) 

asymmetric stretch in digermyl carbodimide 26 

In germyl isocyanate several other combinations were 

observed involving \/
io (table 4.7). The spectrum has been 

discussed in terms of a 03v model in order to make comparison 

easier with the sily]. species. The complexity of the band 

contour of '! was previously taken71  to indicate the non-linear 

structure. However, the band contour of V 3  in silyl isocyanate 

is also complex, although it may be in this case due to an 

interaction with the overtone 2 	8 

- Mass  sgect 

The spectra were recorded of oilyl isothiocyanate and germyl 
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cyanide to demonstrate the incorporation of 15N and 13C. The 

cracking patterns of silyl isocyanate and silyl isothiocyanate 

are also reported, however. 

Germyl oanide 

The mass spectrum was recorded at 70 eV of the sample of 

13C-substituted germyl cyanide used in the proton magnetic 

resonance studies described in Section 4.1. The sample was 

estimated to contain 60% C from its proton spectrum. 

Peaks were observed in the elm regions 104 to 96 and 78 

to 70 and their approximate relative intensities are given in 

table 4.9. The presence of both 13C C and C can be seen from 

the range of peaks - 96 to 104. These can only be explained by 

a series of species from 7012  to 74GeH313CN. The peak 

at 78 is probably due to 74GeH40 

Si].  yl jsothiocyanate 

Exact mass measurement was carried out on the parent ions 

for both 14  and 15N samples. The magnitudes found were: 

SH4NCS 	88.9753 (calculated 88.9755) 

SiH315NCS 	89.9720 (calculated 89.9726 ) 

The cracking pattern found at 70eV is shown in figure 4.14, 

the fragments being identified by comparison of the 14N and 

15N compounds. Weak metastable ions at 41.8 and 42.8 in the 

15N spectrum showed the origins of the unexpected peak at 61. 

The exact mass of the 61 peak was measured to check its assignment 



Approx. relative 
intensity 

104 10 

103 10 

102 60 

101 60 

100 100 

99 30 

98 50 

9? 25 

96 15 

78 10 

77 10 

76 85 

75 50 

74 150 

73 50 

72 110 

71 20 

70 55 

TABLE 4.9 - Nass spectrum of germyl cyanide. 



62. 

- 60.63 (calculated 6Q.9568). 

At 70ev the peaks at 54 and 61 in the 14N spectrum were 

of about equal intensity. At lower èV, however, the 54 peak 

was much more intense than the 61 peak. 

(c) Sily1 isocyanate. 

The exact mass of the parent Ion was measured and was 

found to comprise: 

72.9982 28S1H3NCO 
	

(calculated 72.9984) 

72.9899 29SS.H2NCO 
	

(calculated 72.9901) 

72.9787 30simcrco 	(calculated. 72.9796) 

The cracking pattern found at 70eV is shown in figure 4.15. 

No metastable ions were observed and thus only the likely origins 

of the ions observed are given. At 70eV the intensities of 

the peaks were approximately: 

= (44) = (43) •> (45) 1=  (54) 

At low .eV this pattern was altered: 

= () > (42) = (45) = (54) 

The fragmentation of the peaks (70)  and  (71)  seems to be 

less at the lower ionising voltage. 



SiR3NCS 	SiH2NCS 	SiHNCS 	SiNCS 

\\ (6i) 

SINC 

15N 

999 

(90) --.) (89) ---) (88) ---- (87) 

SIRNCS 	SiR NCS 	SiHNCS 	SiNCS 
3 	 2 	 / 

(61) 

SIRS 

, (55) 

SINC 

FIGURE 4.14 - Cracking pattern for silyl isothiocyanate. 

	

(43) - 	 (42) 

HSiN 	 SIN 

(73) -----)(72) ----- .(71) -(70) ->(54) 

SiH3NCO 	SIH2NCO 	SIHNCO 	SiNCO 	SINC 

(45) - >(44) 

	

HSI0 	SiO 

FIGURE 4.15 Cracking pattern for silyl isocyanate. 
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MOLECULAR STRUCTURES AND BONDING 
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It was evident in Chapter 1 that definitive structural 

information is rarely obtained from the application of one 

teolmique. A combination of the results of several investigations, 

together with a comparison with those obtained for very similar 

molecules, is required. 

As in Chapter 1 the structural information obtained is 

discussed with reference to the two main features of the structures 

of these molecules - the donor site, the angle at the donor atom. 

From these some idea of bonding differences may be deduced. 

5.1 Donor site. 

The proton magnetic resonance spectra (Chapter 4) show 

quite clearly that each pseudohalide studied exists almost 

completely in one form - as isocyanate, isothiocyanate, and 

n-cyanide. If the other isomer is present, it is present in 

concentrations of less' than 1% of the predominant isomer, and 

is not involved in fast exchange with it. 

It seems very likely, therefore that the bands in the 

infrared, in some cases assigned to the other isomer, are 

combination bands. Their intensity can be explained in all 

cases by fermi resonance and the magnitudes of skeletal bending 

frequencies obtained assuming this assignment are reasonable 

compared with estimates by other techniques (see Section 5.3). 

The electron diffraction structure determination of digermyl 

carbodilmide is definitive proof that the molecule does not 
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have a cyanamide structure • In view of the similarity of the 

24,25 	 25,26 infrared spectra of the silyl 	and germyl 	compounds 

and their dissimilarity with the spectrum of the methyl compound 3  

is seems likely that the assignment of a carbodiimide structure 

to the silyl species and a cyanamide structure to the methyl 

species were correct. 

5.2  Geometrical structure 

Before one can interpret differences in bonding between 

the silicon, germanium, and carbon compounds it is necessary to 

explain the differences in the bond angles found for the methyl 

pseudohalides. 

Despite the fact that the azide and isocyanate groups are 

isoelectronic very different bond angles are observed in the 

methyl compounds (117 0  and 1400  respectively). In resonance 

terms this may be explained by considering the possible canonical 

forms for the two species:- 

( + + 2- 
NNN 	M—N=N—N 

/ 

N 

(I) 	 (II) 

and 

+ 
NC0 	N—NC—O 

N  

- 
N - NET 

/ 
/ 

N 

(III) 

N 

 —co 

(I) 	 (II) 	 (III) 
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For the azide there will be very little contribution from 

structure (II) because of the unstable charge distribution. 

The main contribution will be from (I) because of the inductive 

effect of the methyl group. Thus one expects an angle at 

nitrogen of about 1200  and r(N2N3) < r(N1N2 ). 

In the isocyanate, (II) may now make a significant 

contribution and this would explain the wider angle of 140 0  

found. The inclusion of (II) also predicts that r(NC)<r(C 0). 

This is in agreement, with experimental measurements (table 5.1), 

as are the predicted relative magnitudes of r(i) in methyl 

azide. It should be noted, however, that the exact measurement 

of bond lengths within the pseudohalide group by electron 

diffraction is not simple because of the overlapping of peaks 

in the radial distribution curves. However, the differences 

discussed in the following section are regarded as large enough 

to be significant. The parameters obtained for several pseudo-

halides by electron diffraction are shown in table 5.1. 

The bond angles found in gerinyl isocyanate and azide are 

very similar to those found iri the methyl cOmpounds. In 

germyl isocyanate, however r(NY) > r(Y). This could only 

be explained by an increase in the contribution of (III) compared 

with the methyl compound. In view of the eleotronegativities 

of carbon and germanium this is unlikely, and a second consequence 

of inclusion of (iii) would be a narrower angle at nitrogen. 

Since this is not observed this explanation is unsatisfactory. 

This argument is reinforced by the parameters given in 



Y 	C 	C 	C 	C 	C 	C 	C 	N 	N 

Z 	0 	0 	0 	0 	0, 	0 	0 	N 	N 

I 	H 	H 	H 	Me 	F 	F 	Cl 	H 	H 

M 	C 	Si 	Ge 	Si 	C 	Si 	Si 	C 	Ge 

Species 	CH3NCO 	SIH3NCO 	GeH3NCO 	Me3SiNCOCF3NCO 	SiP3NCO 	SIC13NCO 	CH3N3 	GeJI3N3  

- 	 1.450 	1.703 	1.831 	1.76 	1.470 	1.648 	 1.468 	1.855 

1.168 	1.216 	1.190 	1.20 	1.210(mean) 	1.219 	1.216 	1.2Z.5 
( of  ) 

r(YZ) 10202 1.164. 	1.182 1.18 1 .170 (1018) 1.139 1.130 	1.1314. 

14.0 152 	141 150 126 161 138 117 	119 

Reference 11 ]J. 	- 35 70 73 75 II 	- 

TABLE 5.1 Bond lengths and angles in the pseudohalides 
(MX 3NYZ) from electron diffraction measurements 
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table 5.1 for CF3NC070  and SiHNCO. The paa'ameters of CP 3NCO 

can be explained by an increase in the contribution of (III) 

which would be stabilised by the electron-withdrawing CF  

group. The greater difference between r(NQ) and r(CO) in the 

silyl compound shove that the effect is probably connected with 

a widening of the angle at nitrogen. 

It is also difficult to explain the longer r(NY) in germyl 

azide than in methyl azide. This would also require a larger 

contribution from (III) which is not supported by the bond angle 

found. 

These effects can be satisfactorily explained by including 

two other canonical forms in which germanium is involved in 

multiple bonding:- 

+ + -\ 	 + 
Ge=N=NN ) 	 N—NN 

-F 
Ge 

(Iv) 	 (v) 

and 
- + 	 + 

GeN.CzO 
-1/ 

Ge 

(iv) 	 (v) 

Structure (Iv) will make little contribution to the azide 

but the inclusion of (v) can explain the long r(N1N2 ) without 

altering the angle at nitrogen substantially. 

In the isocyanate there may be substantial contribution 
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from (Iv) and (v). The magnitudes of r(NC) and r(CO) may be 

explained by approximately equal contributions from (II) and (v) 

and the narrowing of the angle at nitrogen caused by inclusion 

of () may be counteracted by the contribution from (IV). 

Thus the overall structure would be 

Be 	

N C = 0 

where the (CeN) bond corresponds to 1.4 bonds and S + and. &- 

 are ± 0.4. 

The predicted bond angle would then be 1440 . 

In silyl isocyanate the contributions from (IV) and (v) 

appear to be greater, producing a shorter r(C0), a longer r(NC) 

and a wider angle at nitrogen. Similarly, comparing sily1 14  

and methyl isothiocyanate11  r(NC) is longer, (Cs) is shorter, 

and the angle at nitrogen wider in the sily]. compound. The 

application of shrinkage corrections to the bond angles quoted 

above and in table 5.1 will be discussed in Section 5.3. These 

corrections reinforce the argument proposed. 

It seems, therefore, that (p_d)1Tbonding explains the 

bond lengths and angles found in the germyl pseudohalides. Its 

existence is confirmed by the photoelectron spectra reported in 

Chapter 3. The ionisation potentials and band shapes for the 

silyl compounds and the band shapes of the germyl compounds were 

explained by this interaction. No information was obtained, 

however, on the effect of the bonding on molecular geometry. The 
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presence or absence of splitting in the bands assigned to the 

pseudohalide 7'j  -levels merely gave information on the shapes 

of the ions formed on excitation. 

5.3 Shrinkage 

In order to assess the extent of the effect on molecular 

geometry of 1T -bonding, the parameters determined by electron 

diffraction are not sufficient • For example, the skeletons of 

allyl isocyanate and isothiocyanate are known from their micro-

wave spectra13 ' 2°  to be linear, but the angles found by electron 

diffraction are 1520  and 1640 . The discrepancy occurs because 

the angles given by electron diffraction are time-averages. They 

are deduced from the distances between non-bonded atoms. The 

skeletal bending vibration at nitrogen in these molecules causes 

the time-average for the (Si . 0) or (Si . s) distance to be 

shorter than when the molecule is in its equilibrium position 

and. thus the angle deduced is less than 1800.  The shrinkages 

in these molecules are severe for two reasons - the amplitude of 

the skeletal bending vibration is large, and the equilibrium 

angle in these molecules is 1800. 

The shrinkage caused by a bending vibration is zero for 

an equilibrium angle of 900,  and at a maximum for an angle of 

1800. Figure 44T shows the effect on the angle measured by 

electron diffraction of the same vibrational amplitude for 

equilibrium angles from 900  to 1800 . The amplitude was chosen 

so that an observed angle of 1600  ( silyl isothiocyanate) 



True Angle 

Observed Angle 

Figure 5.1 - Effect of shrinkage for equilibrium angles 
from 900  to 1800. 
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corresponds to a true angle of 180 0 . 

In order to determine the equilibrium angles for any 

molecule, therefore, all the vibrational amplitudes must be 

known. Calculations of the shrinkages expected from the 

vibrational frequencies of difluorophosphine isocyanate and 

isothiocyanate6  have been carried out. The shrinkages found 

were only 40  for observed angles in the region 1300  to 1400 , 

even although the skeletal bending frequencies are quite low. 

Direct measurement of the skeletal bending frequency is 

very rarely possible in pseudohalidea, and various methods have 

been used to estimate them. Microwave spectra may yield informa-

tion on these vibrations, as the spectra of molecules in excited 

states may be observed. Estimates of the frequency by this 

method, however, assume that the vibration is harmonic. 

For silyl isocyanate and isothiocyanate the electron 

diffraction data itself has been used to characterise the shape 

of the potential well for the skeletal bending vibration.71  

The asymmetry of the peaks due to r(Si.. 0) and r(Si.. s) 

suggest potential wells which differ for the two molecules - that 

of ailyl isothiocyanate is harmonic, while that of silyl isocyanate 

is anha.rmnonic and has two minima at angles of 1590,  but the 

barrier between these is lower than the first vibrational level 

( '20 cm.). The anharmonicity found for silyl isocyanate 

is in agreement with the microwave spectrum in which lines were 

observed which could not otherwise be assigned. The estimates 

of 	10 differ from those made from the microwave spectra, 
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however, by a factor of two • The magnitude for 
10  in both 

these molecules, however, seems to be in the range 40 - 100 cm. -1 

The infrared spectra described in Chapter 4 suggest that 

has the magnitudes:- 

SiH3NCS 	 60 to 90 Mi 

SIH3NCO 	 60 to 70 

GeH3NCO 	 50 to 60 cm. 

Thus despite the discrepancies found between the estimates 

of V 10  for siiyi isooyanate and isothiocyanate, it seems that 

the magnitude of 	in germyl isocyanate is fairly similar 

to that in the siiyl compounds. 

Geruiyl isocyanate, therefore, appears to be non-linear, with 

an equilibrium angle of about 1450.  This was estimated from 

the graph in figure 5.1, which assumes a harmonic vibration of 

about the same amplitude as that found in silyl isothiocyanate 

(calculated on the basis of the required shrinkage). It is 

interesting to note that this graph predicts that if silyl 

isocyariate had a harmonic potential well with the same vibrational 

amplitude as siiyi isothiocyanate, the shrinkage would predict an 

equilibrium angle of 1590 . 

This estimate of the equilibrium angle in gerniyl isocyanate 

requires a very similar shrinkage to that found in the 

difluorophosphine pseudohalid.es. Also if the bond lengths found 

by the electron diffraction study (reported in Chapter 2) are 

combined, with the results of the preliminary microwave study of 
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gerriyl isocyanate33  an equilibrium bond angle of about 1440  is 

predicted.. 

No microwave study or estimate of V is available for10 

silyl isoselenocyanate, but from the observed electron diffrac-

tion angle, and by comparison with the isocyanate and isothio-

cyanate, it seems likely that this molecule is also linear in 

its ground state. 

The angle at nitrogen found for digermyl carbodiimide is 

very similar to that in germyl isocyanate, and combination bands 

involving 	suggest a value of about 50 to 60 cm.. The10 

shrinkage which must be applied in this case would thus be 

very similar to that for gemyl isocyanate. Application of 

shrinkage corrections to the dihedral angle of 750  suggests that 

the molecule has an allene conformation, like the difluoro-

phoaphine compound. 

Gerinyl azide is known to be non-linear30 , and since the 

angle measured by electron diffraction is 123 ° , shrinkage 

corrections are likely to be small. 

5,4 IT-bondirig in the pseudohalidese 

A possible explanation of the geometric differences found 

between methylad siiyi compounds has recently been proposed. 72  

It suggests that the difference in molecular shape between 

trisilylmine and trimethylamine can be explained by the greater 

mixing of the non-bonding (TT)  and lowest antibonding level in 

the silicon species. The energy of the antibonding level in the 
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two compounds depends on the electron releasing properties of 

the methyl and silyl groups. The greater electron releasing 

ability of the si].yl group lowers the energy of the antibond.ing 

level, and increases mixing. 

This planation is contrary to recent structural informa-

tion on perfluoro-silyl isocyanate 73  and perfluorodisiloxane. 74  

The bond angle widening of the silyl compounds compared with the 

methyl compounds is increased in the perfluoro compounds. 

It seems therefore that the bond lengths and angles found 

for the methyl, silyl and germyl pseudohalides can only be 

explained by the existence of iT -bonding between the silicon 

and germanium atoms and the pseudohalido groups. Cha.racterisa- 

tion of the potential wells for silyl isocyanate and isothiocyanate 

has suggested, however, that the energy differences required 

to produce the observed angles in these molecules and their 

methyl analogues are small. 
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SECTION II 

SILYL AND GEENYL PHOSPHINE COMPLEXES 



6.1 Stim 

The second section of this thesis describes the prepara-

tion, spectroscopic properties, and some reactions of silyl and 

germyl phosphine complexes. All the complexes studied were 

derivatives of molybdenum hexacarbonyl in which one or more 

carbonyl groups have been replaced by the phosphine. The 

phosphines used were all derived from phosphine by substitution 

of one, two, or three hydrogen atoms by silyl or germyl groups. 

5r 1i 

Phosphine has long been known to react with diborane 1  but 

it was only recently that a correct description of the product 

of this reaction was made. The product was originally thought 

to be ionic and the structure proposed for it was 

(PH 
4 
 ) + (H2BPH2BH3). The application of several spectro-

scopic techniques has now shown  that the compound is a simple 

molecular adduct - PH3BH3 . Phosphine forms similar adducts 

with boron trifluoride 3  and the aluminium halides,4  

Many transition metal complexes of phosphine are also now 

known but most of these have only been prepared in the last 

few years. Phosphine was known to form 1:1 adducts with 

titanium tetrahalides 5  and copper (II) halides  at low tempera-

tures. These, however, are unstable even at low temperatures 

and it is thought that the bonding between the metal and 

phosphorus is merely based on o'-donation and involves very 
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little fl  -back donation. The first stable transition metal 

derivative of phosphine to be isolated was a bridged dimeric 

complex of vanadium 7  in which two 	groups were assumed to 

bridge between the vanadium atoms - (00) 411 	V(co)4  

The first monomeric phosphine complex  to be prepared was also 

a derivative of vanadium carbonyl - 	C 
5  H  5 

 v(co) 3  PH3  

Phosphine complexes have now been isolated for the metals: 

Mn, Cr, No, W, Fe, 11, Ni, Rh, Co. 

6.3 Preparation 

Normally two methods can be employed for preparing these 

complexes. Either a carbonyl group may be replaced directly 

by the phosphine ligand using ultra-violet irradiation or strong 

heating, or the complex can be prepared from a starting material 

which contains a labile ligand which can be replaced by the 

phosphine under mild conditions. In the second method the 

dent icity of the labile ligand in the starting compound usually 

determines the number of phosphine ligands in the product. 

In this work only the latter method was attempted since 

mild conditions were required by the nature of the phosphine 

ligands. The study was also restricted to molybdenum complexes 

as previous work had shown that these compounds react faster 

than those of the other group six metals. 

Suitable starting materials for preparing mono-, bis-, 

and tris-phosphine complexes were:- 

N-methyl pyridiniun molybdenum pentacarbonyl iodide, 

norbornad.iene molybdenum tetracorbonyl, and cyclohepta-1,3,5 - 

triene molybdenum tricarbonyl. 
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All three complexes axe octahedral and the stereochemistry 

of each is known. The structure of the second was deduced from 

13C-nuclear magnetic resonance spectroscopy '°, and that of the 

third was determined by X-ray crystallography. 11 The compounds 

react with phosphines to yield octahedral species in which the 

symmetry of the starting compound (c4 , C2 cis), or C3(cis))  is 

retained.. 

It appears that two mechanisms are possible in the 

formation of the mono-complex. 2 ' 13  One of these postulates a 

seven coordinate intermediate and leads to the mono-phosphine 

product. This is the mechanism involved when the concentration 

of the phosphine is high. When the phosphine concentration is 

low another mechanism is implied by the kinetic data and involves 

a five coordinate intermediate formed by loss of carbon monoxide. 

It leads, therefore, to an initial product in which the, halogen 

is retained and the phosphine has replaced one carbony]. group. 

This product may then react with further phosphine to produce 

a bis-substituted phosphine carbonyl. 

Only a seven coordinate intermediate has been proposed. 14  

in the formation of the tris complex which leads to the cis-

substituted product. 

No kinetic studies have been published on the tetracazrboriyl 

starting compound used in this work. Data on its cyclooctatetra-

ene analogu.e 15  has again suggested two mechanisms involving five 

and seven coordinate intermediates, respectively, but both of 

these lead to the cis product. 
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For all three starting compounds chosen, substituted 

carbonyls can be obtained of molybdenum with phosphine itself - 

MO(CO) 5  PH3 	169 17 9  20, 9 

No(C0)4 (PH3 )2 	18 19,  21, 22 9  9 

MO(CO) 3  (PH 3)3 
	20, 9 

Transition metal complexes of many substituted phosphines 

have also been prepared and are well characterised. For 

example, methyl phosphine forms a similar series of molybdenum 

carbonyl complexes to those ].i9ted. above. 9  

6,4Silyl and germy1 compounds 

Silyl and germyl compounds in which this group is directly 

bound to a group 6 atom have been found to exhibit properties 

which are not those that would be predicted from a knowledge 

of their corresponding methyl. compounds. The donor strength 

of the group 6 atom was shown to be less than in the methyl 

compounds. 23 This is the reverse of that expected on the basis 

of the electronegativities of carbon, silicon, and germanium. 

The observations were explained in terms of a 7M -interaction 

between the vacant 'd' orbitals of the group 4 atom and the lone 

pairs on the group 6 atom. 

This explanation has been supported recently by a study 

of the photo-electron spectra of the compounds (NH 3)2Y and 

NH3SH, in which N = C, Si, Ge; Y = 0, S, Se, Te. 24  All the 

bands in these spectra could be assigned to excitation from the 
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lone pair orbitals of the group 6 atom was very sharp in the 

methyl compounds but was broad in all the silyl and germyl 

compounds • This is strong evidence that the lone pair electrons 

of the group 6 atom are non-bonding in the methyl compounds 

but that they are taking part in bonding to silicon and german-

ium. The ionisation potentials of these bands are also 

consistent with the existence of ' fl -type' bonding in all the 

silyl and gernyl compounds. This evidence lends direct support 

to the previous investigations of donor strength of the group 6 

atom, as comparisons in these studies could have been hampered 

by differences in solvation behaviour of the complexes. 

The structures found for the molecules (NH 3 ) 2 Y (in which 

N = C, Si, Ge and Y = 0, S, Se) 25  by electron diffraction favour 

substantial rr -bonding in the silicon and germanium molecules 
only when Y = 0. The molecular parameters found show no 

evidende for such interactions in the other species (see 

table 1.2). 

A similar situation is found in molecules in which silicon 

and germanium are bonded to elements of group 5. The structures 

determined by electron diffraction for trisilylarnine26 and 

trigerinylariine 27  contain a planar heavy atom skeleton. Since 

this is the most favourable conformation for maximum overlap 

of the empty d orbitals of the group 4 atoms with the lone pair 

orbital on the nitrogen atom, the molecular shapes were explained 

in terms of such an interaction. Similar studies of trisilyl 

phosphine28  and trigerinyl phosphine 29  have shown that their 
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heavy atom skeletons are not planar and have given molecular 

parameters close to those expected in the absence of V 

bonding. This could well be explained by a greater overlap 

of the 2p orbital of nitrogen than the 3p orbital of phosphorus 

with the 3d and 4d orbitals of silicon and germanium. 

A recent study of the photoelectron spectra of the 

molecules (i3 ) 3 x30  (where X = N, P, As and N = C, Si, Ge) 

has shown that the formally non-bonding electrons on X are more 

tightly held in the silicon and germanium compounds than in the 

carbon analogues for all cases of X. Although the existence 

of IT-bonding in all the silicon and germanium species is a 

consistent explanation of this data it need not be invoked in 

all oases. The use of photoelectron spectroscopy to determine 

molecular energy levels for a series of compounds depends on 

the assumption that Koopmans' theorem is equally valid for all 

the members of the series. In this case, for example, it is 

possible that there is a difference in molecular geometry 

between the ions (CH 3 ) 3P and (siH3 ) 3? which is not found in 

the neutral molecules and that such a situation does not exist 

when Xis nitrogen. 

Equally, the electron diffraction data does not rule out 

the existence of weak 'TT --bonding in the molecules in which X is 

phosphorus, and the extent of such bonding necessary to produce 

the changes in ionisation potential found in the photoelectron 

31 spectra is not known. It has also been suggested that the 

lone pair may be predominantly 'a' in character and that 
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de].00alisatiori may take place involving the d2 orbitals of 

silicon where the Z axis is taken as along the (sip) bond. This 

would be described as (a--->d) TJ bonding. 

An estimate of the base strength of these phosphine3 may 

still, therefore, be the most reliable means of assessing the 

extent of such bonding. 

A study of the reactions of trisilyl phosphine 31  showed 

no evidence for nucleophilic character and was, therefore, 

consistent with delooalisation of the 'lone pair' electrons. 

Further support was provided by the absence of adduct formation 

with boron trifluoride. 32  

Monosilyl phosphine, however,, does form an adduct with 

diborane exactly analogous to that formed by methyl phosphine. 33  

The adduct is only stable at low temperatures, but its existeitce 

shows that silyl phosphine is capable of exhibiting donor 

properties. 

The preparation of transition metal complexes of silyl 

and gernayl phosphines described in this work demonstrates 

further the existence of donor properties of all these phosphines. 

6.5 ExchanKe reactions 

Silyl and germyl phosphines will undergo exchange 

reactions with silyl and germyl halides. The reactions are 

equilibria and the position of equilibrium in each case depends 

on the particular halide used. No evidence has been reported 
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for the existence of mixed silyl and germyl phosphines. 

These reactions have been used to prepare isotopically 

labelled species34 and also to prepare trigermyl phosphine. 

This species could not be prepared directly by the sane method 

as trisilyl phosphine 35 , and had to be prepared from it by 

exchange. 

Exchange reactions of this kind were, therefore, attempted 

using silyl and germyl phosphirie complexes. The results of 

these investigations are reported in Chapter 7. 
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THE PREPARATION AND REACTIONS OF COMPLDCES OF 

SILYL AND GE.NYL PHOSPINES. 
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7.1 General methods of preparation 

Three general methods were employed in preparing the 

complexes. These are summarised and discussed below, although 

the experimental details of each method are given at the end of 

Section II. 

The methods were: 

L + INo(CO)5- T.H.F. 	LN0(C'O) 5  + I 

2L + C7H8M0(CO)4 hydrocarbon  LM(cO) + 

3L + C7H8No(CO)3 hydrocarbon LM(CO) + C 
7  H 

 8 

All the reactions successfully employed go to completion 

on standing at room temperature. Inmction (a) the iodide formed 

(N-methyl pyridinium iodide) is insoluble in tetrahydrofuran 

(T.H.F,) and its precipitation assists in driving the reaction to 

completion and was a useful guide to the progress of the reaction. 

The phosphines (L) were always used in excess of the 

stoichiometric requirements so that they could be removed, together 

with the hydrocarbon products of reactions (b) and (o), by pumping 

on the reaction mixture. 

In reaction (a) the two products can easily be separated 

by decantation before the removal of thá solvent. 

The preparative reactions were all carried out in vactio 

using dry solvents and the products handled either under vac4'uuxn or 

in an inert atmosphere of dry, oxygen-free nitrogen. 

The products were characterised by their infrared and nuclear 
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magnetic resonance spectra which are disoussed in chapter 8. 

7.2 - Prearat ion of the phosphine complexes 

(a) L is trigermyl phosphine 

The mono-, bis-, and tris-phosphine complexes were all 

prepared by the methods already discussed. The proton magnetic 

resonance spectrum of the tris-complex, however, showed the presence 

of free trigermyl phosphine in all the samples prepared. It is 

possible that this complex is unstable even in solution but it may 

be that its formation is an equilibrium reaction. 

I!I L is trisilZI  

Both thq mono-, and bis-phosphine complexes were prepared 

as described. The infrared spectrum of the mono-complex contained 

a weak sharp band at 1011 oni. which wa thought to be a (PH) 

deformation. It seems likely that this was ôaused by the hydrolysis 

of a small amount of the product under the conditions used to obtain 

an infrared spectrum. No evidence was found for a compound 

containing (PH) in the proton magnetic resonance spectrum. 

(c) L Is allyl phosphlne or trimethyl silyl phosphine  

Bie-substituted complexes could be prepared with both uganda 

but attempts to prepare mono-complexes by the method given in 

Section 7.1 led to the formation of the species PH 3M0(C0) 5  only. 

This product was identified by its infrared and proton magnetic 

resonance spectra.9 
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(a) L isgermyl phosphine 

Neither the mono- nor the bis-phosphine complex could be 

prepared. In both oases germyl phoephine d.isproportionated and 

several products were formed. 

In the attempt to prepare the mono-phosphine complex the 

proton magnetic resonance spectrum detected all the possible 

disproportionation products as ligands: 

(celi3 ) 3P, 	3 ) 2w, GeH3FH2 , PH39  

although phosphixie and trigermyl phosphine predominated. 

No attempt was made to separate these products and no evidence 

was obtained whether the disproportionation of the phosphine takes 

place during or after coordination. 

(e) Nixed piosphine complexes 

An attempt was made to prepare a bis-substituted complex 

containing two different phosphine ligancis. The preparative 

method for the bis-complex was used but an equimolar iixture of 

the two phosphines was added - phosphine and silyl phosphine. 

The relative concentrations of the three products measured from 

a proton magnetic resonance spectrum were approimately: 

bis-silyl phosphine complex 	 1 

silyl phosphine/phosphine complex 	2 

his phosphine complex9 	 1 

The rates of substitution for the two phosphines are, 

therefore, very similar and this suggests that there is little 
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difference in donor strength between si].yl phosphine and phosphine. 

No attempt was made to separate the substances formed in 

this experiment but, as the silyl peaks in the proton spectrum of 

the bis-silyl phosphine complex overlapped with those bf.the mixed 

complex, some means of separation was required. 

The reaction was, therefore, carried out using a ratio of 

10 parts phosphine to 1 part of silyl phosphine. Under these 

conditions the amount of bis-silyl phosphine complex formed should 

have been about 1%.  Since its p.m.r. spectrum contains many lines 

none of this product was detected. This product mixture allowed 

observation of the siiyi and (PH 2 )parts of the spectrum of the mixed 

complex (Chapter 8). 

The reaction was repeated with the phosphine concentrations 

reversed to observe the PH 3  part of the. spectrum. This was not 

necessary, however, when the spectrum was recorded at 220 NHz. 

The spectrum of the mixed complex could then be measured in the 

presence of the large excess of the bis-phosphine complex as the 

peaks due to the two species did not overlap in any region of the 

spectrum. 

A similar experiment was tried using silyl phosphine and 

trifluorophosphine in equimolar quantities. The proton spectrum. 

of the products was very complicated and could not be attributed to 

the expected products. Silyl phosphine and trifluorophosphine 

to not react under the conditions used and, therefore, this reaction 

was unexplained. 
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7.3 Exchange reactions 

Since no monogermyl phosphine complexes could be prepared 

directly (Section 7.2) exchange of the silyl groups in the 

coordinated silyl phosphines was investigated. 

Bis-germyl phosphine molybdenum tetracarbonyl was prepared 

by reaction of gerinyl fluoride on the silyl analogue in solution 

in benzene at room temperature. Exchange was complete and the 

product was identified by its infrared and p.m.r. spectra (Chapter 8). 

The sane product was also obtained from bis-trimethyl shyl phosphine 

molybdenum tetracarbonyl by exchange with germyl fluoride. 

The mixed germyl phosphine/ phosphine complex was similarly 

prepared from the si].y]. species. This reaction was carried out 

in the presenOe of the bis-phosphine complex from which the si].yl 

compound has not been separated (see Section 7.2) and the product 

was identified by its p.m.r. spectrum only. The carbonyl region 

of the infrared of the product mixture is swamped by the his- 

phosphine complex but the vibrations of the germyl phosphine ligand 

were observed. The pattern of these vibrations is extremely 

similar to that of the bis.-germyl phosphine complex and thus 

identification of the product as the mixed complex from infrared 

was not possible. 

Since no evidence was found for the disproportionation of the 

ligands it seems likely that the disproportionation of gernyl 

phosphine reported in Section 7.2 took place during the coordination 

of the ligand. 



7.4 Discussion 

Previous evidence for the absence of nucleophilic character 

in trisi].yl phosphine31  is contradicted by the existence of the 

phosphine complexes described. All the phosphines studied exhibit 

donor properties, although the only measure of the ease of donation 

is the comparison between silyl phosphine and phosphine which was 

based, however, only on kinetic evidence. All the complexes, 

however, are stable at room temperature (except perhaps tris-

trigerinyl phosphine molybdenum tricarbony].) and their spectra 

showed no decomposition over several days. 

In view of the other complexes prepared, the failure to 

prepare mono-complexes of silyl, gerinyl, or trimethyl silyl phosphine 

suggests that a non-ionic starting material may have been more 

successful, 

The behaviour of germyl phosphine was unexpected when 

compared with that of difluorophosphine. 9  This compound is 

unstable to disproportionation and at room temperature the reaction 

below takes place slowly: 

3 PPH - 2 PF + PH3  

However, under similar conditions to the attempted prepara-

tion of bis-gerinyl phosphie molybdenum tetracarbonyl, this phosphine 

reacts to form only one product -. (PP 2H) 2  No(CO)4
0 

As was found in the preparation of trigermyl phosphine, 35  

germyl analogues of silyl compounds had to be prepared from them 
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by exchange. The exchange used to prepare trigermyl phosphine 

was interesting in that no mixed silyl and germyl phosphines were 

observed during the reaction. It seems that these species are 

either very reactive or unstable to disproportionation. Further 

investigation of exchange in phosphine complexes could lead to the 

formation of these mixed. phosphines coordinated to molybdenum and 

stabilised as difluorophosphine. 

A preliminary experiment did show that trigermyl phosphine 

was displaced from its mono-complex by excess trifluorophosphine. 

PF3IVI0(CO) 5  was identified from its vapour phase infrared spectru 

The existence of the free phosphine as the other product was not 

shown. It is possible, however, that mixed coordinated phosphines, 

if formed, could be displaced by trifluorophosphine and their 

subsequent behaviour studied. 
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SPECTROSCOPIC PROPERTIES OF THE PHOSPHINE COMPLEXES 



8.1 Infra-red spectra 

All the infrared spectra were recorded in solution and their 

assignments were made assuming them to be produced by free molecules 

of the species' studied. In all cases the complexes were assumed 

to be octahedral. 

Many reviews have been published of the spectra of substituted 

carbonyl complexes 257and it is generally accepted that satisfactory 

assignment of the carbonyl stretching vibrations may yield the 

overall symmetry of the molecule. 

For bis andt1s substituted carbonyl complexes more than one 

stereochemistry is possible and the arrangement of the carbonyl 

groups affects the carbonyl stretching region of the spectrum. 

The complexity of the molecules studied does not allow complete 

assignment of the observed bands to the normal vibrational modes 

of the molecules. Thus information on the stereochemistry of the 

molecules was derived only from the carbonyl stretching region of 

the spectra. 

Tentative assignments have been made, however, for many other 

bands by correlation, by comparison with other similar molecules, 9  

and by comparison with the fundamental vibrational frequencies of 

the free phosphines, 20 ' 21 ' 35  

The observed spectra of the complexes prepared are summarised 

in tables 8.1 to 8.3. Table 8.4 shows the number and symmetry class 

of infrared bands in the carbonyl stretching region (ca. 1800 to 
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Assignment 	 8(ceH) P MO(CO) 5  gGeH 	72 Mo(C0) 
aJflH) 	?73 Mo(C0)3 

-J (GeH) 	 2062 2081i. 	in 2075 

2066 	m 2065 

) (co) 	 2079 w (A,) 2022 .5 s 	(A1 ) 1914.5 

1955 vs (E) 1952.0 s 1858 

1927 w 	(Al) 
' -'1922 	vs (B2) 

1986 vw (B) 1889.5 s 	(B1) 

cc (GOH) 

, (co) 

8614. vi 

817 vi 

795 vi 

7814. Iii 

775 in 

766 m 

615 vw 

6014. vi 

588 vi 

865.0 vi 

82/f.0 in 

813.0 in 

762.5 S 

612.5 vi 

580.0 vi 

865 

813 

788 

781 

/(GeP) 	 371 vi 	 "379,358 vw 

a. Solution in cyclopentane 	 b. Solution in n-pentane 

TAN 8.1 Infra-red spectra of trigerinyl phosphine complexes 



Assignment 	 (SiH 
	
P .  Mo(CO)5 	b(p1) Mo(CO)4 

- 2327 
- 	 (siR) 2172 2169 

2081 w (Al ) 2028 m (Al"  

1958 vs CE) 1940 a (at)  
1929 w (Al ) 1917 vs 02 ) 

1986 vw (B) 1897 vw 

E (PH) (1011 w) 1062 

1008 

45 (siR) 	 962 w 	 941 

943 .w 926 
908 

881 

p (siR3 ) 	 743 

( 788 vw) 

(CO) and '(siP) 	 618 vw 	 612 

606w 	 588 

590 w 	 549 

385 v 	 439 

374 vw 	 403 
382 

a, Solution in cyolopentane 

b. Solution in benzene 

TABLE 8.2 - Infra-red spectra of silyl phoephine complexes. 



Assigrxaent 	 a(HPH) MO(CO)4 

) (PH) 	 2300 w 

') (GeH) 	 2070-2100 ni 

)(co) 	 2023 a 	(Al" ) 

1912 vs (A1' and B2 ) 

1891 vs (B1 ) 

(PH) 	 1068 m 

1009 w 

(GeH) 	 879 ni 

869 m 

804 ni 

773 w 

,p(GeH3 ) 	 728 S 

735 sh 

(co) 	 609 in 

584 S 

409 w 

(Gel') 	 383 in 

a. Solution in benzene. 

TABLE 8,3 - Infra-red spectra of germyl phosphine complexes. 
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2000 cm.) of the spectrum expected for each possible stereo-

chemistry of the molecules. 37  It is based on the selection rules 

governing allowed vibrational transitions. 

In the spectrum of species' LN0(CO) 5  one extra weak band 

(B1) is usually observed in the cases in which L is a phosphine. 

This arises from a lowering of the molecular symmetry to C. 

(from c4) by the three-fold symmetry of the ligand. 

The preparation of bis-phosphine complexes from the sane 

starting compound as that used in this study always led to cis 

complexes 9  by retention of the configuration of the starting 

compound. All the spectra of the bia-complexes reported in 

tables 8.1 to 8.3 except bis (monogermyl phosphine) molybdenum 

tetracarbonyl contained four carbonyl stretching bands In agreement 

with a cis-corifigurat ion of C 2 , symmetry. The spectrum of the 

germyl compound was recorded in solution in benzene (unlike the 

other complexes) and this solvent broadens the carbonyl bands • It 

seems likely that this complex is also cis and that the fourth 

band is masked by the solvent-broadening of the other three. 

The starting compound used to prepare the tris-complex has 

also led to the formation of cis-phosphine complexes 9'14. The 

spectrum of the complex prepared-is consistent with a cis complex 

although the observation of only two bands is not definitive. 

8.2 Proton magnetic resonance spectra 

The nuclear magnetic resonance data obtained from the proton 



Formula Stereochemistry Symmetry Active vibrational modes 

MO(CO) 5  L - 2A 	+ E 

Mo(CO)4I 01$ 02v 2A1  + B1  + B2  

trans D 4h Eu 

Mo(CO)3L3  018 C A1  + E 

trans C 2A1  + B 

TABLE 8.4 - Infra-red active vibrations for carbonyl complexes. 

Compound 	 f, (H3 ) 	 2J(PH) 	 Solvent 

in 'C 

(GeH3 )3  P 5.96 16.1 Cyclopentane 

(GeH3 ) 3  PNo(C0) 5  5.62 16.9 do. 

LTGeH3)3pj2 
16.5 n-pentane 

GeH3)3P 
	MO(CO)3 

5.63 ca.15.6 cyclopentane 

(siu3 ) 3 P 6.00 17.1 do. 

(sm3 ) 3  PMo(C0) 5 ) 5.83 14.9 do. 

TABLE 8.5 - Proton magnetic resonance spectra of trisilyl and 
trige:rnyl phosphine complexes. 
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spectra of the complexes prepared is given in tables 8.5 and 8.6. 

Tables 8.7 to 8.9 contain similar data obtained for other phosphine 

complexes, and table 8.10 gives data on the free phoephines. 

In the following discussion the complexes are grouped 

dependent on the number of phosphine uganda present in the 

molecule. 

(a) Mono-substituted pentacarbonyls fU4o(C0)2 

Proton spectra were obtained for the species in which 

L (siH3 ) 3p and (GeH3 ) 3r'. In both cases the spectra consist of 

two sharp lines and therefore C.  (H3 ) and 2J(PE3 ) could be measured 

directly. The resonances of both complexes are to low field of 

those of the free ligand indicaing stranger shielding of the 

protons in the complex 	The magnitude of 2J(PH3 ) is very little 

affected by coordination and, in fact, its change was in opposite 

directions in the two species:- 

For (siH3 ) 3P J(compléx) < j(free phosphine), 

and for (GeH3 ) 3P J(complex) 
)' 

J(free phosphine). 

It is very difficult to interpret such changes in Ôoupling 

constants in terms of electronic or geometric changes in the 

phosphine on coordination, as the magnitudes of coupling constants 

depend not only on the ground states of the molecules but also on 

excited states and their mixing with the ground state. In view of 

the very smaflchange which takes place in 2J(PH3 ) on coordination 

in all the complexes studied, no attempt has been made to interpret 

it. 



Compcund 	(H3) (H2) (' 3) 1j(pj2) 1J(PH3) 23(PH3) 3J(PH2) 3J(PH3) J(iiii) 2 (pp1) Solvent 

32 6.39 8.45 - 	 181.5 - 	16.4 - 	 - 	 5.2 - Benzene 

6.50 8.76 - 	 180.2 - 	 15.2 - 	 - 	 4.8 - do, 

(.H3PH2) 2Mo(C0) 4  6,38 7.89 - 	 301 - 	 14.9 9 	- 	4.5 27 do. 

6.34 7.73 - 	 (299.7) - 	 17 ,0 (9) 	- 	4,3 n,o, do. 

SiH 
6.36 7.86 7.20 	310 322 	15.0 9.8 	10.0 	4.8 Small do. 

6 

GeL?H 
6.28 7.20 301 	16.2 10.5 	4.3 Small do. 

T.tBLE 8.6 lH - spectra of silyl and germyl phosphine complexes 

4, 



Compound (H) J(PH) 	J(PH I ) j(PP') 	Solvent 	Ref. 

in 1 in Hz 	in Hz in Hz 

PH3  8.45 186.6 	- - 	 Benzene 	9 

PH3Mo(CO) 5  7.55 326 	- - 	 Benzene 	49 

6.22 332 	- Acetone 	9 

(I'H3 )2Mo(00)4  7.61 314 10.75 -24.6 Benzene 49 

6.30 318.8 10.2 -20.4 Acetone 49 

(PH3 ) 3Mo(CO)3  6.46 307 10.2 - 	 Acetone 9 

6.41 313 10 - 	 Dioxan 49 

Table 8.7 - 	n.m.. of phosphine complexes. 



Compound 	S (H) £() J(PH) J(PH') J(HH') Solvent 	Ref. 

in t' in t. in Hz in Hz in Hz 

32 	7.5 9.0 187 3.99 7.98 None 	52 

Mo0) 5 	5.61 CHPH2 (C 8.45 328.1 -8.8 7.0 Acetone 	9 

- 
- 353.06 -6.95 8.34 None 	9 

(CHH2 )2Mo(CO)4  

	

5.82 	8.57 	 Acetone 9 

(CHPH2 ) 3Mo(CO) 3  

	

5.72 	8.50 	 Acetone 9 

Table 8.8 - 1H-n.m.r. of methyl phosphine complexes. 

Compound 	£5' (H) C( (H") J(PR) J(PH') 	Solvent 	Ref. 

int in Hz in Hz 

MeSiPH2 	8.77 9.63 180.8 6.8 	Benzene 	50 

(MeSiPH2  ) 2M0(C0)4  

8.76 9.57 292 6.54 	-Benzene 	9 

Table 8.9 - 1H-n.m.r, of trimethyl silyl phosphine and a complex. 



Compound ((H) g(H) J(PH) J(PH') J(HH') Solvent Ref. 

in't in ' In Hz in Hz in Hz 

PH3  8.45 - 186.6 - - Benzene 9 

7.5 9.0 187 3,99 7.98 None 52 

SiHPH2  8.69 .6.27 180 16.2 5.1 None 34,53 

* +5.83 +3.41 185 16.4 5.3 Chloxo- 54 
form 

8.45 6.39 184.5 16.4 5.2 Benzene - 

(SiH) 2PH 9.60 6.30 184.0 17.5 5.1 None 	55 

* +6.60 +3.38 185.8 17.0 5.1 Chioro- 	54 
form 

(siW) P - 6.08 - 17.1 - Cyclopen- 	- 
tane 

GeHPH2  8.59 6.33 180 15.3 4.8 None 	34,53 

8.76 6.50 180.2 15.2 4.8 Benzene 	- 

	

9.22 	6.12 	171 	15.9 	4.7 	T.M.S. 	56 

	

- 	6.12 	 15.7 	4.7 	Cyclopen- - 
tans 

	

(GeH)P - 	5.96 	- 	16.]. 	- 	Cyclopen- - 
tane 

* 
These chemical shifts are given in p.p.m. to high field of the 

solvent used (Chloroform). 

Table 8.10 - H-n.m.r. of free phosphines. 
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(b) Bis-substituted. tetraoarbony].s ZE2Mo(co) 4J 

The spectra of all these species are second order because 

of the presence of the two phosphorus atoms of the same chemical 

shift, and the fact that ,' 0. 

Since the spin systems are more complex the parameters were 

more difficult to obtain from the spectra. Different methods were 

used to obtain the parameters from the spectra of species of 

different spin systems and thus the analyses of these spectra are 

discussed separately. 

(1) (SiH3PH2 ) 2Mo(CO)4  

10o1Hz spectrum 

At this frequency the spectrum obtained was very complicated 

and its overall appearance is shown in figure 8.1(a). The region 

labelled "A/C" is more complicated than the rest of the spectrum 

and in the regions "B" and "D" the observed lines are equally 

spaced with the same interval in the two regions. It seemed likely 

that this regular spacing was due to coupling between the protons 

on silicon and those on phosphorus within the same phosphine ligand 

and that the lines observed in legion B were the high-field half 

of the SiH resonance. It was not possible to determine any of 

the other coupling constants or even the chemical shifts directly 

from the main spectrum. 

The 295i satellites were Identified, however, and they appear 

to be first order. From the satellite spectrum (ahpwn in figure 



A/C B 	 D 

Figure 8.1(a) - 'H-spectrum of (SiH3PH2 ) 2Mo(CO) 4  at 100 MHz. 

Figure 8.1(b) - 29 Si satellite spectrum of figure 8.1(a). 

AB 	 C 	 D 

Figure 8.2 - 1H-spectrum-of (SIH 3PH2 ) 2Mo(CO) 4  at 220 MHz. 
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8.1(b)) it was thus possible to measure 6 (siu3 ), 2J(PH3 ), 33(HPsIR) 

and 1J(29siH) directly. These values were used to simulate the 

Sill part of the main spectrum, and the calculation showed that the 

high-field half of the SIR resonance is first order in the observed 

spectrum (B in figure 8.1(a)) and the complexity of the region 

A/C is therefore due to the proximity of the low-field half of the 

PH resonance (C) and the low-field half of the Sill resonance (A). 

22011H% spectrum 

This spectrum is very much less complicated as a consequence 

of the greater chemical shift difference between the low-field 

Sill and low-field PH resonances at this operating frequency (see 

figure 8.2). The silyl resonance A,B appears first order and 

several parameters could be measured directly - 	(Sill 3 ), 2J(H13 ), 

3J(HSiPH). The magnitudes of these are in good agreement with 

those obtained from the 29  Si satellite spectrum described in the 

previous section. The interaction of the low-field half of the 

PH resonance and the low-field half of the SIR resonance at 1001-lH 

was taken to show that 2J(PH3) 
and 

 11(PH2 ) are of the same sign. 

This result was confirmed at 22011Hz - irradiation at a frequency 

corresponding to the high-field half of the PH resonance (D in 

figure 8.2) was found to collapse the (HSIPH) coupling in the high-

field half of the Sill resonance (B). Similarly, irradiation at 

the frequency C was found to collapse the splitting in A. 

The same decoupling experiment was carried out on silyl 

phosphine itself and again 2J(PsiH) and 1J(PH) were found to have 
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the same sign. Unfortunately, no 29  Si satellites of the (Pa) 

resonance in either the free or coordinated phosphine could be 

detected. Observation of these would have allowed the signs of 

the coupling constants to be related to 1J(29So) in each case by 

double irradiation. Thus comparison would have been possible 

between the free and coordinated phosphine. It seems likely, 

however, that 2J(PsiH) and 1J(PH) do not change sign on coordination 

to molybdenum, and thus the change in 2J(PS1H) is very small. 

The appearance of the spectrum is shown in figure 8.2 and it 

can be seen that the phosphine resonance (C and D) is still complex 

although symmetrical. The resonance 'C' (of figure 8.2) is shown 

in figure 8.3 (below). This spin system is bound to produce a 

second-order spectrum because the siiyi and the -PH 2  groups are 

chemically but not magnetically equivalent. In Haigh's notation 38  

the spin system is denoted fA-  4_7; in the following discussion 

nuclei which are chemically but not magnetically equivalent are 

distinguished by a prime as in the system of notation of Corio. 39  

The first order appearance of the silyl resonance was assumed 

to be a consequence of the fact that 4J(PH3 ) is negligibly small 
and therefore that the spectrum is not "deceptively simple". 

The corresponding parameter for the phosphine part of the resonance - 

3J(PH2 ) - would be expected to be of the order of 10Hz and a second-

order treatment was thus required for its analysis, based on the 

full spin system of the nuclei- K14 3X2J2 , where A = P, N3  = SIB3 , 
and X2 PH 

It was assumed throughout the assignment of the spectrum 



ISO LLLLL0LL0' 

Figure 8.3 - Calculated and experimental spectra of 
(SiH3PH2)2No(CO)4. 
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observed that JXX4  and 	are both effectively zero; this is a 

condition of the validity of the equations employed in the analysis. 

The final agreement between observed and calculated spectra is 

shown in figure 8,3,  and is good evidence for the validity of these 

assumptions. 

The spin system on which the equations used in this analysis 

were originally based is xj2 , whose, solution is well known 40 . 

It is characterised by six parameters - 'VA 
	

j1 

AA-'' J:,JAX = 	and J 	 = 	because of the symmetry,AXI  

and there are therefore sixteen syminetrised spin functions • The 

transition energies for the X spectrum can thus be calculated with 

their relative intensities, and are given in table 8.11 in terms 

of the above parameters and the parameters K, L, N, N, which are 

defined in table 8.11. This solution depends upon the assumption 

that: 

.AX' 3AX' << 

Mixing then only occurs between two pairs of spin states. 

The 'X' spectrum in this case is identical to the 'A' spectrum 

and each consists of 12 lines. The overall picture of this is 

shown in figure 8.4 for the situation: 

JAX>> J AXI > 0 and J, >> iAA' > o 
The degenerate pairs of transitions 1, 2 and 3,4 have half the 

total intensity of the spectrum. 

The 'X' part of an L'2 spectrum will always  

(a) Two strong absorptions separated by 'N' and centred on 
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where K= J +AA 
L 	AX 	iAX' 

N JAA - 

N = 3AX + 3AX' 

Table 8. 13a- States for, the spin system (AX) 2. 



Transition 	 Energy 	 Rel. intensity 

rel. to VA 

I 2 

2 iN 

'io 
3 4N 2 

5 K*(K2+L2 ) Sin 2  9 

*9 	eW 7 
6 4C4(K2+L2 ) Cos 2  9 

._•v' 	•ifr K4(Ic2L2) c2 9 
"V9 	'6 

8 4c—(K 2+L2 ) Sir? 9 
9 M2+L2 

 ) Sin  9 a 
'"l6 f)fd 

10 4I4(i+L2)* Cos 2  g a 
,-*v 

13 	12 Cos 
29 a 

161'4 
2 2L2)* 

a 

	

where Cos 29 	Kand. 	Cos2 	a 	 H 

	

Sin 29 	
L 	 Sin2 a 

1 	(K2+L2 ) 	 (Mt2 )* 

Table 8.11b-. .Lllowcd transitions for (AX)2. 



5 	10 	1 1 2 	9 	6 	 7 	12 	3 14 

Figure 8.4 - tX' 'spectrum for the spin system [AxJ2. 
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the resonance frequency of X - V0 S x • 

(b) Two pairs of symmetrical quartets centred on the resonance 

frequency of X with the inner lines of each quartet always more 

intense. 

Observation of these features of the spectrum allows direct 

measurement of L and N, K and N separately but distinction between 

K and N cannot be made. 

Analyses of the spin systems 	 42943 

have also been achieved without recourse to computers and many 

of the formulae derived for these systems apply to the general spin 

44 system Lx,J2. Harris has puolished general equations for this 

spin system which apply to the 'X' spectrum when J, = 0. The 

main feature of these spectra is the intense doublet of separation 

'N', symmetrical about 	' corresponding to the 1 9  2 and 3,4 

transitions in the [AXJ2  spectrum. In all cases this doublet 

comprises half the total intensity since it originates from all 

transitions from half of the A and At spin states. All other 

allowed transition energies of the 1 Xt nuclei are, in fact, given by 

one equation: 

	T2 	 2 ' 	(1) 	x - 	x-i 	
2i,2 + 

 AA 	± ((, - 1)2L2 + 

These energies are relative to V and iCe can take any 

integral value between 1 and 'n' inclusive. This part of the 

spectrum is also symmetrical about V and for each value of 1U there 

are two pairs of lines - an "inner"  and Itoutrtt  pair. The "inner" 

pair is given when the signs are opposite and -the "outer" pair when 
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the signs are the same. The relative intensities of these pairs 

of lines depend only on the relative magnitudes of L and J 	 - the
AAI 

"inner" pairs for each value of ', will always be more intense 

than the "outer" pairs. 

These general equations have been used as the basis for 

àalou.latlon of a similar series of equations for the spin system 

ZAM~ 45 in which It was assumed that 	= 0 and J, 0. 

Té addition of the 'M' nucleus to the Lx72 spin system splits 

the 'thublét of separation N (now N) in the 'X' spectrum into two 

doubles 'of separation N ± NMX  with * the total Intensity of the AX 

'X' spectrum and a series of doublets, with another of the total 

intensity, whose separations are given by: 

Eq. (2) N 	± (1cL + 	 ± ((1c -1) 2L + j2  ) 
The remaining series of doublets from the OXI spectrum of 

x72  given in Eq. (1) is split into two series' of doublets 
whose separations are given in the equations: 

Eq. (3) N ± (1CL + J2 )* ± ((%-1)2L + 

and 

Eq. (4) LMX  ((LAM 
 + XL) 2  + 	 ± ((LAM  + ('X-.l)L)2+ 2j* AA 	 AA 

where 

= /Jxy + xy' / 
and 

= /Jxy - 

and, x and y may beA, M. or X, 
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The overaflohange in the 'X' spectrum on going from LixJ2  
to 	-72 is shown in table 8.12. 

These calculations have now been extended to the spin system 

in which again it was assumed that JM. = 0 and 

XX = 0. In this case the 'N' doublet of Harris is split into 

a series of doublets of separation: 

Eq. (5) N + 2kJjjX  + 21 

in which k and 1 can take values from 11  to - 

The total intensity of these lines is half the total intensity. 

Thus the 'n' N nuclei were found to cause a first order splitting 

- the line positions being dependent on the magnitudes of Jix  and 

J 3 . The relative intensities can also be found from a first 

order analysis of the splitting. The remaining half of the 

intensity of the 1 XI spectrum goes into a series of doub]et8 whose 

separations are given by: 

Eq. (6) 2kJ + 21J, ±(((k - l)L + iC.L) 2  + 

- 1) LM  + (%-l) LAX) 2 + 2. Lf 

in which k and 1 can take any value from B to -fl/2  and X can 

take values from y to (1-y). This, therefore, gives several 

series  of doublets dependent on (k - 1) and 1L,  which are all split 

in a first order sense by the 'n' N nuclei. The relative inten-

sities are again in agreement with this interpretation: 

Analysis of the phosphine resonance of bis(monosilyl phosphine) 

molybdenum tetracarbonyl was thus possible using these equations. 



LJ2  

Main doublet of separation 	 Main multip].et of separation 

N (* total intensity) 	 N ± N (* total intensity) my AX 

Series of lines inic given 

by Eq.(2) (* total intensity) 

Inner/Outer series of doublets 	Inner/outer series in IC. given 

given by Eq. (1) 	 ~ by Eq.(3) (* total intensity) 
(j total intensity) - 

Further series in X# given in 

.Eq.(4) (* total intensity) 

TABLE 8.12 'X' spectrum of (AMX)2  spin system. 
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The spectrum was analysed and could be satisfactorily assigned 

assuming J, =JAM, = 0 although this simplification was not 

incorporated into the equations. Use was made of computing 

facilities in the determination of the parameters from this part 

of the observed spectrum. The equations given above for the 

MXJ2  spin system were written as a subroutine in Edinburgh 

Fortran47  used in a line shape program48  and a spectrum for any 

given parameters could either be calculated or plotted. A flow 

diagram of the program as it was used is shown in figure 8.5. 

The main program was designed to refine the parameters supplied to 

obtain the least-squares best fit to the experimental spectrum 

but success in the passing over of information from the subroutine 

(HOBBIT) to the main program was never achieved. Variation of 

the input parameters for the calculated spectrum had thus to be 

performed manually. 

From this assignment the maghitudes of several parameters were 

found: 

1J(PH2 ), 3J(PH2)9 2j(ppi), 3J(mi). 

CPH 2) could be measured directly since the resonance is symmetrical; 

3J(HH) agreed in magnitude with the value found from the silyl 

resonance. The relative signs of 1J(PH2 ) and 3J(PH) were found 

but no information was obtained about the sign of 2J(PP') as this 

term always appeared squared in the equations. 

The equations which were used in the analysis of the spectrum 

are based on several assumptions. They were employed, however, 
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FIGURE 8.5 - Flow diagram of 
program for 1H - n.m,r, 
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because the spin system was too large to be handled by the least-

squares refinement program available 48 due to the size of the 

matrices involved. 

(GeR3PH2 )2Mo(C0) 4  

220 NHE Spectrum 

The signal to noise ratio in the spectra obtained for this 

species was not as high as in the spectra of the silyl species 

and it was not considered possible to assign the observed spectrum 

completely. The spin system of the nuclei is the same as for the 

silyl complex, and the overall patterns of the spectra were so 

similar that it seemed reasonable to make the same assumptions in 

this case. 

The parameters 	(GeR3 ), 2J(PH3 ), and 3J(HH) could be 

measured directly from the germyl resonance, and (PH 2 ) was 

measured using the symmetry of the 	'"2  resonance. No attempt 

was made to measure j(pps)  or to separate 1J(PH2 ) and 33(PH2 ) 

which are quoted as a sum. Double resonance experiments showed 

that again 23(PH3 ) and 1J(PH2 ) are the same sign. 

((GeH3 )3P)2  Mo(CO) 4  

60 JYIHz spectrum 

The spectrum of this species comprised only a simple doublet. 

S(GeH3 ) could be measured directly and the separation of the two 

lines was taken to be 2 (), since 4J(PH3 ) was likely to be very 
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small. 

(iv) Discussion 

The chemical shifts of all the protons in the phosphines 

move dowtifield on coordination although these shifts are small for 

the protons not directly bound to phosphorus. The increased 

shielding on coordination is in agreement with the mono-substituted 

complexes and with other phosphine complexes (see tables 8.7 to 

8.9). 

The coupling constants are changed very little on coordina-

tion, except 1J(PH2 ) which is increased, from ca. 180 to > 300 Hz. 

This change is also found in other phoephine complexes and in 

complexes of 'PH 
31 
 itself. 

In both the monosilyl and monogermyl phosphine complexes 

and 1c (PH 2 ) were found to be the same sign. Since both 

are (PH) reduced couplingoonstants the coupling constants (3) 

rinist also be the same sign. 

(c) Bis-substituted tetracarbonyls tL'Mo(c0) 4J 

The spectra of these species were always observed in the 

presence of a large excess of (PH 3 ) 2Mo(C0)4  whose proton spectrum 

under these conditions is nown 

(i) SiH3PH2 (PH3 )Mo(CO) 4  

220 MHg spectrum 

It was assumed from its appearance that this spectrum was 
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first order and assignments were made on this basis. All the 

parameters except J(PPr)  could then be measured directly. 

j(pP ' ) baeno effect on the proton spectrum if it is first 

order. Figure 846 shows the pattern of the observed spectrum and 

its assignment. 

100 MHz spectrum 

The spectrum observed at this frequency was complex because 

of the proximity of the low-field halves of the silyl and (PH 2) 

resonances. Double irradiation was carried out at this frequency 

and showed that in this case also 2J(PH3) and 1J(PH2 ) are of the 

same sign. 

The perturbation caused by the proximity of the two resonances 

discussed abOve allowed J(PP') to affect this spectrum. An 

attempt was made to compute the spectrum using the least-squares 

refinement prograzii48  previously mentioned • The spin-system of 

this complex was too large for the program and was reduced to: 

SiH3PH2  - Mo(CO)4  - PrH 11  

Inclusion of the Ht  was found to have no observable effect 

on the computed spectrum and thus the model was further reduced to: 

SiH3PH2  - Mo(CO) 4  - P' 

By comparison of the computed and observed spectra an estimate 

of J(PP) was made. 



J(PH2 

2J(PF-s 3) 

1 J(PH 3) 

Figure 8.6 - 111-spectrum of S1H3PH2 (PH3 )Mo(C0) 4  at 220 MHz. 

1 J (PH 2) 

2J(PH 3) 

1J(PH3) 	
< 	:) 	• 

Figure 8.7 - 1H-spectrum of GeH 3PH2 (PH 3 )Mo(C0) 4  at 60 MHz. 



GeH3PHPR)Mo(CO)4  

100 !IH.z spectrum 

For the same reasons as the analogous si].yl complex, this 

spectrum is very complex. Its overall pattern is very similar 

to that of the ailyl species but no attempt was made to assign 

the spectrum. 

60 11Hz spectrum 

The parameters were measured directly from this spectrum 

in the absence of a spectrum at 220 ]MHz. The pattern of this 

spectrum is shown in figure 8,7.  Because of overlapping with 

the spectrum of (PH) 2M(CO)4  only the parameters S (GeE3 ), 

' (PH 3 ), 1J(PH) and 3J(PH3) were measured. 

Discuason 

The chemical shifts and coupling constants found for these 

mixed phoaphine complexes are very similar to those reported for 

the bis-phosphine complexes Lt2Mo(co)7. The magnitude of 

j(PP') found for the silyl complex is less than that found for the 

bis-monosilyl phosphine complex. It seems, in these complexes, 

that when the chemical shift difference between the two phosphorus 

atoms in large coupling between them is small. For example: 

106. 



SIH3PH 2- 
!4o(CO)4  

SIH3PH2  
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± 27 

sm PH 

PH- 
3 

PH 
3- 

Mo(CO) 
PH3 _-_-- 	4 

J(PP') 	Ca. 6 

9 
J(Pp') = -20.4Hz 

PH 
3 

Mo(CO) PP3 _- 	4 = 0 

(d) Tris-substituted tricaa'bonyls 3No(CO) 3J 
Only one of these complexes was prepared LrGeH3)3P23M0(C0)3. 

The spectrum at 60 MS always contained a broad doublet and a sharp 

doublet. From its chemical shift and separation the sharp 

doublet was attributed to free trigermyl phosphine, and the broad 

doublet to the complex. The broadness of the lines observed 

for the complex was to be expected in view of its spin system 

and only r (GeH3) could be measured. The magnitude quoted for 
2J(PH3 ) is the separation of the two lines and is only an apparent 

coupling constant - the separation will depend also on 'coupling 

to the other phosphorus atoms. It is not known whether the free 

phosphine observed in the spectrum was a decomposition product or 
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whether the formation of the complex is an equilibrium reaction. 

It seems likely from the quasi-first order nature of the 

spectrum that the assignment of the complex to a cis-configuration 

from its infrared speoti'um is correct. 



WICODOW 

References given in this Appendix refer to the list given 
at the end. of Section I of the thesis. 

109. 
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not IiIsI1 

Lai Experimental methods 

A conventional pyrex vacuum system with greased taps 

was used to handle all volatile compounds. Quantities of 

these were measured by pressure in calibrated volumes - 

pressures being measured with a spiral gauge. The amounts 

of less volatile compounds were found by weighing in a greaseless 

tap ampoule. Solids were also weighed and were handled under 

dry, oxygen-free nitrogen in a dry bag. Reactions were 

carried out either in a breakseal ampoule or a greaseless tap 

ampoule. 

Volatile compounds were purified by trap to trap 

distillation and their purity checked by measurement of vapour 

pressure and by their infrared and nuclear magnetic resonance 

spectra. The incorporation of 13C and 15N was shown from 

exact mass measurements in mass spectra. 

(b) Instruments 

A Perkin-Elmer 457 infrared spectrometer (range 4000 - 

250 om.)was used for low-resolution spectra, and for high 

- 	resolution a Perkin-Elmer 225 (range 5000-200 cd) was used. 

Proton magnetic resonance spectra were recorded on a Varian 

Associates HA 100 and a Schlumberger decade frequency meter and 

generator (type FSX 3000) wav used for spin-tickling experiments. 

Mass spectra were obtained at various ionising voltages on an 

A.E.I. M.S.909. 
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Photoelectron spectra were recorded in the range 6 to 

22 eV on a Perkin-Elmer P516 spectrometer using the helium 

line at 584 A for excitation. Samples were admitted through 

a stainless steel needle valve from a vacuum system fitted 

with Quiokfit Rotaflow taps. 

The instruments used to obtain electron diffraction data 

are described in Section 2.1. 

Solvents 

Solvents used were purified as follows: 

Cyclopentane - distilled through flamed molecular sieve. 

Monoglyme and diglyme - shaken with potassium and anthracene 

until a dark blue colour formed, then distilled. 

Dimethy]. ethe - distilled off LiA1H4  and passed through a 

trap at -78°C. 

Benzene - sodium wire. 

Tetrametliyl silane - distilled through flamed molecular sieve. 

Tetrahydrofura.n - passed through A1 203  and distilled off LiA1H4 0 

Ammonia - condensed several times on to sodium0 

n-Pentane was used without purification. 

Preparations (from Section I) 

The methods used to prepare the starting materials and 

the samples of pseud.ohalides used in the spectroscopic studies 

are shown in table 1. 

The preparations of the isotopically substit).ted pseudo- 



Compound Method Reference 

GeH4  CeO2  + 13H 
4 95 

GeH3Br GeH4  + KBr + A1Br3  96 

GeH3C1 GeH3Br + HC12 

GeH3F GeH3Br + PbP2  - 

GeH3I GeH3C1 + HI 97 

SIH3Br PhS1C13  + LiA1H4 ,then 98 

HBr 
SiD3Br Supplied by - 

E.A0V.Ebsworth 

SiR3I (siH3 ) 3N + HI 99 

(siH3 ) 3N SIH3C1 + NH  100 

Me3SiN3  NaN3+Me3SiCl+A1Br3  101 

(Me 3Si)CN2  Me3SIC1 + Ag salt 102 

CeH3NCO GeH3Br + Ag salt 15 

GeH3N3  Ne 3S1N3  + GeH3P 103 

GeH3NCS GeH3Br + Ag salt 21 

SiH3NCO SiH I + GeH3NCO - 

SiH3NCS SIR 3Br + Ag salt 20 

SiH3NCSe S1H3I + Ag salt 104 

(GeH3 ) 2CN2  GeH3P + (Me 3Si)2CN2  103 

TABLE 1 - Preparation of pseudohalides and starting materials. 
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halides were performed using very small quantities and, 

therefore, the streaming methods used to prepare pseudohalides 

were unsuitable. Exchange of silyl and germyl groups was 

used whenever possible as these reactions are often quantita-

tive. The small quantities involved also created problems 

of separation and this influenced the method selected to 

prepare each species (see table 2). 

The reactions between a halide and a silver salt were 

carried out in a greaseless tap ampoule by repeatedly freezing 

the halide onto the silver salt and allowing the mixture to 

warm to room temperature. The silver salts were first mixed 

with dry powdered glass to increase their bulk and minimise 

decomposition of the products. For the pseudohalides containing 

and 13C the halide was used in small excess, but for those 

containing 2H the silver salt was in excess. 

Exchange reactions were carried out using equal quantities 

of the two reactants. 

Germyloyaaide was the only pseudohalide to be prepared 

by a completely new method. H13CN was prepared by reaction 

between ItBr and the silver salt by the method described. 

The H13CN (0.0062 gj.dded to digermyl carbodiimide (0.0233 g.) 

in a greaseless tap ampoule and the mixture warmed to room 

temperature for 10 minutes. No non-condensable gas was produced 

and the volatile products were distilled through a trap at 

-4600. ihe fraction stopping (0.0174 g.) was shown to be 

germyl cyanide from its magnetic resonance and infrared spectra. 



Compound Method. Yield (%) 

GeH315NCO GeH3Br + Ag salt 67 

GeH315NCS GeH3Br + Ag salt 64 

GeH313CN HCN + GeH3NCNGeH3  76 

SiH315NCO Si1131 + GeH3NCO quantitative 

SiD3NCO SID3Br + GeH3NCO - 

SiH215NCS SiH3Br + Ag salt 88 

SiD3NCS SiD3Br + Ag salt - 

SiH313CN SIH3Br + Ag salt - 

TABLE 2 - Preparation of isotopically substituted pseudohalides. 
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The fraction passing -460C (0.0048 g.) was shown by infrared 

to be hydrogen cyanide and a trace of gernyl cyanide. A smaU 

amount (0.0082 g.) of an involati].e pale yellow solid was also 

formed. The yield of germyl cyanide was therefore 76%. 

The silver salts used to prepare the pseudohalides were 

prepared from potassium and sodium salts supplied by Dr. D.I. 

Nicholls. The silver salts were precipitated by mixing 

approx. neutral solutions of the potassium salts and silver 

nitrate. They were washed with water, alcohol, and diethyl 

ether, then dried by pumping. 

() Preparations and reactions (from Section II) 

The molybdenum complexes used as starting materials were 

prepared by methods previously described - 

(C5H5  NCR 3)(No(CO)51) 92 	A 

nbr - 07H8M0(C0)4 	 B 

C7H8M0(C0)3 4 

The methods used to prepare the phosphine ligands are 

shown in table 3. The preparations of the silyl and germyl 

halides used are given in table 1. The preparations of the 

mono-, bis- and tris-phosphine complexes are now described 

using the symbols above to represent the molybdenum starting 

compound. In each case the phosphine was distilled into an 

ampoule containing the starting material in the solvent given 

and the mixture warmed to room temperature for the time 



Conpoimd Method Reference 

(GeH3 ) 3P GeH3Br + (siH3)P 105 

(siH3 ) 3P SiH3Br + KPH2 
106 

GeH3PH2  LiA1(PH2 ) 4  + GeH3Br 107 

SiH3PH2  LiA1(PH2 ) 4  + SiH3Br 108 

Me3S1PH2  LiA1(PH2 )4  + Me 3S1C1 - 

PH3 
 

Ca 
3P2+ 

 H 2 
 0 109 

LiA1 (PH2 )4  LiA1H4  + P113  110 

TABLE 3 - Preparation of phosphines. 
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All the complexes prepared were involatile and thus once 

isolated they were dissolved in a suitable solvent for identifi-

cation by their infrared and nuclear magnetic resonance spectra 

(see Chapter 8). 

References to the text are given for each experiment. 

co 

82.6 mg. A (0.18 m moles) and 0.24 m moles (GeH 3 ) 3P 

in T.H.F. for 3 hours (Section 7.2(a)). 

87.5  mg. A (0.2 m moles) and 0.25 m moles (SiH 3 ) 3P in 

T.E.F. for 2 hours. (Section 7.2(b)). 

91.0 mg. .ti (0.2 m moles) and 0.25 m moles SiH 3PR2  in 

T.HF. for 6 hours. The only product of this reaction was 

PH3I(cO) 5 . (Section 7.2(c)). 

(iv) 128.5 mg. A (0.28 m moles) and 03 m moles GeH3PH2  in 

T.H.F. for 4 hours. Several products were identified from 

this reaction. (Section 7.2(d)). 

In these preparations the product remained in solution 

and this solution was decanted off the solid formed before the 

solvent was removed. 

L2r4o(CO)4  

In all the following preparations the solvent and excess 

phosphine were removed by pumping. 

114. 
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63.5 mg. B (0.2 in moles) and 0.45 in moles (GeH3 ) 3P for 

4 hours (Section 7.2(a)). 

60.6 mg. B (0.2 in moles) and 0.45 in moles of SiH3PH2  

for 2j hours in benzene. (Section 7.2(c)). 

61.0 mg. B (0.2 ri moles) and 0.45 in moles GeH3PH2  

overnight in n-pentane. Several products were identified 

by nuclear magnetic resonance from this reaction (Section 

7.2(d)). 

LL'Mo(C0 

59.4 mg. B (0.2 in moles) and 0.2 in moles SiH3PH2  

and 0.2 m moles PH 3  in n-pentane for 2 hours. The mixture 

of products obtained is described in Section 7.2(e). 

240.0 mg. B (0.8 in moles) and 1.5 in moles PH3  and 0.16 

in moles SiH3PH2  in benzene for 3 hours. Again the products 

obtained from this reaction are discussed in Section 7.2(e). 

L3No (co) 3  

44.5 mg. C (0.16 in moles) and 0.5 in moles (CeH3 ) 3P in 

n-pentane for 8 hours • A small amount of brown solid remained 

in the reaction vessel after decantation of the pentane 

solution (Section 7.2(a)). 

Two of the gerinyl phosphine complexes were prepared by 

exchange reactions from other phosphine complexes (see Section 

73). Exchange was carried out by adding excess of the 

gemyl -. halide to a solution of the phosphine complex in 
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benzene. The addition was made either directly into an 

n.m.r. tube which was then sealed, or in a greaseless tap 

ampoule in order to isolate the product for infrared by 

pumping off the silyl halide and solvent. 

61.2 mg. B (0.2 m moles) and 0.45  za moles SiH 3PH2  in 

benzene for two hours then 1.0 za moles GeH 3P added. The 

volatile materials were removed by pumping and fresh 

solvent (benzene) distilled into the ampoule for solution 

n,m.r. or i.r. 

240.0  mg. B (0.8 in moles) and 1.5 in moles PH3  and 

0.16 in moles SiH3PH2  in benzene for 3 hours then 0.2 in moles - 

GeH3P added. The product was handled as in (xi). 
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MOLECULAR STRUCTURE OF DIGERMYL SELENIDE IN THE GAS PHASE 

References given in this Appendix refer to the list given 
at the end of Section I of the thesis. 
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The sample of d.igermyl selenide was prepared by Dr. 

D.W.H. Rankin, who also recorded the electron diffraction 

pattern using the same apparatus and methods as those described 

in Section 2.1 of this work. Data reduction was carried, out 

by Dr. Rankin on the Cambridge University 'Titan' computer 

using an established program. 87  The least squares refinements 

were carried out as described in Section 2.1. 

The weighting functions, correlation parameters and scale 

factors are given in table 1. The wavelength was evaluated 

by direct measurement of the accelerating voltage and from the 

diffraction pattern of powdered thallous chloride and was found 

to be 0.057913 ±0.000030. The scattering factors used were 

those of Cox and Borthain. 39  

Molecular Model 

Certain assumptions were made about the structure and these 

were imposed as restrictions in the least squares refinements:- 

local C3 , symmetry is maintained in the germyl groups. 

their C3,. axes coincide with the (Ge-Se) bonds. 

Variation of the angle between the C 3  axes and the (Ge-Se) 

bonds made no significant difference to the refinements. 

Pour geometrical parameters were chosen to define the major 

interatomic distances. These were the (Ge-Se) and (Ge-H) 

bonded and (Ge ... Go) non-bonded distances, and the (H-Ge-H) 

angle. These define all the interatomic distances except those 

that depend also on the conformation of the gerrnyl groups. The 



Height 	Del S S Min 	Si 	52 	S max 	P/H Scale Factor 

250nmi 0,400 5.200 9.000 21.000 26.000 0.4281  0.780±0.019 

500imn 0.200 3.800 64400  12.000  15.200 0.4987 0.718±0.029 

1000mm 0.100 1.000 2.500 6.000 7,200 0.4998 0.527±0.039 

TABLE 1 - Weighting Functions, Correlation Parameters and Scale Factors. 

R  R2 R3 U  U2 U3 K  K2 K3 

999 7 29 27 -56 29 27 1 -4 

7 999 248 33 22 280 17 48 49 

29 248 999 84 36 -38 78 116 28 

27 33 84 999 204 116 814 365 49 
-56 22 36 204 999 32 219 118 15 
29 280 -38 116 32 999 124 140 83 

27 17 78 814 219 124 1000 303 42 
1 48 116 365 118 140  303 999 27 

-4 49 28 49 15 83 42 27 999 

TABLE 2 - Least Squares Correlation Matrix Multiplied by 1000. 
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other parameters used in the refinements were the vibrational 

amplitudes of all the interatomic distances and separate scale 

factors for the 250, 500 and 1000 mm. data sets. 

As they were expected to be small, no shrinkage corrections 

were applied. 

Results 

Satisfactory refinements were carried out on (Ge-H), 

(Go-Se) and (Ge,,.Ge) distances. 	In the radial distribution 

curve (Figure 1) the weak (Se ... H) peak is very close to the 

much stronger (Ge ... Ge) peak, and so the (Se ... H) amplitude 

could not be refined. Its amplitude and other amplitudes were 

fixed at typical values. 85  

Allowing the three independent distances and their 

amplitudes to refine the (i-(-H)angle would not refine satisfac-

torily. Thus refinements of these distances and amplitudes 

were carried out with the ang1e(i--H)fixed at values in the 

range 1060  to 1140.  The R factor was found to be a minimum 

 o 86 with the angle at 1090 ,   with an estimated random error of 2 

A similar method was used to obtain information on the 

conformations of the two gernyl groups • The (H-s-H) angle was 

now fixed at 1090,  and the germyl groups were rotated in opposite 

directions, retaining the C 3, symmetry of the H 3GeSe groups and 

overall C2  symmetry. The R factor was found to be a minimum 

when each germyl group was staggered with respect to the further 



i 
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(Ge-Se) bond. In this conformation the molecule has overall 

C symmetry with four (Ge...H) distances of 3.692 and two of 

4.892. 

The least squares oorrelation matrix is presented in 

table 2 and the final molecular parameters are given in Table 3. 

Allowance has been made in the quoted uncertainties for possible 

systematic errors. These have been added to the random errors 

obtained by the least squares analysis. 

The observed molecular intensities and weighted residuals 

are shown in Figure 2 • The final R factor was: 

- 	(u'wrJ/I'wi) = 0.15 

Discussion 

From the studies of (H 3M)2E where N = Si, Ge and E = 0, S 

it is evident that either the extent or the steric effects of 

multiple bonding between the atoms N and E decreases from 

silicon to germanium and decreases even more from oxygen to 
84 

sulphur. This trend was confirmed by the study of (H 3Si) 2Se 

in which the Si-Se bond length found was almost exactly the 

calculated value and the angle at selenium was almost identical 

to its value in diniethyl selenide. The exper mental (I-]) bond 

length and 4-4ang1es for these molecules are given in Table 4, 

together with bond lengths predicted on the basis of tetrahedral 

covalent radii derived from bond lengths in C 2H 9 , CH3SiH390 , 
9 17 	78  CH3GeH3, ( 	, 13)2O 	(CH 3 )2s80 	 81  and (CH3)2Se. 



(A) Independent Distances 

Distance Amplitude 

R 1 (Ge - Se) 2.344±0.003 0.053±0.003 

R 2 (Ge - 10563±0.015 0.093±0,024 

R 3 (Ge ... Ge) 3.445±0,010 0,137±0.009 

(B) Dependent Distances 

D 1 (Ge.,,H) 3.685±0.015 0.150 (fixed) 

D 2 (Ge ... H) 4.886±0.020 04150 (fixed) 

D 3 (Se,..H) 3.230±0.013 0.100 (fixed) 

D 4 (H,.4H) 3.232±0.016 0.200 (fixed) 

D 5 (H...H) 4,114±06022 0.200 (fixed) 

D 6 (H...H) 5.156±06026 0.200 (fixed) 

D 7 (H...H) 6.22110.031 0.200 (fixed) 

D 8 (H,.H) 2.545±0.024 0.120 (fixed) 

Lc) 	Angles 

<1 (H-Ge-H) 109 (see text) 

<2 (Twist) 60 (see text) 

( 
3 (G-Se*Ge) 946±0,5 

Anharmon.tc Constant 

2.0 

2.0 

0.0 

TABLE 3 - Molecular Parameters. 



Figure 2 - INTENSITY DATA FOR (GEH3)25E 



E 	M 	 r(M-E) 	(M-i-!'1) 	refs. to 
* Part If 

experiiaental oa1ot1ated 	 this work. 

0 	C 	1.416 	- 	111.5 	 78 

Si 	1.634 	1.749 	144.1 	 82 

Ge 	1.766 	1.829 	125.6 	 85 

S 	C 	1.802 	- 	98.9 	 80 

Si 	2.136 	2.133 	97.4 	 83 

Ge 	2.209 	2.211 	98.9 	 85 

Se 	C 	1.943 	- 	96.8 	 81 

Si 	2.273 	2.274 	96.6 	 84 

Ge 	2.344 	2.352 	94.6 	 86 

*See text. 

TABLE 4 - Bond. Lengths and Angles in Molecules of Typo (NH 3 )2E. 

0 
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The results of this present study are consistent with the 

trends found previously and thus it seems tenable that multiple 

bonding if present has little stereochemical significance in 

compounds of selenium with the elements of group IV. 

The conformation of the two germyl groups found for digernyl 

selenide is the same as that found for digermyl ether. This 

conformation has four short (Ge,. .H) distances and two longer 

ones. For digermyl ether these were 3.68R and 4.43k, and 

for digermyl selenide they are found to be 3.69k and 4.89L 

As the sum of the van der Waal's radii for germanium and hydrogen 

is about 3.22 it is clear that there can be no significant 

steric repulsion between the germyl groups in any of these 

compounds, and so it cannot account for the wide angle in the 

ether. The study of digermyl sulphide did not give any 

information on the conformation of the germyl groups but in view 

of the results from the ether and selenide it seems very likely 

that the germyl groups in digermyl sulphide will have the same 

staggered conformation. 
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SUBROUTINE HOBBIT 



SUBROUTINE HOBBIT (IT,IIR,MP) 
PIPPIN 
HOBBIT FOR SPIN SYSTEM (AM (N)X(NA))2 

DIMENSION GR (500) ,IMAT (500) ,AX (0) ,DM (6000) ,ZM (5000) , BX (60) ,FR (50C 
#) ,PM (42) ,NUN (142),  HAM (6000) ,PAR (23) ,DN (2500) ,ZN (2500) , EF (500), El (5C 
#0) 

C0MMON/AREA1/GR,INAT,AX,DM,ZN,BX,FR, PM, NUM,NT,JN,DN,ZN,NPTS,IP,NSI 
CONNON/AREA3/IIAN,PAR,EF,EI 
11R0 
IF(NP.EQ.1)GO TO 28 
CPAR(5) 
PPAR(6) 
QPAR(7) 
RPAR(9) 
TPAR(10) 
SPAR(12) 
X11PAR(13) 
NIrIAT (3) 
NAINAT(5) 
AXLABS(R-T) 
AXN:ABS(R+T) 
zv.=0 
ZT0 
1=1 
It1 
N=2*N+1 
DO 2 KB1,N,2 
DO 2KC=1,t1,2 
KKB-N-1 
LKC-N-1 
DN (I) AXN+K*S+L*XM 
A?i1 
I1Th(N+K)/2 
IP(N8..EQ.0)GO TO 15 
IF(NR.LT.0)NL-NR 
DO 3 JA1,NR 

3 AMAM*(N-JA+1)/Jlt 
15 AN1 

NR(N+L)/2 
IF(NR.EQ_0)G0 TO 16 
IF(NR.LT.0)NB-NR 
DO 4 JB1,NR 

4 AN=AN*(N-J+1)/JB 
16 ZN(I)AM*AN 

ZVZV+ZN(I) 
1=1+1 
MB2*MA 
DO 2 KA=1,NB 
KK•KA-NA 
RY (K-L) *Q+ (KK- 1) *AXL 
RZ (KK*AXL+ (K-L)*Q) 
RASQRT (RZ**2i-P**2) 
RBSQtiT(RY**2+P**2) 
RCRY*RZ+P**2 
RDSQRT (RZ**2s-P*2) *SQRT (RY**2+P**2) 
DN(I1)=K*S+L*XN+RAfRB 



35 

39 

37 

38 

38 
28 

10 

[] 

2 

6 

7 

5 

ZN (II) = (1-IC/1D) *AM*AN 
ZT=ZT+ZN (II) 
11=11+1 
DM (II) -K*S+L*XN-RA--RB 
ZN (II) =zm (11-1) 
ZT=ZT+ZN (II) 
11=11+1 
DM (XI) K*SeL*X?1-RA+RB 
Z  (XI) = (1+BC/BD)*ANsAN 
ZT=ZT+ZM (II) 
11=11+1 
DM (IX) K*S+L*XN+RA-RB 
ZN(II)=ZN(II-1) 
ZTZT+ZN(II) 
11=11+1 
1111=11-1 
111=1-1 
1T1+II-2 
v= ioOizv 
TA100/ZT 
DO 5 11,IM 
Z  (1) Z  (.I)sV 
DO 6 111,IIM 
ZN (II) =ZN (II) *TA 
11=1 
IN1M+ 1 
DO 7 1.IN,IT 
DN (I) =DM (II) 
11=11+1 
11=1 
DO 8 11N,IT 
Z  (I) =ZN (.11) 
11=11+1 
DO 10 I1,IT 
DN (I) C4-ABS (DN (I) /2) 
DO 35 11,IT 
K1+ 1 
DO 35 JK,IT 
IF(DN III . NE. DN(J))GO TO 35 
ZN (I) ZN (I) +ZN (J) 
ZN (3) =0 
CONTINUE 
IR=IT 
DO 36 I1,IT 
IF(I.GT.IR)GO TO 38 
IF(ZN(I).GT.0.01)G0 TO 
Ik I'k- 1 
IF(i.GT.IR).GO TO 38 
DO 37 J=I,I1 
DN (J)DN (J+1) 
ZN (J) =ZN (J+1) 
GO TO 39 
CONTINUE 
ITIi 
IF (NPTS.EQ.0) GO TO 33 
W14/ (PAE(2)*12) **2 

/ W2L4/ (PAR (2)*0.8)**2 
36, DO 29 I1,NPTS 

HAM(I)=O 
DO 29 J1,IT 
w=n 
DDN(J)-EF(I) 
IF (D. LT. O) W=2 

29 HA  (I) = HAC (I) +ZN (3) /((1 +W*D*D) *PA  (2)). 
33 IPIT 

RETURN 
END 
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