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HYPERVALENT SILICON COMPOUNDS

The purpose of this thesis is to review the structure and reactivity of 

hypervaient silicon and to consider the underlying explanation for the 

observed enhanced reactivity of such compounds towards nucleophiles.
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CHAPTER 1 : STRUCTURE OF ORGANOSILICON COMPOUNDS

1.1-INTRODUCTION

The study of hypervaient silicon compounds dates back to the work of Davy (1812)^ 

and Gay-Lussac and co-workers (1814)\ Some of the most recent studies of 

organosiiicon compounds have been on their biochemistry. For example, the Ghosh 

group (1996)® have studied the immunochromic effect when antibodies interact with 

tetravalent silicon to form hypervaient compounds. Tacke and co-workers (1998)®* have 

studied various theoretical aspects of zwitterionic penta coordinate silicon using a 

Si/02N2C framework. In addition, major work on the industrial application of 

organosiiicon compounds continues apace. For example, the Corriu group (1998)^ 

have utilized organosiiicon compounds as a way of synthesizing porous silica with 

uniform pore diameter. Interest in hypervaient compounds has been extended to the 

synthesis and structural determination of hypervaient compounds of other elements 

such as arsenic (Akiba group 2000)^. However, over the last decade a major effort has 

gone into the study and synthesis of hypervaient silicon compounds as they provide a 

model for the nucleophilic substitution of intermediates of silicon. Interest in 

hypervaient compounds of carbon has also grown since the detection of CLie by Kudo 

(1992)®
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1 .2 -” SÎN.M.R.

Several techniques have been applied to the elucidation of the structures of 

organosiiicon compounds. A particularly powerful technique is ^Si N.M.R. This area 

has recently been reviewed by Williams (1989)®. However, a few salient features are 

worth mentioning at this point. ^Si has a chemical shift range that is similar to carbon 

and hence significantly larger than that of hydrogen. This means that ” Si can be a 

very sensitive technique for subtle changes in structure. In addition. Magic Angle 

Rotation (Spinning) has provided additional Information for solid state structural 

determination. ” Si has a spin of !4 but has a low abundance (4.7%). In addition, it has 

a long Ti and a negative gyromagnetic ratio that results in a negative Nuclear 

Overhauser Effect. These factors combine to reduce the sensitivity of this nucleus. 

However, this does not detract from the large amount of information this technique can 

provide. The spectrum is often recorded in the presence of Cr(acac)3 that will reduce 

Ti to a few seconds. Other methods have been developed for recording spectra such 

as selective population transfer (Linde and co-workers, 1975)^ and J cross polarization 

(Murphy, 1979)®. Both these techniques give rise to a signal enhancement of about a 

factor of five. Other pulse techniques such INEPT and DEPT have also been used to 

study the chemical environment of “ Si (Morris group (1979)®. The reported range is 

825ppm which includes Cp ^Si whose resonance occurs at -577ppm (Jutzi and co

workers, 1986)^°.

With respect to hypervaient species there is a pronounced shift in the ” Si chemical

shifts to the lower frequencies when the co-ordination number increases to beyond

four. Several studies have shown that intramolecular co-ordination gives rise to
2



shielding effects. Some examples are shown below in table 1

TABLE 1 - SELECTED ” Si RESONANCES

COMPOUND CHEMICAL SHIFT 

(ppm)

REFERENCE

(Me2C3H202)2SiMeCI -192.4 Celia group, 1980̂ “̂

(MeN2C3H3)2SiMe2H -81 Basslndale group, 1984̂ ^̂

“ Si assignments have proved a useful technique and several trends have been 

discerned including;

1) Compounds with a co-ordination number six are more highly shielded than co

ordination number five.

2) Substituents on aromatic rings can have a profound effect on the Si chemical 

shifts. Co-ordination number 5 have a normal chemical shift range of about -50 to — 

150 ppm and co-ordination number 6 is in the range -130 to -200 ppm.



1.3 . GENERAL STRUCTURAL CONSIDERATIONS

A major review containing a significant number of references and crystallographic data 

has been prepared by Corriu group (1993)^^ and Lukevics group (1989/^. They both 

contain a large amount of information about the structure of penta and hexa 

coordinated compounds of silicon. They have divided the review into parts dealing with 

neutral, anionic and cationic complexes. In addition the synthesis and structure of 

hypervaient compounds up to 1986 have been reviewed by Voronkov (1986/®. This 

large review is supported by a large number of references.

In the review Voronkov (1986/® analyzed the atomic and structural differences 

between carbon and silicon. The main differences include the following:

1 ) The covalent radius is approximately 1.5 times that of carbon.

2) The outer electrons of silicon are shielded from the nucleus by eight additional 

electrons.

3) Silicon has a lower electronegativity.

4) Silicon has available low lying and vacant d orbitals.

5) Silicon is more easily polarized than carbon due to the greater spatial expansion of 

the outer atomic orbitals.



6) The ionisation energy of silicon is lower than carbon.

Many of the above properties are also shared with germanium.

As mentioned above, silicon has five vacant d orbitals that in principle can lead to 

penta and hexa co-ordination. The trigonal bipyramidal (TBP) structure can in principle 

involve the 3dẑ  atomic orbitals in a sp®d hybrid and the square pyramidal (SP) 

structure involves the d%̂ orbital. The result is two sets of non-equivalent bonds of 

different lengths. In the octahedral case, the atomic orbitals dz and d% ^ may be 

considered to be involved in the sp®d̂  hybrids. The remaining orbital could be 

available for tc bonding with the appropriate ligands.

However, the involvement of the 3d orbitals has been argued against. It has been

suggested by Kutzelnigg (1984/^ that the increase in valency of silicon has very little

to do with the availability of vacant d orbitals, partly due to their very diffuse nature, but

more to do with the large size of the Si atom and hence, reduced steric hindrance. It is

further argued that the correct approach would be to consider the formation of electron

rich multicentred bonds. In addition Rundle (1963/®, whose paper was originally

applied to noble gas compounds proposed electron rich three centred bonds. This

work was extended by Musher (1969/®, based on groups 15 - 18 in which he

developed the idea of two types of hypervaient bond. In one type, only the p orbitals

are involved, whereas in the second type s and p orbitals are involved. Musher

suggested that when silicon expands it co-ordination shell, the ligands are added along

the axis of one of the of p orbitals thereby forming a three centred four electron
5



covalent bond.

In SiFs", the formation of the axial fragments of the complex involves the silicon 3p% 

orbital. The bonding molecular orbital is formed by the in phase overlap between the 

central 3p% orbital and the p orbitals of the fluorine. Of the four electrons, two occupy 

the bonding molecular orbital while the remaining two occupy an approximately non

bonding molecular orbital. The bond orders of these bonds are of a much lower order 

than the two-centred two-electron covalent bond. Experimental data suggests that the 

axial bonds in TBP are longer and more polar than the equatorial bonds:

Covalent

  Hypervaient

In the anions of the type SiFe ’̂, the bond lengths are equivalent and this may be 

explained by the actual structure being a resonance hybrid:

1% \ i /  1/.Si "  SI "  .Si
^ \ \  / | \

The mixing of bonding and non-bonding atomic orbitals, which result in a shift of 

electron density from the central silicon atom to the ligands, as they have become 

known, thus forms hypervaient molecular orbitals. Several workers have suggested 

that the following conditions have to be met in order for hypervaient bonds to form:

1) The ligands must be more electronegative than the silicon.



2) The most electronegative ligands participate in such bonding

3) The Si-X bond lengths are greater than in the tetrahedral case.

4) The hypervaient bonding results in a reduced electron density at the silicon.

Reed and co-workers (1986/^ have investigated the contribution of d orbitals to 

hypervaient bonding in SFe. They found that, although not essential, the participation 

of these orbitals would lower the energy of the system.

A useful set of relationships has been identified by Gutman (1975, 1976 and 1978/®, 

which are known as the donor acceptor approach. He has produced a series of rules 

that are not based on any bonding theory but are useful in rationalizing crystallographic 

data. The rules may be stated as follows;

1) The stronger and the shorter the bonds between a donor and an acceptor, the 

greater will be the lengthening of adjacent bonds.

2) A sigma bond is lengthened when, because of the interaction, an electron shift 

occurs from a nucleus carrying a positive fractional charge. However, bond 

shortening occurs when there is an electron shift in the opposite direction. As the 

co-ordination number increases, the bond length increases.

The early literature indicates that for 5 co-ordinate compounds there are two favoured

geometric arrangements, that of trigonal bipyramidal (TBP) (0%) and square pyramid

7



(SP) which has a Ĉ v symmetry. The TBP is usually observed in acyclic penta co

ordinate compounds while the SP is usually found in transition metal derivatives. 

Calculations indicate that the TBP structure is about 8 % more stable than the SP 

structure. However, the presence of two unsaturated five membered rings in 

spirocyclic derivatives is likely to produce a SP structure.

For TBP compounds that are not homoleptic, various achiral isomers are possible for 

compounds of the form SiX^nDn. The most electronegative substituent will always be 

located in the axial position

In compounds that are hexa co-ordinate such as SiX^D:, there are two possible 

isomers. In one case, the D groups are trans to each other and hence the complex is 

D4h while in the other they are cis to each other and therefore C2v In general, it has 

been shown that D will occupy a as position if the steric requirements are less than X. 

Adley and co-workers (1972)̂ ® has shown this assertion to be correct when applied to 

of SiX4(bipy)2 and SiX4(Py)2 , where py = pyridine and bipy = bipyridine. In the case of 

bipy, it will occupy a cis position.

Voronkov also points out that the bond angles of silicon are far easier to distort than 

carbon. This means that CH4 is much more difficult to convert from Td to D̂ h symmetry 

(Collins group, 1980)“ . Erker and Rottger (1997) “ *, have recently reviewed planar 

tetra co-ordinated carbon.

Spirocyclic compounds containing five co-ordinate silicon often form stable compounds 

with bases. The geometry of the ligand can have a large effect on the co-ordination



stability of organosiiicon compounds, although up until 1986 only qualitative analysis of 

ligand effects were available. However, many of the effects could be explained in 

terms of the 'chelate effect'. The existence of the effect is said to depend on a balance 

of entropy and enthalpy. In the former case this arises from a smaller configurational 

entropy at the cyclic ligand but decreases with increasing size of the saturated ring 

(Fransto da Silva 1983/V The enthalpy effect arises from the fact that the ring is 

already under strain and consequently does not have to be forced into a new 

conformation. However, Bell (1977)“  has questioned the existence of the chelate 

effect, and has suggested that its existence is simply duo of the method by which 

stability constants are calculated.

The Lehn group (1975)“  have examined macrocyclic and cryptate silicon complexes. 

These results indicate that the stability of other complexes should increase in the 

following order:

\ /
“ l7

One of the most stable compounds studied has been the sllatranes of the type 

XSI(0 CH2CH2)3N. The basal nitrogen is linked to the oxygen atom via three CH2CH2 

groups and the resulting structure Is TBP. This Is a direct result of having an 

Intrabridgehead arrangement of the ligands.

Another Important factor that has a bearing on the structure of organosllcon 

compounds Is the medium. The co-ordination number of many compounds changes



with the state of solvation. The strength of the donor-acceptor bond increases on going 

from gas to solution to the solid phase and with increasing pressure and decreasing 

temperature.

Sheldrick (1989/^ has produced a major review on structural organosiiicon chemistry. 

He has noted several features that can result in the stabilization of the SP geometry;

1 ) Four electronegative substituents such as oxygen may occupy the basal position of 

tfie SP. If TBP geometry were adopted, two of the oxygen atoms would have to 

occupy a possibly unfavourable equatorial position.

2) Two unsaturated five membered rings containing similar electronegative groups 

directly bonded to the central silicon must be present. Stabilisation is achieved by 

n bonding that is greater in magnitude than can be achieved by ring puckering. 

Therefore, a reduction in strain energy may be achieved by assuming SP geometry.

3) Apical ligands should be of low electronegativity. A large bulky ligand in this 

position is also favoured.

Many compounds are displaced along the Berry pseudorotation pathway between TBP 

and SP. The extent of the displacement may be determined by using the dihedral 

angle method which was put forward by Holmes (1977)“ . In addition, the displacement 

of the silicon atom from the trigonal plane has been studied by Voronkov (1978)“ . He 

has suggested the following relationship for the compounds that contain a dative Si-N 

bond:
10



ASi = -1.41 + 0.62d(Si-N) (A)

In addition, the Schomburg group (1985)“  have proposed an expression for the 

average angle (a) between the axial and equatorial substituents:

Cosa = 1.249/d(Si-N)-0.6915 

Cosa = 1.281/d(Si-0)-0.788

These attempts provide a mathematical description of the change on going from a 

tetrahedral to TBP geometry.

Another review on hypervaient compounds has been produced by the Corriu group 

1989)“ . This deals with the synthesis, structure and dynamic stereochemistry. Of 

particular importance is the topology of penta and hexa coordinated compounds. 

Again, this review contains a large number of references. An older review of penta co

ordinate compounds of phosphorus and silicon was published by Holmes (1984)“ .

11



1.4 - HYPERVALENT SILICON COMPOUNDS CONTAINING ONLY SINGLE Si-L 

BONDS

Holmes and coworkers (1984)“  have carried out an extensive study of pseudorotation 

of 5 coordinated compounds. The compounds prepared wore cyclic anionic species 

that are isoelectronic with 5-co-ordinate group 15 compounds for elements such as 

phosphorus. They have the general form shown below:

[ HjNCCHj)

Rh

0  O

M R X Y

Si F 0 H
Ge 01 0 H
Sn 01 s OH

NEt;

The structure of compound (1) (M=Si) is 72% displaced from the ideal trigonal planar 

structure towards the square planar configuration. The results indicate that anionic 

compounds can form a continuous series of structures from TBP to SP along a Berry

12



pseudorotation pathway. The ideal TBP structure is achieved by using two five 

membered unsaturated rings and one group attached to the silicon. Compound (1) 

fulfills this requirement.

The structure of (2) was found to be 72,1% displaced towards SP whereas (3) was 

89.8% displaced towards SP. The Si-0 bond lengths vary, depending on the structure, 

from 1.78A axial to 1.68A equatorial for TBP and 1.73A in the base of SP. The results 

again suggest a Berry pseudorotation pathway and indicate that there is no 

stereochemical rigidity in such compounds. The structures also indicate that different 

amounts of hydrogen bonding occur to the cation.

The ability to achieve SP is due in part to the use of large unsaturated ring systems. 

This may partly be explained by the greater electron delocalisation that reduces 

electron pair repulsion for bonds directed towards the central Si atom. Such an effect 

would result in a reduction in energy for the less stable SP with respect to the TBP. 

The structure of (3) is less easily explained because the Ph group is significantly less 

displaced towards SP and the bond distances involved indicate a steric effect.

Holmes (1984)^^ prepared a series of 5 co-ordinate compounds including pyridinium bis 

(2,3 naphthalendiolate) phenyl silicates and the X-ray structures were determined;

13
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Analysis of the bond lengths of this and related compounds indicate a continuous 

range of ring Si-0 bond lengths that vary from 1.78A (axial) and 1.68A (equatorial) for 

TBP to I .7 3 A (basal) for SP. The results suggest a high degree of structural non

rigidity. There are also indications of the presence of hydrogen bonding between the 

hydrogen associated with the nitrogen of the pyridinium ion and the oxygen of the 

anion.

The Corriu group (1986)^ have studied two hypervaient silanes by X-ray diffraction and 

“ Si N.M.R. A diagram of the compounds are shown below together with the Si-N bond 

lengths and the “ Si N.M.R. chemical shifts:

NMe.

Si(Ph)(Me)H

29Si NMR = -26.84ppm

NMe.

Si(Ph)K

29Si NMR= - 35.62ppm

Si<-N distance 2.66A Si<-N distance 2.59A

In both cases, it was shown that the H atoms take up an equatorial position in a trigonal

14
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bipyramidal structure; The “ Si N.M.R. chemical shifts were found in the range 

associated with pentavalent compounds,

A more recent study was carried out by Corriu (1989)“  on intramolecularly coordinated 

compounds. The crystal structure of 2-(dimethylaminomethyl)phenyl-1-naphthylsilane 

was obtained. In this structure the silicon shows an essentially TBP structure with the 

axial positions being occupied by the naphthyl and nitrogen donor groups. The two 

hydrogen atoms occupy the equatorial positions (see page 18). Five membered rings 

often select this conformation, where the axial equatorial bond angle is 90 in order to 

minimize ring strain. This has been reviewed by Mislow (1970)^. The five membered 

chelating rings are essentially planar but in a six membered ring such as in 

[8 -(dimethylaminomethyl)-1-naphthyl]methyl(phenyl)silanes, show significant folding 

along the Si-CH: axis occurs and the position of the Si-N bond is about 1 2A above the 

plane of the other members of the ring. Additional studies were carried out on other 

compounds including:

2-(Dimethylaminomethyl)phenyl-1 -naphthylsilane (4), 

2-(Dimethylaminomethyl)phenyl(fluoro)methylsilane (5), 

[8-(Dimethylamino)-1 -naphthyl)trifluorosilane (6),

[8-(Dimethylamino)-1 -naphthyljphenylsilane (7), 

[8-(Dimethylaminomethyl)-1 -naphthyl]phenylsilane (8) 

[8-(Dimethylaminomethyl)-1 -naphthyl]methyl(phenyl)silane (9).

Some of the physical and spectroscopic data is shown in Table 2

15
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TABLE 2 - SPECTROSCOPIC DATA ON SELECTED COMPOUNDS

Compound MpfBpfc) 19p ” Si M/E Yield(%)

(4) 59(MP) - - 291 80

(5) 162(BP)* -111 -52.53 215 80

(6) 62(MP) -148 -102.2 - 85

(7) 84(MP)- - - 41

(8) 53(MP) - - 60

(9 f 81(MP) - - - 29

Recorded at 18mmHg +Crystal structures determined.

Additional studies in terms of both crystal structures and some “ Si N.M.R. work has 

been carried out on other compounds, some data on which is shown in Table 3:

16
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TABLE 3 - SELECTED BOND DISTANCES AND “ Si RESONANCES

Compound* N->M (A) M-X (A) ” Si Reference

10 2.01 1.6 -94.6 Stevenson group (1985)“

11 1.92 2.35 - Onan group (1978)“

12 2.03 2.27 - Klebe group (1985)^

In all cases, a nitrogen donor occupied the axial position with the halogen (X) trans to 

the donor. The donor-silicon interaction is long but still suggests a significant

interaction. The M-X distances are longer than in the tetracoordinated species. 

Additionally the work of Britton (1981)“  on a very large number of tin compounds and 

the work of the Klebe group (1985)“  on organosiiicon compounds showed that the TBP 

structure is preferred.

17
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Corriu (1989)33
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NMe.

Corriu 1989

\  P“ 0

°\ I /F  SiCIMe/ f  '
CHj-Si

10

/
\

11

^=N
Me

N— I
Me

12

In the Corriu (1989)”  paper he provides information on a comparison of N.M.R. data 

between the pentacoordinated species and the tetracoordinated species. It should be 

noted that those compounds which had three -OR groups or three alkyl groups 

attached to the silicon did not show any significant ” Si chemical shift variation relative 

to the tetracoordinated species. This suggests that co-ordination to form five co

ordinate species did not occur. Voronkov and co-workers(1983)”  have also made a 

study of these compounds using N.M.R.. They found that satellites due to and 

” Si coupling were present which indicates of slow fluorine exchange.

Using low temperature ®̂F N.M.R., Corriu and co-workers (1989)^ were able to show 

that in a number of compounds of the type shown below in Table 4, temperature 

lowering resulted in a highfield doublet and a low field triplet being observed. This

19
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indicates the presence of two equatorial and one axial fluorine. 

TABLE 4 - "F  N.M.R. RESONANCES

Compound *̂F(ppm) Temperature (̂ C)

30LSIFa -142.5

L’SIFa -138 80

rSIFa -140.7 30

Where:

LSiFj =

Me
/ /M e
N

Si

L'SiF, =

L"SiF, =

Me
/ M e

T -
' /

-  SI

/>
Y 1 /
y — -  Si
20 1 \



Additional information may be obtained by considering the N.M.R. The N.M.R. 

allows the detection of diastereotropic NMe2 methyl groups that indicate the presence 

of intramolecular Si>N co-ordination. For example, in the two compounds below the 

methyl groups of the NMe2 are equivalent and a sharp singlet is observed at room 

temperature. However, when the temperature is lowered a doublet is obtained 

indicating Si-N co-ordination.

MeHSIPh CHjNMej Me

N— Me

Ph

The Holmes group (1989/^ has further extended the study of hypervalent 

compounds by studying compounds of the type RSiF/ using “ Si, ®̂F and X-ray 

diffraction. The compounds were prepared as 18-crown-6 salts of the type [RSiFJfK- 

18-crown-6] where R = :2,4,6,tri-tert-butylphenyl(TBP)(13), mesityl(14),

/7-propyl(15), ethanediylbis(tetrafluorosilicate)(16), tert-butyl(17), cyclohexyl(18), 

Benzyl(19), p-chlorophenyl(20), p-tolyl(21), m-tolyl(22), o-tolyl(23).

The synthesis involved the reaction between KF and the appropriate RSiFs in the 

presence of 18-crown-6 ether.

21



Some of the physical and spectroscopic data associated with these compounds is 

shown in Table 5:

TABLE 5 - PHYSICAL PROPERTIES OF SELECTED COMPOUNDS

Compound MP/BP(®C) “ si % Yield

13 184-186(MP) -61.00 -124.00 80

14 37-40(BP) -69.19 -130.60 67

15 78-81 (MP) - - -

16 196-196(MP) -61.11 -139.70 48

17 89-93(MP) -62.10 -149.80 83

18 92-94(MP) -62.60 -144.20 79

19 139-143(MP) -64.13 -138.90 70

20 189-192(MP) -73.12 -140.80 -

22



21 160-165(MP) -74.00 -38.90 94

22 141-145(MP) -72.59 -140.20 87

23 120-122(MP) -71.14 -138.90 88

In line with the observation made by Damrauer (1986)^ these compounds are relatively 

resistant to hydrolysis. The area of reactivity Is considered In detail In sections 1.8 to 

1.13. The single crystal X-ray diffraction pattern was obtained for [TBPSiF4][K-18- 

crown-6](13) and [MesSiF4][K-18-crown-6](14). A representation of the structure is 

shown on page 24. The main features are that for both (13) and (14), the structures 

are essentially TBP and the aryl groups occupy the equatorial positions. In (13), the 

single crystal diffraction pattern shows the tC is close to the axial and equatorial 

fluorines and that the axial bond lengths are long relative to the equatorial Si-F. In 

addition, the Foq-Si-Foq bond angle is only 107° which is due to extensive steric 

crowding. In compound (14), there is not the same interaction between the K* and the 

fluorines and the bond angle for Feq-Si-Feq is 116° which is indicative of the reduced 

steric crowding. The silicon atom is essentially coplanar with the phenyl group in (14) 

but is displaced significantly in (13). Again, this is considered a measure of the steric 

crowding around the silicon.

The N.M.R. data in Table 4 indicates a limited range of chemical shifts for both °̂F and 

” Si N.M.R.. However, the chemical shifts reported are approximately 51 ppm upfield of

23
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the tetracoordinated analogues for “ Si and 24 ppm downfield for ®̂F. The aryl- 

substituted compounds are 10ppm upfield of the alkyl-substituted compounds. Oldfield 

(1985)^ has reported a similar trend for various ligands attached to silicon.

24



Corriu (1991)^ has synthesized a series of penta coordinated diamino silanes. These 

were obtained in high yield and characterized by full analytical procedures including 

“ Si N.M.R. and mass spectroscopy. The method of synthesis was as follows:

R^R^SiXz + 2 R^R^NLi---------------- > R^R^Si(NRV)2 + 2 LiX

Some physical and spectroscopic data for the various compounds of the form 

R^R^Si(NR^R^)2 are presented in Table 6:

26



TABLE 6 - SPECTROSCOPIC AND PHYSICAL DATA OF SELECTED COMPOUNDS

Compound R^R*Si(NR®R^

R Group 24 25 26 27 28

Ph Me Ph Me Me

A B B B Ph

R® Me Me Me Me Me

R̂ (CH2)2 iCHih {CHih Me (CH2)2

“ Si -13.48 -3.5 -16.01 -9.10 -2.06

Molecular Ion 

m/e

375 263 326 265 206

BP/MP - 95(BP)* 0<(MP) 84-87(BP)* 65(BP)*

Yield(%) 86 72 83 - -

26
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* BP recorded at a reduced pressure of 0.02mmHg.

The above compounds were subject to reactions with CS2 and CO2 and in the case of 

25, PhNCO. Some of the results are shown in Table 7:

TABLE 7 - SELECTED PHYSICAL AND SPECTROSCOPIC

Compound 24 25 26 27 28

Reagent CS2(excess) CS2 CS2 002 CS2

Product A+B C+D E+F G+H l+T

m/e - 772 - - -

“ Si +22.3 +41 (broad) +34.18 +42 +4.1

MP/BP(®C) - 250-252(MP) - - -

% yield - 16/17 - - 77%
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Where:

A = [8-dimethylaminomethyl]-1-naphthylphenyl silathione 

B = N'N'dimethyi-2-thioimiidazolidine 

C = [2-(dimethylaminomethyl)phenyl]methyl silane 

D = Dimethyiethylene trithiocarbamate 

E = (2-dimethylaminomethyl)phenylsilathione 

F = N-N'dimethyl-2-thioimidazolidine 

G = Methylaminomethylphenylmethylsilane 

H = Tetramethylthiourea

This work was an attempt to extend the research carried out by the Corriu group

(1989)^ and the Veith group (1990 and 1991)^^^ to cover the full range of Si-N bonds.

Lappert (1967)^ has reviewed the facile aminosilation of heterocumulenes of the type:

nBu
I Ph nBu

M e^ N  Me ^

S i^ 2PhN=C=0 \   N
Si

Me N — 0=0 — N'

The use of intra-molecular stabilisation by aminoaryl ligands has allowed the Isolation 

of several Si=S compounds. The insertion of CO2 into compound (24) to (27) was 

found to operate under mild conditions. The pentacoordinated diaminosilanes 

produced bi-insertion compounds that decomposed on warming.
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Englehardt and co-workers (1991)^ reported the preparation of a neutral 

pentacoordinate species;

Me

Me
= J Me

CtB) cm

cm

«in

cm

The aim of their work was to prepare compounds of the form ML2 where L=N(8- 

Quimolyl)(SiMe3) and M=Zn, Cd and Mg. The reaction may be represented by the 

following equation:

2LiL + MCI2 -> ML2 + 2LICI

However, when this reaction was carried out using M-Cd the reaction product C dl2 

could not be isolated. On heating between 80-240^0 CdMe2 and orange crystals of the 

dimeric [Me2Si(M-N-C9H6N)(p-N-CoH6N)SiMe2] were produced. The latter compound 

was prepared in low yield (15%) but had a melting point of 163°C. The crystal structure 

of this compound was obtained and the structure is shown above. The compound was 

characterized by and N.M.R. and mass spectrometry (M*= 385). The reason for
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the formation of this compound in the case of the CdCb reaction may be due to the 

"softer" character of the Cd, which allowed successful competition for the nitrogen by 

the silicon.

There has been renewed interest in the silatranes due to their physiochemical and 

biological properties. The latter has been reviewed by Tacke (1989)“ . The Lukevics 

group (1991)®  ̂ have synthesized a series of compounds in high yield (54-78%) using 

the following route;

RaSiCI + CICH2Si(OCH2CH2)3N------------------ > R3SiCH2Si(OCH2CH2)3N

Mg7rHF/60°C

where R = Me, Me2Ph, CHMe2 or OHMePh. The compounds were characterized by 

N.M.R. and mass spectroscopy.

Macharashvili and co-workers (1988)“  have synthesized a series of lactams in which 

the silicon atom is in a five membered heterocycle which is closed by a hypervalent 

Si-0 bond. A diagram of some of the members of this class of compound is shown on 

page 31.
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The electroœnductivity of this series of compounds was studied in CH2CI2 and it was 

found that as X changed in the series from l->F, the conductivity was reduced by a 

factor of about 100. This indicates that the bonds changed from mainly ionic to 

covalent. The infrared spectra showed a weakening of the Si-0 interaction and a 

strengthening of the C-N and the C-0 bonds respectively. From the X-ray diffraction 

data, the Si-0 bond length was shown to be 1.749A in the iodide and 2.395A in the 

fluoride. The Si-X distance varied from 3.734A in the iodide to 1.652A in the fluoride.

Further work has been carried out on lactams by the Mozzhukhin group (1992)“ . The 

paper presented the results of X-ray diffraction studies of dinuclear derivatives 

N-[dimethyltrifluoromethanesulphonyloxygermyl(silyl)methyl] and 

N-[dimethyltrifluoromethanesulphonyloxygermyl(silyl)methyl]-piperazine-2,5-diones and 

the mononuclear N-chlorodimethylgermylmethyl) and

N-(dimethyltrifluoromethanesulphonyloxygermylmethyl)lactam were investigated by X- 

ray diffraction. Representations of the compounds are shown below:
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It was found that in the dinuclear species that the dative Si-0 distance was greater than 

in the mononuclear species by about 0.09-0.13A, but that the Si-CI distance was 

shorter by about 0.04A. However, this is much larger in the triflate derivative, being 

0.5A in the silicon derivative. In addition these workers analyzed the NC(4)0 group in 

piperazine derivatives and found that the angle was 123*. Since the structure actually 

revealed a smaller angle, this could be due to the ring closure. A comparison of the 

dinuclear geometries suggests a weaker Si...O interaction but that the Si-CI bond may 

well be stronger. The weakness of the former may be due to a reduction in electron 

transfer and to the rigidity of the central six-membered ring. One other point is worth 

noting. This is that the Si-0 interaction is shorter in the triflate than in the chloro 

derivatives. This could be due to the triflate group being a better leaving group with the 

negative charge being significantly delocalized over the whole of the group.
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Gavrilova and co-workers (1991)^ have studied the infrared spectra of compounds 

containing -C =0 interactions of a series of compounds of the form 4-X- 

C6H4COOCH2SiF3(X=H,CI, O C H 3 or CH3). In the infrared spectra, the bands near 

350cm’  ̂were assigned to the Si<-0 interaction. They found a significant change in the 

Si<-0 stretch with substituent X.

It was also noted that changes in the vSi-0 and vSIF» frequency was observed with 

increasing Si<-0 strength. These changes may be due to a change in equilibrium 

geometry or purely electrostatic effects (change in force fields). Force field calculations 

indicate that the former predominates.

Orlova (1992)“  has reacted N-trimethylsilyl derivatives of 3-morpholones with 

Me2(CICH2)MCI, (where M = Si and Ge) in accordance with the scheme outlined below:

Me
CH.

Me
Where a) = H, = Et 

b) Ri = Et, R2 = H 
M = Si. Ge

The presence of the M....0 interactions were suggested by the bathochromic shift of 

the Vco stretch compared with the uncoordinated form. Comparisons between various 

structures has shown that the replacement of a carbon atom in the six membered 

lactam ring causes an increase in the Si...O distance by about 0.067A, whilst the Si-CI
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distance is shortened by about 0.025A.

A representation of the crystal structure is shown below.

The Klebe group (1985)®® have made a study of five co-ordinate silicon compounds 

with four different substituents. Under these conditions, two achiral isomers are 

possible and these are shown below (A&B):

A -e iA— Si A— Si \
D

SI— A 
D ^l

D

SiMegCI SIMeCL

The crystal structures of the two chemically similar groups were obtained and a 

representation is shown on page 35.

34



H(S)

HU2) C (U )

H (4 1 )

H(8)

H(9)

C(15')

H(31)

(Klebe 1985)

The structures show a TBP structure in the solid state with the pyridine nitrogen

occupying the apical position, and the saturated ring nitrogen occupying the axial

position. In both structures the chlorine atoms are in the axial position opposite to the

pyridine type nitrogen atoms. The compound 1 -(chlorodimethylsilyl)-l ,2,3,4-tetrahydro-

1,10-phenanthroline has a structure similar to (A) while 1 -(dichloromethylsilyl)-l ,2,3,4-
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tetrahydro-1,10-phenantholine, the structure is similar to (C) with both enantiomers 

occupying the same crystal.

A synthetic route for the preparation of organosilanes has been put forward by Corriu 

(1988)® .̂ What Corriu was able to do was to transform hexa co-ordinate species into 

silanes. Previously the Muller group(1984)®® was able to obtain MeEtsSi from 

Na2[CH3SiFs] using strong nucleophiles such as EtLl.

Corriu reacted [Si(02C6H4)3 f '  with various nucleophiles, and in some case the yield 

was high but in others it was relatively low. Some results are shown in the Table 8;

TABLE 8 - REACTION PRODUCTS AND YIELDS

Reagent Tempereture(”C) Product Yield(%)

MeMgi 20 IVIê Si 73

EtMgBr 35 Et3Si(0 C6H40H) 72

BuMgBr 20 BuaSiH 71
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This procedure has provided a useful "one pot" synthesis for some silanes.

The Laine group (1991)“  has used a novel approach to synthesize a series of penta 

co-ordinate compounds using the precursor SiO: This is of particular significance

since Si02 is a common and cheap source of raw material. Previously Rosenheim and 

co-workers (1931)“  and the Bamum group (1970)®  ̂have made tris(catecholato)silicate 

in an alkaline medium:

Si02 + 2KOH + 3 1.2-C6H4(0H)2-----> K2[Si(1,2 - C6H4(0)2)3] + 4 H2O

However, the reactivity is low and strong nucleophiles such as H', RMgBr or RLi are 

required for a reaction to occur. Laine has reacted Si02 with ethylene glycol in the 

presence of a base:

2Si02 + 2M0 H + 6HOCH2CH2OH -—> M2[(0CH2CH20)2Si-0-CH2CHr0-Si(0CH2CH20)2]

+ H2O

The compounds are highly reactive which is possibly due to the presence of bridging 

O-CH2CH2-O group. The “ Si N.M.R. data, with a chemical shift of -103ppm was 

consistent with a pentacoordinated species. and N.M.R. were also reported. 

The reactivity of the dimer was shown to be high in that it reacted with MeOH to 

produce K[Si(0CH2CH20)20CH2CH20H] plus glycol. A crystal structure of 

KSi(0CH2CH20)20CH2CH20H was obtained and this is shown on page 38:
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(Laine Group 1991)

The structure is TBP. The full kinetics of the reaction has yet to be fully elucidated.

A large amount of effort is now beginning to be put into a theoretical understanding, via 

ab-initio calculations, of both structure and reactivity. The compound H3N-Sip4 was first 

isolated by Ault (1981)“ . On the basis of its infrared spectrum, Ault proposed a TBP 

arrangement for this compound. Calculations carried out by Marsden (1983)“  

confirmed the Ault findings and in addition agreed that the NHs group was located in 

the axial position. This brings up the question of electronegativity of the NH3. It could 

be argued that the co-ordinated nitrogen carries a full positive charge formally and 

hence therefore more electronegative. This work has been extended by the Schaad 

group (1991)^ who looked at other structures which may occur at a potential minima 

and hence calculate the spectra of two other possible structures and compare with the 

Ault's work. The results, which involved the calculation of spectra of isotopically

substituted analogues (̂ H and ^̂ N) confirmed Ault's proposal.
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Tamao (1992)“  have studied the steric and electronic effects of substituents in anionic 

penta coordinated diorganotrifluorosilicates. A series of compounds of the following 

form R^R^SiFa'were studied. These included (4-XC6H4)MeSip3‘(31 ); 

(MeCeH5)PhSiP3(32); (2-MeC6H4)(4-MeCeH4)SiP3’(33) and (2,5-Me2C6H3)(3.5- 

Me2C6H3)Sip3‘(34). These were all prepared as 18-crown-6 potassium salts. The 

compounds synthesized may be represented by the following equation:

R^R^SIFa + KF--------------> [R^R^Sip3] K"18-crown-6

It was also found that a 1:1 or less ratio of the parent silane to the KP produced an 

easily purified product. In addition the crystal structures of (31 ) were determined where 

X=CP3, Me, OMe and NMe2 (33) and (34). The structures indicate that in all the 

compounds the dihedral angle between the substituent phenyl groups and the 

equatorial plane depends on steric and electronic factors. However, the following 

additional points may be made:

1) In compound (31) and (34), the structure was TBP with the phenyl group in an 

equatorial position. The bond lengths and bond angles are not significantly 

different from Ph2Sip3 . The Si-C bond lengths in Si-CeH4Cp3 appear longer than 

others in the series (1.918A) and is similar to that found in 1-NpPh2Sip2* (Holmes 

and co-workers (1987)“ .

2) The potassium cation interacts with the two fluorine atoms, one of which is in the

axial position and the other in the equatorial position. The equatorial Si-P distance

39



was shown to be shorter than the axial Si-F distance.

3) There is a large dihedral angle between the aryl rings and the equatorial plane in 

some cases. The dihedral angle ranges from 81.6® in (4-CF3C6H4)PhSiF3‘ to 83.5° 

in (4-MeCeH4)PhSiF3'.This is larger than the 75° found in Ph2SiF3 . In the case of (4- 

NMe2CeH4)PhSiF3', the Me2N-C6Hs angle was found to be 87.6®.

4) A reason for this arises from electronic effects in that the CF3 is electron- 

withdrawing while NMe2 is electron donating giving rise to the aligned perpendicular 

arrangement of the ligands. However, it is not easy to define the electronic effects 

involved at this stage.

The NMe2 group of (4 -NMe2C6H4)PhSiF3 shows a high degree of planarity. This may 

be partly explained by the presence of the PhSiF3 group that is electron accepting 

group. This is apparent when the N.M.R. data is considered.

The pentacoordinated species undergo Berry pseudorotation and hence at room 

temperature show only a singlet in the °̂F N.M.R. spectrum. However at -78®C, two 

peaks are observed and these are due to the presence of the axial and equatorial 

fluorine atoms. For the series of compounds, (4-XC6H4)PhSiF3", the coalescence 

temperature was found to be -10 - -20®C. This higher coalescence temperature in the 

presence of electron withdrawing groups being consistent with the previous work on 

pseudorotation by Stevenson and co-workers (1985)“  and Damrauer (1989)“ .

A good linear relationship was obtained between the energy barrier to rotation and the

Hammett Cp*. From the Hammett constant, the relative electron densities on the silicon
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ipso carbons could be calculated. The data has provided useful information about 

the electronic situation of particular carbon atoms. The chemical shifts of the carbon 

para to the substituent in mono substituted benzenes are correlated to the electron 

density at the para position. The electronic effects exerted by the SiPhp2 and the 

SiPhFa' groups are opposite in that the former is a weak electron acceptor while the 

latter is an electron releasing group. The chemical shifts in the data are 

consequently shifted down field in -SiPhF2 and upfield in -SiPhFa'. The SiPhFa' 

operating via a n polarization effect.

A novel penta co-ordinate compound, 1-methyl-1,1-dihydrido-2,3,4,5,-tetraphenyl-1- 

silacyclopentadiene silicate ([Ph4C4SiMeH2]K) has been reported by Boudjouk (1995)“ . 

The synthesis involves a reaction between 1 -methyl-2,3,4,5,-tetraphenyl-1 - 

silacyclopentadiene and potassium hydride. This is a well-established route to silyl 

anions and silacyclopentadienide anions (Corriu, 1985)“ . ^H, and “ Si N.M.R 

characterized the unexpected product. The “ N.M.R. resonance was found to be 

15.61 ppm. The Si-H coupling constants were found to be similar to those of 

[H2Si(OR)3r  (Corriu and co-workers, 1991a+b)“ . This suggests that the structure of the 

compound is trigonal bi-pyramidal with one of the hydrogen atoms and two of the 

carbons of the cyclobutadene group occupying the equatorial positions.
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A significant development occurred when the Kolomeitsec (1999)^ group synthesized 

the first organosilicon compound containing five Si-C bonds. This involved the reaction 

between [(Me2N)3S][Me3SiF2] and CFaSiMes. The resulting product, 

[(Me2N)3S][(CF3)2SiMe3], was found to be thermally unstable above 5°C.

ÇF3

Si— Me 

F

Me.

MegSiCFg + [(Me2N)3SJ [(Me^SiFj

Me

Me.Me
Si — MeSi — Me <5°C

MeMe OF

The ®̂F NMR was recorded and showed a resonance at 6-64.04 ppm. The single 

crystal X-ray diffraction pattern was determined and a representation was shown on 

page 43:
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The complex had a trigonal bipyramidal structure but the significant feature was the 

long apical Si-CFa (205.6 pm) and the considerably shorter Si-CHs bond length (188.2 

pm).

1.5 - COMPOUNDS CONTAINING SI=X groups.

These compounds may be considered to have 10 electron M=Si group and hence they

may be described as hypervalent although not hyper coordinate. They do display an

interesting chemistry. The involvement of silanediyl-transition metal complexes in the

chemical transformation of silicon compounds is an active area. This has recently been

reviewed by Lickiss (1992)^\ Several transition metal compounds containing Si=X

groups (for example X = SIR2L) have been prepared.
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. % ' •■■'■/■ ',. - - ■ ,■■■•■- ''%Ĵ :;j''» ■';. J:y : \  ■  ̂ ' ' ’ . . ,r . - ■-. (. '■ -* " ■ '. ' . - ■ . . ‘ \ . f' .. ■. , . , ’ - • ■ ' ■. . '

Various silylene complexes of transition metals have been prepared. For example 

when Na2Fe(CO)4 is reacted with (BuO)2SiCl2 in the presence of HMPT 

(hexamethylphosphotriamide), the compound (CO)4Fe=Si(OBu)2(HMPT) is formed 

(Zybill group 1987 and 1988f^*. Zybill studied the variable temperature N.M.R. and 

found that the Fe=Si bond exhibited unhindered rotation down to -30°C where solubility 

problems prevented further study. A crystal structure of (HMPT)(t-BuO)2Si=Fe(CO)4 

was obtained and the Si-Fe distance was determined to be 2.289A and the Si-0 (from 

HMPT) was found to be long at 1.730Â.

Straus and coworkers (1987)^ have further extended this work by studying silylene 

complexes of ruthenium in the presence of acetonitrile, which was bound to the silicon 

atom. The synthesis was based on the work of the Tilley group (1984)^ and involves 

the reaction between HSiPh2CI and Cp 2RizRuCH2SiMe3 in toluene at 100®C. The 

reaction utilized electrophilic abstraction to produce the cationic complex 

[Cp'(PMe3)2Ru=SiPh2.NCCH3r  A crystal structure was obtained and the Ru-Si 

distance was found to be 2.328A, which is short. The Si-N (from acetonitrile) distance 

was found to be significantly longer than the tetra coordinated species at 1 932A. The 

N.M.R. indicates that acetonitrile exchange occurs on the N.M.R. time scale.

The Ogino group (1988)^^ has obtained a donor stabilized complex via the photolysis of 

Cp'(CO)2FeSiMe2SiMe(OMe)2. Tilley (1990)^ has also reported the base free silylene 

compound [Cp*(PMe3)2Ru=Si(SR)2][BPh4] where R=tolyl and ethyl.

In addition, the Ogino group (1988)^^ has also studied an iron bisilylene consisting of
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two isomers of the type Cp*Fe(CO)2 (OMe)SiMe2 )(OMe).

The synthesis involved a reaction between Na[Cp Fe(C0)2] and CIMe2SiSiMe2CI 

followed by subsequent treatment with methanol. The yellow crystals obtained were 

subject to X-ray diffraction and the data showed very short Fe-Si distances of 2.207 

and 2.222A respectively. The Si-0 (from MeOH) was shown to be long. The “ Si 

N.M.R. indicates the presence of two isomers and sp  ̂hybrid silicon atoms.

Additional work on osmium has been carried out by Woo (1991)^. They prepared a 

THF stabilized silylene complex of the type (TPP)0s=SiMe2.THF, where TPP is meso- 

tetra-p-tolylporphyrin. The product was prepared by the following reaction:

%[Os(TPP)] + Me2Si(CMe2)2 — > (TPP)0s=SiMe2.THF + Me2C=CMe2

2-D NOESY N.M.R showed the fact that the THF was coordinated to the silicon atom. 

The Colman group (1985)^ have prepared the above compound by an alternative 

route:

K2[0s(TPP)] + Cl2SiR2  > (TPP)0s=SiR2.THF + 2KCI

where R = Me, Et, and Pr. However, it was noted that when sterically hindered R 

groups, which would prevent donor solvent co-ordination, were used, no reaction was 

observed.

Simple displacement reactions at the silylene group can be carried out. For example

the THF molecule can be easily substituted by pyridine. The crystal structure of
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(TPP)0s=SiEt2 2THF was obtained by Woo (1991 )^. This is shown on page 46.

C 5 0

Molecular structure with 50% probability thermal elllpslods and patrial atom numbering for (TTO)Os=SIEt2-2THF 

(Woo 1991)

The Si-Os distance was found to be 2.325A, which is very short. The Si-0 distance 

(from THF) was found to be long (1.82A).

Muller and co-workers (1992)^ have studied the synthesis, structure and 

photochemistry of base stabilized silylenes of the type R2(HMPA)Si=M(C0 )n where 

M=Fe,Cr or W, n=4(Fe), n=5 (Cr and W). R=t-BuO, t-BuS, MeO, and Ada-0-.
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These compounds were prepared by the reaction of R2SICI2 with M(CO)n ‘̂ in the 

presence of HMPT. This produced the appropriate silylene complex. Crystal structures 

of Me2(HMPA)Si=Cr(CO)5 and Cl2(HMPA)Si=Cr(CO)5 were obtained. The data 

obtained showed the M=Si distance to be very short with the Fe-Si distance of 2.280A 

and the Cr-Si being 2.140A. The Si-0 distances were long being 1.683A and 1.743A 

respectively. The reported photochemistry was devoted to the substitution of the CO 

groups by the PMea ligands.

Corriu co-workers (1991)^ carried out an interesting piece of research into penta 

coordinated silicon containing a Si=X group. The groups studied included Si=N- and 

Si-P'-Ph. The former fi* is an obvious case of a zwitterion stabilized by an 

intramolecular co-ordination. The silaphosphene was obtained by the following 

reaction;

r 1
I

T

y

y

F PhPLi,

THF

The ^Si data shows a chemical shift of -9.6 ppm. In addition, some interesting 

hypervalent silicon-transition metal compounds were reported. The outline of the 

synthesis is shown overleaf. The ” Si and N.M.R. data is shown in Table 9.
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TABLE 9 - ’̂C and "SI N.M.R. RESONANCES

Compound *̂C (ppm) ” SI (ppm)

A 54.4 50.3(NMe2) +101.1

B 48.0 45.0(NMe2) +124

A =

B =

Me

Cp' = Methylcyclopentadienyl
Me

The absence of a Si-H bond was shown by the application of the pulse techniques 

DEPT and INEPT. Both of the above compounds are unreactive to nucleophiles 

although the Si=Fe compound will react with oxygen.
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Auner (1991)®° used the Corriu methodology to produce a compound containing a 

Si=Cr group. The outline of the synthesis is shown on page 51. The “ Si N.M.R. 

chemical shift was found to be 129.4ppm at 22®C, which indicates a small Si-N 

interaction. The “ Si N.M.R. does show strong temperature dependence and shifts to 

138.8ppm at 58®C. The N.M.R. indicates that the dimethylamido protons are 

equivalent when R=H but when R=CH2NMe2 the signal is split into an AB pattern. This 

is due to the hindered rotation of the phenyl substituent and to the co-ordination of the 

nitrogen to the silicon. Above 58®C, the NMe2 groups are equivalent indicating that the 

phenyl group is rotating fast and that the nitrogen is not coordinated to the silicon. The 

value of the rotational barrier was found to be 54.2 kJ/mol in R=CH2NMe2. The crystal 

structure of the last mentioned compound was obtained and a representation is shown 

on page 50. It is worth noting that the Si=Cr bond length is very short at 240.8pm 

compared to the calculated Si-Cr bond length of 270pm.

MegNCHgCgH^Li + RCgH^SiClg

R= CHgNMOg or H

[Cr(CO)j + [RSi],

Si— 01

Na2[Cr(CO)5]

Si=Cr(CO)

R= CH2NMe2 or H
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Auner and co-workers (1991 )

A series of papers were produced by Corriu (1986)®\ (1988)“  and (1987)“  which 

described the reactions of hypervalent silanes with carbon dioxide, acyl chlorides and 

carboxylic acids. Some of the reactions are summarized in the diagram below:
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The Corriu group (1989)®  ̂have described the reaction of the parent hypervalent silane 

with C$2, Sa and Se which produced stable Si=S and Si=Se bonds;

^  Ph. H Ph

The thio compounds may also be produced by direct reaction with Sa. The products 

were both found to be air and moisture sensitive. The infrared of the thio compound 

exhibited a new band compared to the hypervalent parent at 645cm'\ This may be due 

to the Si=S stretch. Thompson (1987)“  have synthesized a transient compound 

containing a Si=Se bond. Some data relating to the compounds synthesized by Corriu 

(1989)“  is shown in the Table 10:
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TABLE 10 - SELECTED PHYSICAL DATA

SI=S SI=Se

% Yield 67 84

“ si +22.3 +29.4

^®C(NM02) 46.3 47.23

FAB 321 -

m/e 321 369

MP(»C) 170-1 80 (decomp)

The reactivity of the thio compound was found to be low with respect to nucleophiles. 

The crystal structures of the thio compound, where a naphthyl group replaces the 

phenyl group, was obtained. The main structural features are as follows;

1) The Si=S bond length is 2.013Â which is significantly shorter than the Si-S single 

bond (2.16Â).
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2) The dative Si-N bond is 1.96A and is slightly longer than other Si-N bonds (1 .79A).

3) The sulfur atom is located outside the plane of the Si-naphthyl unit.

The low reactivity of the silanethione may be explained by the following resonance:

r ~ a  
^  \

i— S

The more polar form making a greater contribution.

The Corriu group (1993)“  has prepared additional transition metal complexes 

containing donor-stabilized hydrosilanediyl. These were prepared photochemically by 

a reaction between Fe(CO)s, Cr(CO)s and RCpMn(C0)3 in the presence of ArSiHa. The 

presence of N, N-dimethylimidazolidinone (DMI) allowed the conversion of 

[Fe2(CO)8(SiPh2)2] to [Ph2Si(DMI)=Fe(CO)4].ln addition, further compounds were 

prepared by photolysis and a scheme is shown below: ~
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Si=Cr(CO).

u
hv

-CO

\  ' hv
.Si=Cr(C0 )4 Si=Cr(CO)

Spectroscopic data including “ Si N.M.R. spectra were also reported. In the above 

case, the intramolecular stabilisation was expected, based on the previously mentioned 

earlier work of Corriu and co-workers (1989)“ . This work involved a similar reaction 

with silanethione in which stabilisation was achieved using an intramolecular 

coordinated aminoaryl group.

1.6 - DYNAMIC STUDIES OF HYPERVALENT SILICON COMPOUNDS

An increasing interest has been shown in the dynamic aspects of pentacoordinate 

species of silicon. The Damrauer group (1989)^ have measured the exchange 

barriers for compounds of the type [RR'SiFs]'. Eight new silicates were prepared as IC- 

18-crown-6 salts. The “ F N.M.R. data is shown in Table 11:
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TABLE 11 - ROTATIONAL BARRIER DATA

R R' "F Rotational barrier(kJ/mol)

4-Methylphenyl 4-Methylphenyl -110 43.8

2-Methylphenyl 2-methylphenyl -96.3 40.59

p-Nitrophenyl p-Nitrophenyl -110.5 36.0

a-Naphthyl a-Naphthyl -89.9 38.1

Phenyl 2,6-Dlnltrophenyl -101.5 46.71

Phenyl Tert-butyl -114.5 42.64

2,6-Dimethylphenyl 2,6-dimethylphenyl -76.3 and -125 13-14 BB

2-Methylphenyl 2,6-Dlmethylphenyl -95.3 11.3
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No “ Si N.M.R. data were reported but along with the the spectra were reported. 

The compounds were prepared by the following reaction;

KF + 18-crown-6 + RR'SiFz-----------> [RR'SiF3][lC l8 -crown-6 ]

The yields were high and reported to be between 70-90%. All compounds showed two 

peaks in the low temperature ®̂F and coalescence was obtained which allowed the 

value of the exchange barrier to be obtained. However, (2 ,6 -dimethylphenyl)2SiF3‘ 

showed two resonances over a very large temperature range and it proved difficult to 

determine the coalescence point due to the presence of small amounts of impurity. 

Exchange barrier data are also presented in Table 4 and data originating from 

Damraurer (1986)^ is shown in Table 12:
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TABLE -12 Exchange Barrier Data

Compound Exchange Barrier (kcal/mol)

[(phenyl)2SiF3r 11.7

[(phenyl)(methyl)SiF3r 9.9

[(phenyl)SiF4r Rapid exchange

[(phenyl)3SiF2r No exchange

In Table 12, the compound [(phenyl)3SiF2]' has all the phenyl groups located in the 

equatorial position and hence the rotational barrier is very high. Earlier studies by 

Martin (1985 and 1986)®  ̂ looked at substituent effects in cyclic silicates of the type 

[Ph(CF3)2 0 )2SiY] where Y=CN, n-Butyl, F, OCeHs, alkyl, and aryl. The rotational 

energy barrier was found to range from 16.8kcal/mol in the case of CN to 28.6 kcal/mol 

in n- butyl. Very good Hammett correlations were obtained.

Not all the compounds undergo a simple dynamic process. Famham and co-workers 

(1981)®® have shown that similar compounds may undergo intermolecular and 

dissociative steps. Voronkov (1983)®® has shown that (aroyloxy)methyl)trifluorosilane is
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pentaœordinated in both the solid and liquid state. The energy barriers were reported 

to be between 28 - 43 kJ/mol.

The Klebe group (1985)®° have synthesized (Ci2HnN2)SiX3 where X=F and Cl using 

their own previously published method (Klebe group 1981 and 1983)®\ The “ F N.M.R. 

was studied at various temperatures. At room temperature, a singlet was observed 

whereas at,-90®C a doublet and a triplet was obtained. The use of line shape analysis 

indicates that the energy barrier is about 30.75 kJ/mol. Rearrangement is thought to 

occur via an intramolecular process. The Si-N bond is longer in the fluoro compound 

compared to the chloro compound (Klebe group 1983)®\ The barrier of 30.75 kJ/mol 

has been attributed to the total energy necessary for the positional change of the 

fluorine atom.

The Pestunovich group (1988)®  ̂have studied the effects of substituent on the strength 

of intramolecular Si=0 coordinated bonds in compounds of the type CH3-CO- 

N(COCH3)CH2SiX(CH3)2 where X=CI, Br, I, 0 C(0 )CH3. 0 C(0 )CP3. These workers 

studied the effects using ®̂C and “ Si N.M.R.. The dynamic process under 

consideration is shown below in the case where X=CI:

O CH,

H3C N

CH,— Si

CH, 0

H,C.

/  V

H X
/

'Si CH,

Cl
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' A.

The process allows the migration of the Si-0 co-ordinate bond between the oxygen 

atoms of the two acetyl groups and involves the dissociation and rotation by 180® of the 

silyl methyl group and the two acyl fragments about the N-C bond and the formation of 

a new Si-0 bond involving the oxygen of the other acyl group. It was found that the 

strength of the Si-0 bond weakens with the increasing electronegativity of the 

substituent X. The free energy of activation was found to be in the range 31.5-43.0 

KJ/mol. This data was found using the Eyring equation. This is a significant barrier to 

rotation. The “ Si N.M.R. data is shown in Table 13:

TABLE 13 - “ Si N.M.R. RESONANCES

X “ Si(PPm)

Cl -24.2

Br -29.2

1 -14.9

0C(0)CH3 -11.3

0C(0)CF3 -30.1
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These values significantly exceed the values for model tetra co-ordinate compounds of 

the type Me2(CICH2)SiX, which has a group of similar electronegativity attached to the 

central silicon atom. For the majority of compounds, a decrease in temperature brings 

about an increase in the shielding of the central silicon atom and results in an upfield 

shift in the “ Si N.M.R. However, compounds in which the silicon is displaced from the 

plane of the equatorial ligands towards the ligand X constitute an exception 

(Pestunovich group, 1986“  and Kalikhman, 1985“ }. The N.M.R. data supports the 

“ Si N.M.R. data. The Ĵ(̂ ®C-“ Si) coupling is higher than the tetra co-ordinate 

analogues. This suggests that there is a significant increase in the 's' character of the 

Si-C bond. The silicon uses the sp^ hybrid orbitals for bonding tho equatorial ligands.

Further work has been carried out by the Mozzhukhin group (1992) on the changes 

in the interatomic distances in O . SiCs-CI fragments were examined. A study of 

several derivatives allowed a new relationship to be proposed between the changes in 

the Si .O and the Si-CI distances. In addition, it was shown that the overall order of the 

hypervalent bond is constant and differed from unity. Often it was found to be greater 

than one. In this paper all the compounds studied contained an N-CO group and 

hence the possibility of delocalisation of electron density. This could possibility lead to 

a more ionic character of the Si-CI bond. The relationship proposed in this paper 

between bond order and bond distance is based on the work of Pauling (1947)®® and 

takes the following form;

Bond Order =10-^®^^

where 0  ■ a constant; do bond length of bond with a bond order of ono and d is the
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observed bond length. The constant may be calculated from the Burgi relationship 

(Burgi, 1973)“ . Such relationships could be of use in interpreting structural data.

Voronkov and co-workers (1989)“  have used infrared and dielectric constant 

measurements to look at =C=0-Si dative bonds. At room temperature, compounds 

such as 2-benzoyloxyethyl and 3-benzoyloxypropyl trifluorosilanes in non-polar 

solvents exist as rotational isomers containing tetrahedral Silicon. A decrease in 

temperature resulted in the formation of penta coordinated species in which the silicon 

forms part of a six membered ring. The stability constant for the increase in co

ordination was found to increase with decreasing temperature and with increasing 

polarity of the solvent. Compounds of the type X'CeH4C(0 )0 CH2SiFnMe3 ,̂ are capable 

of forming intramolecular Si-0, the strongest being formed when n=3. An increase in 

the number of (CH2) groups separating the phenyl substituent from the silicon also 

decrease the strength of the dative Si-0 bond. The enthalpy of formation of a six 

membered ring containing a Si-0 dative bond changes little when X=CI or X=F The 

values for AH being 3.8 and 5kJ/mol respectively.

The “ F NMR was recorded and showed a resonance at 5-64.04 ppm. The single 

crystal X-ray diffraction pattern was determined . The complex had a trigonal 

bipyramidal structure but the significant feature was the long apical Si-CFa (205.6 pm) 

and the considerably shorter Si-CHa bond length (188.2 pm).
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1.7 - HEXA COORDINATED SPECIES CONTAINING SINGLE Si-L BONDS.

All the reviews mentioned above also contain significant references to this group of 

compounds. Like penta co-ordinate compounds, hexa co-ordinate silicon compounds 

have attracted interest since they possibly serve as a model compounds for the study 

of reaction intermediates. The Corriu group (1974“  and 1980^°°) has proposed hexa 

co-ordinate species as intermediates.

Corriu (1989)^°^ prepared several hexa coordinated silicon compounds and 

characterized them by x-ray diffraction. Representations of the crystal structures of 

bis-(8 -(dimethylamino)naphthyl)fluorosilane (35), bis(8 -(dimethylamino)naphthyl)silane

(36) and (2 -(dimethylamino)methyl)-(phenyl)-(8 -(dimethylamino)naphthyl)difluorosilane

(37) are shown on page 64.
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The second compound mentioned (36) does not exhibit any polar groups. In 

compound (3 5 ), the lone pairs of both nitrogen atoms are directed towards the central 

silicon and have a bond lengths of 2.680A and 2.646A respectively, and are similar to 

pentavalent species (2 .4 4  - 2 .6 6 A). With respect to compound (36), the significant 

feature is the non-equivalence of the methyl hydrogen atoms. The strongest Si-N 

interaction involved the nitrogen atoms, which are opposite the aryl carbon. Compound

(3 7 ) shows two different conformations in the solid state that involves a slight difference 

in the Si-N interaction. In all these compounds, the silicon maintains a largely 

tetrahedral arrangement, which is similar to a bi-capped tetrahedron, in which the 

tetrahedral silicon is undergoing nucleophilic co-ordination.

Additional studies of hexa coordinated silicon using chelating nitrogen donor ligands 

have been carried out by Corriu (1989)^“ . The studies of these compounds showed 

that several of them existed as a pair of enantiomers in fluctional equilibrium. N.M.R. 

studies indicate that isomerization does not involve bond cleavage. The compounds 

studied are indicated in Table 14 including additional “ Si N.M.R. data.
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TABLE 14 - SELECTED ” Si N.M.R. DATA

Compound »Si

bis(8-(dimethylamino)naphthyOfluorosilane (38) -37.33

bis(8-(dimethylamlno)naphthyOmethoxysilane (39) -27.43

bis(8-(dimethylamino)naphthyl)methylsjlane (40) -26.79

bis(8-(dimethylamino)naphthyl)methylphenylsilane (41) -12.08

Evidence for the hexa co-ordination also comes from the temperature dependent 

N.M.R. studies. At low temperatures two distinct naphthyl groups were observed. The 

use of selective saturation in the case of compound (38) and (39) have shown that 

isomerization by the naphthyl groups and NMe2 groups are successively in equivalent 

positions and toward the functional group. All the compounds show that the 

compounds undergo a non-dissociative isomerization. A full mechanism was not 

provided at this stage.

An earlier paper produced by the Corriu group (1984)^°^ has demonstrated an easier
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way to produce a dianionic hexa co-ordinate compound using catechol as the ligand. 

The compound produced were formulated as M2[(C6H402)3Si] where M=Na and K. The 

potassium analogue was found to be highly reactive and useful as a precursor for other 

compounds.

A new method for the synthesis of hexa co-ordinate compounds has been developed 

by Evans and co-workers (1991)^°^. The method involves the reaction between SiCU, 

Si(0 Et)4 and ligands such as Chrysin (chrH), maltol (malH), 3-hydroxypyridine-2-one 

(dhpH) and 8 -hydroxyquinoline-N-oxide (dqoH). The method of preparation of is 

represented by the following equations;

S i(0 E t)4 +  3L H  +  H X  > S iL a ^ X ] +  4 E tO H

SiCU + LH  > SiL3*[CI] + 3HCI

where X  = H S O /,  C F 3 S O 3 . Cl", C F 3C O O  .

The “ Si and N.M.R. were recorded and some of the ^Si N.M.R. data is shown in 

Table 15:

67



TABLE 15 - SELECTED SPECTROSCOPIC DATA

Compound “ SI Yield (%) MS(FAB)m/z

Si(dmp)3* -135.3 89 442

Si(mal)3* -134.9-134.4 50 403

Si(dhp)3* -141.6 75 358

Si(chr)3* -193.1 - 787

Si(hmq)3* -192.3-192.7 90 550

It can be seen from the above table that several of the compounds show two ^Si 

resonances. This may be due to the presence of the fac and mer isomers. In addition 

the “ Si chemical shifts appear to be independent of the nature of the co-ordinating 

oxygen, the nature of the counter ion and the charge on the complex. However, the 

“ Si chemical shifts do depend on the chelate ring size. It would thus appear that the 

shielding of the silicon depends on the symmetry around the silicon. Williams (1983)̂ °® 

has suggested that in compounds where the symmetry is reduced the N.M.R. active 

nucleus becomes sensitive to changes in the electronic properties of the ligands.
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As part of their continuing work on hypervalent compounds, Corriu (1989)^“  reported 

the synthesis of a (PPN)silicate where PPN =

bis(triphenylphosphoranylidene)ammonium. This compound was prepared according 

to the following reaction:

a

SiOEt)3 OH

OH

KOMe

NMe.MeOH

K

CH2CI2 / pp^+ Q,

PPN 01

Where PPN = Ph3P=N=PPh3

A molecular structure was obtained, and a representation is shown on page 70.
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The compound adopts the expected octahedral configuration. The Si-C (to the phenyl 

group) is very long (1.917 A) while the Si-0 distances are equal at 1.781A. Again, 

these are long when compared with analogous penta coordinated compounds. The Si- 

N distance is consistent with being coordinated and similar to the silatranes at 2 .ISA. 

The “ Si N.M.R. shows a resonance at -121.2ppm, which is similar to other hexa- 

coordinated species.

The compound is chiral and in principle, it should be possible to show diastereotopism 

using N.M.R. However, only a single resonance was observed at low temperatures. 

This suggests that a rapid equilibrium exists between the open and closed form about 

the silicon -nitrogen bond, which allows rotation and inversion. Alternatively an 

intramolecular process such as a Bailar twist (Bailar, 1958)^°^ and Corriu and co- 

workers(1987)^“  may be in operation.
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In order to see which mechanism was operating in this case, another compound 

containing a chiral benzylic group was synthesized. The presence of the benzylic 

group has the effect of making the NMe2 group diastereotropic when the nitrogen is 

coordinated. A representation of the compound is shown below:

\ i

H Me

PPN+

The one coalescence point for the benzylic carbons and the single NMe2 resonance is 

presumed to be indicative of an intramolecular non-dissociative mechanism in 

operation. The N.M.R. also allowed the determination of the aG activation of Si-N 

bond breaking. This was found to be 44.2 kJ/mol.

The Corriu group (1988)̂ °® have been looking for a way to prepare hypervalent 

compounds from silica. Corriu depolymerized silica by reacting it with catechol in the 

presence of sodium methoxide, which resulted in the formation of a hexa coordinated 

[Si(o-0 2 C6H4)3f  '. The method for the depolymerization, in water, had been previously 

described by Rosenheim (1931)“ , Bamum (1970)®  ̂ and the Weiss group (1961)^T 

This compound was found to react with Grignard reagents to give R4SI or R3SIO-C6H4- 

(o-OH) depending on the R group.

Yoshikawa and co-workers (1992)^”  have achieved the complete optical resolution of
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[Si(phen)3]^  and [Si(bipy)3]^. The former complex was synthesized from SiU and 1 ,1 0 - 

phenanthroline using the method of Kummer (1979)” .̂ The resolution was achieved 

using a chromatographic method involving the use of sodium ((+)-tartrato)antimonate 

as eluent. The absorption, circular dichromism, and N.M.R. spectra were recorded. 

The results of these do indicate that complete resolution had been achieved. This 

paper is significant in that very little work has been reported on the resolution of optical 

six co-ordinate silicon compounds.

An interesting paper by the Corriu group (1988)̂ ^® is worth noting because it contains 

reference to hepta coordinated silicon and germanium species. The only other report 

of hepta coordinated silicon has been reported by the Roddabasanagoudar group 

(1985)^^^ on mechanistic studies of hexa coordinated species. The compounds 

obtained were of the form (2 -Me2NCH2C6H4)3MH (where M = Si or Ge). The silicon 

compound was prepared by the following reaction;

3 2-Me2NCH2CeH4Li + SiHCb > HSi(2-Me2NCH2C6H4)3 + 3LiCI

A crystal structure was obtained for the germanium analogue. This compound was 

shown to be seven co-ordinate. However, it was only possible to obtain a powder 

pattern and thermal analysis for the silicon analogue. However, the results are similar 

for both compounds, which suggests that the silicon is also seven co-ordinate. The ^Si 

N.M.R. showed a resonance at -35.3ppm (^J(SiH) = 229.3Hz).

Corriu (1994)̂ ^® has extended the range of hepta coordinate compounds with the

synthesis and characterization of tris[8 -(dimethylamino)naphthyl]silane and tris[2 -
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(dimethylamino)methyl)phenyl]fluorosilane. A representation of the X-ray crystal 

structure is shown below;

»

The structure shown is known as tri-capped tetrahedron and the symmetry is C3. It 

should be noted that the three Si-N interactions appear weak with a bond distance 

between 2.87Â and 3.47A It appears that steric hindrance prevents the close 

approach of the nitrogen lone pairs. Spectroscopic data was recorded for each of the 

compounds including the “ Si N.M.R. In the case of tris[2- 

((dimethylamino)methyl)phenyl]fluorosilane the resonance was observe at -9.86ppm 

while in tris[8 -(dimethylamino)naphthyl]silane the resonance was observed at -25.86 

ppm.

The crystallographic data provide certain points of interest;
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a) In one case the Si-N donor bond is co-linear with the opposite Si-Ph bond despite 

the steric hindrance.

b) In general, penta or hexa co-ordinate fluoro compounds are formed by the 

additional ligands bonding opposite to the fluorine. In this case there is frontal co

ordination at the Si-F bonds by the three equivalent amino groups.

The synthesis of such hepta co-ordinate compounds provides evidence for the possible 

existence for heptacoordinate intermediates in the nucleophilic substitution of hexa co

ordinate compounds.

Recently, Rower and co-workers (1998/^® have synthesized several novel six co

ordinate organosilicon compounds from SiCU, Si2Cl6 and N, N-ethylenbis(2- 

oxyacetophenoneiminate (salem*). This ligand has methyl groups, in place of hydrogen 

atoms, attached to the azomethine group. The six co-ordinate compounds were 

prepared according to the following scheme:

HgSalen^SiCÎ

Xsalen*)SiCI-
uccu ZnFj/THF-nHflBcane

K/toluono roflux
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It should be noted that the “ Si NMR of the chloro derivative, Si(salem*)Cl2, showed two 

peaks at -186.1 ppm and -188.0 ppm respectively. These were due to the presence of 

the two isomers:

The single crystal X-ray diffraction pattern was obtained for the fluoro derivative and 

this is shown below:

,0181;(i7i
,NQI

11161

Ct6V
VC2I

ïra «11
0111

The key feature is that the Si-0 distances of 1.721 A and 1.724 A and Si-N distances of 

1.931 A and 1.937 A were short compared to other hexaco-ordinate species. The Si-F 

distances were 1.677 and 1.670 were within the normal range of 1.60A-1.73 A. The 

distortion from the octahedral geometry is probably due to the conformational 

requirements of the chelating salem* ligand.
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As noted in the above synthetic scheme, polymer formation was achieved. These 

compounds are the subject of continuing study as they may have novel optical and 

electronic properties. Polymers with bridging acetylene ligands have already been 

prepared by Shim group (1984)̂ ^®.

The Douglas group (1998) have prepared poly(aryleneethynylenesilylene) 

compounds of general formula (C2SiR2C2X)n (where X= 9,10-anthrylene) These 

polymers contain both penta and hexa co-ordinated silicon. The absorption spectra is 

consistent with Si conjugation along the polymer backbone. The electronic properties 

are such that these compounds could find application in the electronic industry.

The Corriu group (1996)” ®® have studied the acid/base chemistry of hexa-coordinate 

{2,6-bis-[(dimethylamino)methyl]phenyl}bis(1,2-benzenediolato)silicate and showed 

that it has a very high basicity. This was shown when this compound reacted with 

methanol. The result was a zwitterion. The compound had a higher pKa (16.7) than the 

proton sponge 1,8-bis(dimethylamino)naphthalene. The Corriu group suggest that the 

high basicity was due to the greater stability of the zwitterion the geometry of which 

was nearer to a perfect octahedron than the parent compound.
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CHAPTER 2: THE REACTIVITY OF SILICON COMPOUNDS

2.1 - THE REACTIVITY OF HYPERVALENT ORGANOSILICON COMPOUNDS

The aim of the next few sections is to obtain an explanation of the observed enhanced 

reactivity of penta and hexa coordinated silicon towards nucleophiles. In many ways 

these observations are counterintuitive since, it would not be expected that hypervalent 

neutral or anionic species would have such enhanced reactivity towards nucleophiles. 

The mechanism of nucleophilic substitution has been a major area of debate since the 

late 1970's. It would be useful to consider the content of the debate as a starting point 

to the discussion.

Recently the Janzen group (1997)” ®̂ has employed ab-initb molecular orbital

calculations to look at the cleavage of the Si-F and Si-C bonds. Previously this group

had studied Si-F bond cleavage using ®̂F NMR in four and six co-ordinate silicon

species (Janzen group 1977)” ®®. The current work suggests that Si-F bond cleavage

occurs via the F- -Si- - F intermediate which Janzen had previously considered in

1994^^. As a result of their calculations, it was concluded that the cleavage of the

Si-C bond in PhSiFa takes place in the presence of F and oxidizing agents with the

formation of PhSiF/ and PhSiFs '̂. Subsequent oxidation to PhSiFs radical anion

occurs. The latter species was predicted to decompose to give SiFs' and a phenyl

radical. The Janzen group further suggest that their work is in agreement with available

experimental data. In addition they further contend that given the lack of

thermodynamic and kinetic data associated with the reactive intermediate, that
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calculated bond lengths may be used and that using a quote from the the Perkin group 

(1980)^“  that the longer the bond, the faster it breaks.

Several other mechanisms for nucleophilic substitution have been proposed. Modena 

and co-workers (1957)” ® have proposed a mechanism for the hydrolysis of 

silylchlorides which utilizes base catalysis. Corriu group (1978)^“  have criticized this 

proposition on the basis that it does not explain the change in stereochemistry that 

occurred in some reactions. In addition, Frye (1984)^^  ̂ has shown that the rate of 

reaction does not depend on basicity but on the nucleophilicity of the nucleophile.

Another mechanism has been proposed by the Chojnowski group (1978)^“ . These 

workers have isolated a HMPA adduct of trimethylbromosilane which was shown by 

conductivity experiments to be ionic. Chojnowski argued that the reaction involved an 

intermediate consisting of four co-ordinate silicon and a phosphonium cation. 

Retention of configuration was achieved by two consecutive inversions. Similar 

substituents were studied by Beattie and co-workers (1966)^“  using 

trimethyliodosilane, but the stereochemical changes could not be studied in this 

reaction.

A crucial point was noted by the Corriu group (1980)̂ ^^. They observed that the Sn and

Ge analogues underwent racemization much faster than the silicon analogue and that

these compounds did not give ionic adducts. In addition he notes that the above

mechanism does not account for nucleophile induced épimérisation of

chlorosilacyclobutane. Corriu suggests that this double displacement mechanism may

be confined to silanes with labile Si-Br and Si-1 bonds.

78



The most favoured mechanism currently available was the one put forward by Corriu 

(1977)^“ . This mechanism involves increasing the co-ordination number of the silicon 

to five or six depending on the nature of the silane. However, this mechanism has not 

gone unchallenged. Frye and co-workers (1984/^^ have suggested that the Corriu 

mechanism is unlikely because;

1. Increase in steric bulk on increasing co-ordination.

2. Penta coordinated silicon will have an increase in negative charge due to the 

formation of the dative bond from the nucleophile.

However, there are several pieces of strong evidence for the Corriu mechanism:

1. The kinetic data for racemization shows a second order dependence on the 

nucleophile and for alcoholysis shows a first order dependence on the nucleophile 

and the alcohol. This suggests that there is a common mechanism involving a pre

equilibrium intermediate (five co-ordinate) and the subsequent attack by the 

nucleophile on the intermediate.

2. Small enthalpies of activation and large negative entropies of activation indicate a 

highly associated state.

3. The Corriu group (1974)^^^ has shown the presence of the CF3 substituent on a

phenyl group of Ar(1-naphthyl)EtSiCI reduces the rate of racemization by making
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the silicon less electropositive and reducing the length of the Si-CI bond.

4. X-ray fluorescence spectra show clearly that the silicon has a higher positive charge 

in penta coordinated XSi(0-CH2CH2)3N than in the tetra coordinated XSi(0- 

CH2CH3)4 (Voronkov co-workers (1984)^“ .

5. Molecular orbital calculations by Baybutt (1975)^^ also indicate that the positive 

charge on the silicon increases on going from four to five co-ordinate by 0.16 -

0.20e.

6. The Corriu group (1983)̂ ®° has shown that H2Si(CeH4-CH2NMe2)Naphthyl 

undergoes alcoholysis rapidly compared to H2SiPhNaphthyl which does not 

undergo this reaction.

2.2 - THERMODYNAMIC AND KINETIC ASPECTS OF REACTIVITY

Before going into the details of the reactivity of hypervalent silicon compounds it is 

worth reviewing the key areas concerning reactivity-namely thermodynamic and kinetic 

functions.

The thermodynamic quantity which most readily affects a chemical reaction is AG. In 

general AG may be defined as follows;

AG = AH - T AS -(1)
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AG — -RTIoQo Ke -(2)

AG = -nFE -(3)

In redox reactions, the importance use of the standard reduction potential is that it can 

be used to calculate other thermodynamic functions. For example AH;

AG = AH - TAS 

dG/dT — “AS

now -nFE = AH - TAS

therefore, nF dE/dT = -AS

Substituting into equation (1) and rearranging we obtain:

AH = -AG + TAS

AH = nFE + TdE/ dT + pF

A favourable reaction will give a negative AH and a positive AS.

However, it is equally important to look at kinetic parameters when considering
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reactivity.

Various theories of rates of reaction have been developed and reviewed elsewhere. 

Details of the simple collision model may be found in Moelwyn-Hughes (1957)̂ ®  ̂ and 

Laidler (1969)̂ ® .̂ Many of the theories may be classified under the following headings:

1. Simple Collision theory.

2. Modified Collision theory.

3. Semi-empirical methods.

4. Bond energy bond order (Johnson, 1966)

5. Activated complex theory.
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1346. Statistical treatments (Rice and co-workers, 1927)

A useful approach has been the development of the activated complex theory using a 

thermodynamic approach. This approach may be stated as follows:

The rate expression may be given by:

K = (kT/ h) 01 QaQb exp-EVRT 
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where Q is the partition coefficient of the species involved. This can be reduced to;

K = (kT/h) Ka

and since:

Kc = (Q/Q«Qb) exp-Ea/RT

Now-RTIoQe Ke = AG and substituting into 2 and manipulating we obtain:

K = (kT/h) exp-AG/RT

now AG = AH - TAS

therefore:

K = (kT/h) exp-(AH-TAS)/RT

= (kT/h) exp-AS/Rexp-AH/R

For an experimental determination of the above it can be shown that:

Eexp = RT (dlogoKe)/dT
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= (R f /h)d log,/dT(kTM i) = RT+ Rf(dlogeK.)/dT 

given that dIogeKc/dT =AE/ R f

Eexp = RT + AEo 

AH = AE + (PAV) 

therefore E«p=AHo + RT 

1.81 - TYPES OF MECHANISM

Several types of reaction mechanism are available and these may be claissified as:

1) Interchange (I) mechanism

2) Associative (A) mechanism

3) Dissociative (D) mechanism

The reaction profile for each type is shown below:

Energy

R:R'(I or A) or R (D)

= intermediate for A or D only 

t  ^Activated complex for A, D or

A reaction energy profile illustrating the formation of an intermediate characteristic of A and D process

( ) and the formation of an activated complex characteristic of an I process ( ------).

(From Kotz group, 1977)’*
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The substituents can affect the value of the mechanism of reaction and the rate 

constant. Qualitative data is shown in Table 16;

TABLE 16 EFFECT OF ENTERING AND LEAVING GROUP ON RATE CONSTANT

MECHANISM LEAVING GROUP ENTERING GROUP

D LARGE NONE

A SMALL LARGE

Id SIGNIFICANT LESS SIGNIFICANT

la LESS SIGNIFICANT SIGNIFICANT

The only certain way to differentiate between D or A mechanisms is to observe the 

intermediate. The difficulties associated with this have recently been reviewed by

Williams (1993)136

A great deal of information may be obtained from the rate equation. The rate equation 

is usually expressed in the form of a rate law:
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Rate = K[A]"’[B]"

The n and m refer to the respective orders and m+n give the overall order. The rate 

equation may be defined as any order and must be determined from experiment. For a 

first order the differential equation has the form:

-d[A]/dT = K[A]

which integrates to [A]=[Ao]exp-kt. Second order rate equations are found in silicon 

and the rate equations are more complex. In fact as the order increases the complexity 

of the integrated form also increases. For a second order reaction where the 

concentration of the reactants are the same the differential equation takes the form:

-d[A]/dt = k[A f where [A]=[B]

which integrates to 1/ [A ] -1/[A ]o  = kt.

Where the concentrations are not equal, and the above cannot be integrated, it may be 

useful to use the decrease in concentration x. Given that the reactants are consumed 

in equal amounts, it can be said that at time t, the concentration of A  and B respectively 

are [A]=[A]o-x and [B]=[B]o-x therefore we may write:

d x /d t  =  k([A]o-x)([B]o.x)
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which upon integration by parts produces, 1/([A]o-[B]o)Ln[B]o[A]/[A]o[B] = kt. Chemical 

reactions show a temperature dependence defined by the Arrhenius equation:

k = Aexp-Ea/RT

This will produce a linear plot when In k is plotted against 1/T except when competitive 

reactions are occurring or at very low temperatures where quantum effects are being 

apparent.

The majority of reactions do not take place as a result of a single collision but have a 

series of consecutive or concurrent reactions. Consequently a great deal of care needs 

to taken when interpreting kinetic data.

The solvent may have a profound effect on the rate of reaction, for example the 

reaction between 4-fluoronitrobenzene and the azide ion proceeds two million times 

faster in 0=P(NMe2)3 than in water. A change from one solvent to another will cause, 

among other effects, an alteration in the relative free energies of the reactants and the 

activated complex. An increase in the free energy of the reactants and a reduction in 

the free energy of the activated complex will favour an increase in the rate of reaction.

Parallel with the theoretical developments is the improvement in experimental 

procedures. In particular the Alibrandi group (1994)’^  has recently developed kinetic 

methods which will speed up the obtaining of kinetic data.
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CHAPTER 3: NUCLEOPHILIC SUBSTITUTION OF SILICON AND RELATED

ELEMENTS

3.1 - NUCLEOPHILIC SUBSTITUTION IN BORON AND RELATED COMPOUNDS

Although boron Is a group 3 element it has certain similarities to silicon via the diagonal 

relationship. It is worth considering reactivity of the tetra coordinate adduct. Kuivila 

(1951)’*  and co-workers have noted that the bromination of arylboronic acids is 

facilitated by the presence of oxygen donor solvents. The rate equation for such 

reactions was shown to be as follows;

Rate = k[PhB(OH)2][Donor][Br2]

A possible mechanism is as follows:

P \  Br^
PhB(OH);---------------- B(OH);----------- B(OH);

k
B(0H)3 + PhBr + D

However, it should be noted that the last stage may not be a substitution at the bromine 

but electrophilic substitution at the phenyl group.

The exchange reactions of four co-ordinate boron compounds have been extensively
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studied. The exchange reaction between NMes and MesN-BMea have been shown to 

be first order in adduct and an activation energy of 74kJ/mol which is about the same 

as the B-N bond energy. The entropy of activation was found to be negative which is 

indicative of an associative mechanism. Early studies by the DeRoos group (1965)^“  

on In and Ga found them to be too fast for the various parameters to be determined.

Extensive studies on the substitution reactions of boron amine adducts have been 

reported by Buddie (1971)’^  and Walmsley (1971)’ ’̂ . They found that the rate law 

progresses from first to competitive first and second when BHs is compared with BH2R. 

Substituents have been shown to have a profound effect on the reaction rates. For 

example, the reaction between MeaN-BHs and PH3, the attack by the latter is the rate- 

determining step. However, when H is replaced by butyl or aryl groups, several effects 

are observed. These include the appearance of a competitive first order reaction. This 

appears to have its origin in the bulk of the butyl group and oloctronic stabilisation of 

the transition state in the case of the aryl substituted compound.

Blackborow (1968)’^  has studied the elimination of hydrogen halide in BCI3 and BBr3 

using amines in acetonitrile;

RN H 2 +  D -B X 3  > R H N -B X 2  +  H X  + D

Where R= 2,4-dinitrophenyl, 2-nitrophenyl and 2,4-dinitroanthracene.

The rate equation was found to take the form:
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Rate = kob»[RNH2 ]

The kobs was shown to be proportional to the concentration of the D-BXs.The rate 

equation being:

Rate = k[DBX3][RNH2]

This rate law could arise in two ways:

1 ) I interchange mechanism

kga
D-BX3 *  D + BX3

k-ga
BX3 + RNH.^ — RH2N-BX3 

kgb

2) Apparent D process

3) D elimination of HX from R H 2N -BX3

The data gives rise to the following rate law:

90



Rate = K2ak2b[D-BX3][RNH2l/k.2.[D]+k2b[RNH3]

This rate law could be reduced to a second order law if k_2a[D]>k2b[RNH2]. This means 

that the mechanistic choice is reduced to:

I mechanism: D -B X 3 +  R N H 2 --------- >  R H 2N -BX3 + D

D Mechanism: D -BX3  > D + BX3

BX3 +  R N H 2  > BX3NRH2

followed by elimination:

R H 2N -BX3 — > R H N -B X 2  +  H X

The entropy of activation was again found to be negative which is suggestive of an 

associative pathway. The enthalpy of activation also suggests this. Replacement of Cl 

by phenyl does not affect the rate law. Studies carried out by the Heaton group 

(1966)’^  on pyridine adducts suggests that hydrolysis occurs via a dissociative 

mechanism.

Halogen exchange in co-ordinatively saturated boron trihalides require a dissociative 

step or associative interaction which is different from the halogen bridged intermediate 

found in three co-ordinate boron halides. It follows that where the adduct is the source 

of the halide, dissociation of the adduct is the rate determining step:

D -BX3  > D + BX3
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The rates of fluorine-chlorine redistribution show an inverse relationship with respect to 

the strength of the boron-donor bond. In general, the breaking of the boron-donor bond 

is a rapid process compared to the redistribution process. A small amount of boron 

trihalide that does not recombine with the donor probably undergoes a redistribution 

reaction via an associative mechanism possibly involving the following intermediate;

Cl

B B 

Br

Uncomplexed boron trihalides undergo rapid redistribution reactions, which are too fast 

to allow individual mixed halide species to be isolated. It was only in the late 1960's 

that the application of N.M.R. allowed detailed study. Many adducts of boron are in 

fact stable with respect to halogen disproportionation.

With respect to halogen exchange in tetrahaloborates, a dissociative mechanism 

appears to operate with the degree of dissociation being in the order I > Br > Cl ;

BX4  -------- > BX3 + X

Hartman (1972)’^  has proposed the following possible mechanisms:

1 ) Recombination of BX3 with a different halide.

2) Exchange via a halogen bridged intermediate such as B2F7
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More recently a limited study of azatrane derivatives of group 13 elements in terms of 

reactivity and structure were carried out by the Verkade group (1994)^^. These 

workers have synthesized several compounds such as trimethylazaalumatrane and 

trimethylazaboratrane. The former compound is a dimer which when reacted with 

MeSi(0Me)3 yielded the following compound;

Me MeMe

and [AI(0Me)3]n in 40% yield. The spectroscopic data, including ” Si N.M.R., was found 

to be in accordance with that of Wonning (1991^T Other reactions of the 

trimethylazaalumatrane compound is shown on page 94.
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Me

Me Me
Me

Me Ga
Me

B(0Me)3Ga(acac);
Me

Me

Me Me
J — N

MeSi(OMe).N / JMe
Me

iMe.

Me
Me

N— '
Me

A / ÎA Me
Me

Me

—»^o=M o*^-N

Me
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The reaction of trimethylazaboratrane with 0=V(0-i-Pr)3 and Ti(0-i-Pr)4 was also 

studied. In both cases the following compounds were formed;

N—  M
MZ = V=0 or Ti-iso-Pr 
R = Me

In the former case the reaction took 40 hours and in the latter case 9 months.

In these cases there was no systematic study of the rates of reaction. However, the 

data is suggestive that these hypervalent compounds did not show any rate 

enhancement. This of course may be due to steric effects of the bulky ligand that 

prevents the approach of the nucleophile ( OMe). However, more data is required in 

order to reach a firm conclusion.

Toyota and co-workers (1995)^^^ have studied the facile exchange between 

intramolecularly coordinated ligands in 2,6-bis(N,N-

dimethylaminomethyl)phenylborates. These were studied by using N.M.R. and X-ray 

diffraction. The facile ligand switching is attributed to a Sn2 mechanism with the 

assistance of the uncoordinated ligands. The trigonal bipyramidal structure of the 

transition state shows the boron to be in a hypervalent state. Ab-initio calculations and 

kinetic studies suggest that fast switching of the amine ligand will only take place via 

penta co-ordinated boron.
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The data suggest that the rate enhancement seen in hypervalent silicon is observed to 

some extent in boron compounds but its size and significance remains unclear. The 

literature with respect to gallium and aluminium does not indicate any rate 

enhancement effect for hypervalent compounds. Early work on the kinetics of 

substitution reactions of gallium suggested an associative mechanism may operate 

(Fait group, 1968)’^. However recent work on gallium and aluminium suggest that 

they both utilize a dissociative mechanism (Saito group, 1990)^^. The chemistry and 

reactivity of aluminium compounds have recently been reviewed (Robinson 1994)^“ .

3.2 NUCLEOPHILIC SUBSTITUTION OF TETRA CO-ORDINATE SILICON

It is worth, at this stage, briefly reviewing the factors, which influence the reactivity of 4 

co-ordinate silicon species, as hypervalent intermediates appear to play a significant 

role. Prior to 1958, virtually no work was reported on the kinetics of nucleophilic 

substitution of silicon. The first major monograph in this area appeared in 1965 

(Sommer, 1965)̂ ®̂  Since then a vast quantity of work, both experimental and 

theoretical, has been carried out in this area. A recent review of nucleophilic 

substitution in functional siloxanes has been produced by Ruhlmann (1992)^“ . This 

concentrated on deriving the Taft parameter a* from “ Si N.M.R. data. They derived the 

Taft equation in the following form:

o '= 0.571 d-4.28 where d = “ Si chemical shift
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This goes some way to allowing quantitative predictions to be made about the steric 

and kinetic factors involved in the nucleophilic substitution of these industrially useful 

compounds.

A comparison of the rate laws for racemization and nucleophilic attack is instructive. 

Substitution in the case of phosphorus is similar in form to the rate equation 

racemization and substitution of silicon (Corriu group, 1978 and 1980)^^^^:

Rate (rac) = k«c[A-X][Nu]^

Rate (sub) = k*ub[A-X][Nu][Y]

Where X = halogen, Y = substituent, A = Si or P

The relative rate of reaction depends on the nature of X, and it was found to be in the 

following order:

Br > Cl > > F

The enthalpy of activation tends to be approximately zero or positive. The entropy of

Nu
+  Nu +Nu(Y)R^EX + Nu R— E—Nu -NuCY)

NuNu
+N U -X cfNu-X

-Ny +

Nu(Y)
+Nu(Y)

R— X"R,NuX

Nu
activation was found to be negative for both types of reaction, which indicates that, the
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formation of the penta co-ordinate intermediate (Corriu, 1989)^^. This is followed by the 

rate-determining step, which involves the nucleophile. Such a reaction which involves 

a negative entropy is indicative of a symmetrical intermediate. The details of each 

reaction have not often been determined. The penta co-ordinated species is more 

stericajly hindered than the tetra co-ordinate species (3). This has led to the 

suggestion by West 1965̂ ®® that the rate enhancement will only be achieved if the 

intermediate is cationic. Evidence to support this proposition has not been easy to find. 

Macharashvili (1988)̂ ®  ̂has obtained the following compound:

The fluoro and chloro analogues are however, not ionic. Solvents such as acetonitrile 

are not sufficiently nucleophilic to displace I'. In general, silicon shows a great 

reluctance to form RsSi* in solution (Lickiss, 1992)̂ ®®.

Attempts have been made to extend the Westheimer (1968)̂ ®® concept to substitution 

reactions of silicon. This was originally applied to the hydrolysis of phosphonates and 

phosphates. This concept states that a nucleophile enters in an apical position in the 

phosphorus intermediate and the leaving group is also suggested to be displaced from 

the apical position. This is required by the principle of microreversibility.
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Martin (1985/®° has shown that the energies involved in pseudorotation of silicon are 

the same as or lower than in the case of phosphorus.

Corriu (1986)̂ ®  ̂ has pointed out that the Sn2 reaction of the Si-F bond is sensitive to 

the nature of the nucleophile. For example, RsSiF will give retention in the case of 

OMe‘ but inversion in the case MeLi. This has led to the application of electronic 

treatment to SN2(Si) processes as outlined below. In general, phosphorus chemistry 

can be explained using Westheimer concept However, Corriu (1986)̂ ®  ̂ points out 

that tho work of Westheimer on the hydrolysis of phosphate esters is a special case 

applicable only to nucleophiles and leaving groups which give rise to P-0 bond 

cleavage. Corriu (1986/®^ does suggest that there is analogous behavior between 

silicon and phosphorus and proposes the hypothesis that whether retention or 

inversion occurs depends on the symmetry of the trigonal bipyramidal intermediate.

In this paper, the Corriu group (1986/®^ compared;

1 ) Nucleophilic substitution at the P-X bond with the Si-X bond.

2) Hydrolysis reactions of the cyclic alkoxysilanes similar in structure to the 

phosphonates studied by Westheimer (1980)’®’*.

An older review by Corriu (1982)’®̂ examined the nucleophilic substitution of tetra

coordinated silicon. In this paper, he examined the evidence for the formation of a pre-

equilibrium penta coordinated intermediate. The intermediate acts like a nucleophilic

catalyst. This intermediate is then subjected to nucleophilic attack during the rate
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determining step:

RgSiX-------------------------► RgSiNu + X

SiX(Cat

Additional theoretical studies have been carried out by Anh and co-workers (1980)^“ “ 

using pertubation theory. They have proposed that the frontier orbital interaction 

between the nucleophile HOMO and the substrate LUMO. A frontside attack will result 

in retention in which the large lobe of the silicon is used. This will be opposed by an 

unfavourable out of phase overlap between the nucleophile and the leaving group. An 

attack which results in inversion involves a backside attack and the small lobe of the 

silicon, with no unfavourable interaction. A comparison was made with carbon and they 

proposed that only inversion was observed in Sn2  reactions for the following reasons:

1) The Si-X bond is long and hence reduces unfavourable interactions between the 

leaving group and the incoming nucleophile during a frontside attack.

2) The 3s and 3p orbitals are more diffuse than the carbon 2s and 2p orbitals. These 

orbitals can therefore overlap with the orbitals of the incoming nucleophile at 

greater distances.

3) Silicon has an enhanced contribution, in terms of electron density, to the substrate 

LUMO whilst that contribution to the leaving group is diminished.
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This analysis does allow one to take account of the hardness of the nucleophile. For 

example, a hard nucleophile has contracted orbitals and hence unfavourable 

interactions with the leaving group is reduced during a frontside attack. Soft 

nucleophiles however, have more diffuse orbitals and as a consequence a frontside 

attack is more unfavourable.

Several factors have an effect on the reactivity of organosilicon compounds and it is 

worth reviewing some of the work on this area.

The work of Sommer (1973)^“  indicates that the structure of the phenyl and alkyl 

groups will have very little effect on the stereochemical nature of the product. 

However, if the silicon becomes part of a strained ring, stereochemical effects may be 

observed. Some data are presented in Table 17 (Bassindale group 1989)^^:
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TABLE 17 - STEREOCHEMICAL OUTCOMES

Stereochemical outcomes for the reaction between exocyclic organosilicon compounds 

and LiAIH4

COMPOUND ANGLE X=CI X=F

-Si 90 RET RET

/  \

93-96 INV INV

/
Naph

QO' 105 INV RACEMIC

RgSiX 109 INV INV

Anh and coworkers (1980)^“  have put forward an explanation for the observed effects:

R2

If R1 and R2 are part of the strained ring system, angle * will become smaller while 

angle ** will become bigger. This means that the Si-X has more 's' orbital character
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and thereby increasing the favourable interaction between the reaction centre and the 

incoming nucleophile. Where the Si-X group is part of the strained system, the 's' 

character is decreased and thereby decreasing the overlap between the reaction 

centre and the nucleophile and inversion is favoured. This accounts for the increasing 

rate going from A to C below (Corriu 1980)^^:

S i^

X

B

Increasing rate of substitution

An extensive study has been carried out by Swain (1974)̂ ®® who was looking at the 

hydrolysis of aryloxytriphenylsilanes in acetonitrile/water mixture. It was found that the 

reaction was second order with respect to [OH] when the hydroxide ion concentration 

was low, while first order when the hydroxide concentration was high. The reaction 

may be specified by the following reaction:

OH + PhgSiOAr: -IPh3Si(0H)(0R)]^ Products

When k2[0 H"]«k_i the reaction is second order in hydroxide ions. When k2» k .i, it is 

first order with respect to OH’. The rate equation may be stated as follows:
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kob. = k ik jO H ]/ k-i+kzIOH]

In the case of methylthphenylsilane is second order in [OH] over the whole range. 

Eabom (1975)̂ ®® has suggested that this observation was due to acid impurities which 

reduced the concentration of OH. By the removal of the impurities Eabom obtained 

first order kinetics. These results were consistent with the following:

1) Concerted Sn2 mechanism.

2 ) Involvement of a five coordinated intermediate.

Another area of research is the geometry of the intermediate and the transition state. A 

simple model for inversion involves a distorted TBP where both the entering group and 

the leaving group are both apical. In both cases they have a 3-centred 4-electron 

hypervalent bond. This has been confirmed by the Martin group (1985)̂ ®®, where x-ray 

diffraction has shown that the Si- 0  bond lengths are longer when compared to the tetra 

coordinated species.

The reactions of silicon are significantly different from carbon with respect to 

stereochemistry. In the latter case a similar reaction will always take place with 

inversion at a chiral centre. Early work by Corriu (1982/®^ have indicated that the 

degree of retention increases along the series: OCOR< Br< Cl< SR< F< 0R< H

In his review, Corriu (1982)̂ ®  ̂ looked at the factors which controlled the
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stereochemistry. They identified the following factors:

1 ) Stereochemistry and the nature of the leaving group.

2) The nature of the nucleophile.

With respect to (1), the following points may be made:

a) The Si-H reacts only with retention except when the reaction involves PhzCHLi or 

alcohols in the presence of Raney nickel. The latter involves a different mechanism 

from the former. The Si-H bond is postulated to be activated via absorption on to 

the surface, which results in a penta coordinated species.

b) Chloro and bromosilanes undergo mainly inversion.

c) Si-F and Si-SR undergo inversion or retention depending on the nucleophile.

d) Si-OR reacts mainly with retention except when charge delocalised ligands, such as 

benzyl, are involved.

Various bifunctional compounds of the form 1-NpRSi(X)(Y), where R=phenyl or 

ferrocenyl have been studied to look at the relative reactivity of X and Y Some 

examples are shown in table 18:

105



' - :  .. - / '  \  ' V : . .  , . , \  '- .% . : ; y  \

TABLE 18 - STEREOCHEMICAL OUTCOMES FOR BIFUNCTIONAL COMPOUNDS

Substrate Reagent Products Stereochemical outcome

1-NpPhSiCIOMe RLiÆlMgX 1-NpPhSiROMe INV

1-NpFcSi(F)CI RLi/RMgX 1-NpFcSiFR INV

1-NpFcSi(H)F Rli 1-NpFcSiHR RN

1-NpFcSi(H)F RMgX 1-NpFcSiHR INV

From the above data, the following points may be made:

1 ) Hydrogen is the poorest leaving group.

2) Chlorine is the best leaving group.

3) When chlorine is considered, inversion occurs.

The data shows the relative ease of displacement as:

CI>F>OR>H
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The order of displacement is similar to the monofunctional compounds (Corriu, 1973)̂ ®  ̂

Corriu also noted that the rate constant kp/koMe >10®. An explanation provided for this 

effect was based on the Sommer classification (Sommer 1965 and 1973/®̂ ^̂ ®® of 

leaving groups which in itself was based on the relative basicity of the leaving group. A 

good leaving group, such as Cl, has a pK. less than 5 and this favours inversion of 

configuration. The poor leaving groups such as OR and H have pKa's of the conjugate 

acids greater than 10. However, as pointed out by Corriu(1973)^®^ the Si-SR bond 

cleavage should occur with retention. Experimental results, however, show both 

retention and inversion depending on the nucleophile.

An analysis involving the polarizability of the leaving group has been proposed. The 

highly polar Si-CI and Si-SR bonds are always displaced with inversion as in the case 

of Si-F. The order of polarization and ability for inversion are:

Br> Cl »  F,SR » OR

The difficulty in producing a relationship based on the physical properties of the leaving 

group, led Corriu (1978/^ to produce the following sequence in terms of the ability of 

the Si-R bond to be cleaved, where R is in the order:

OTs, OCOR, Br, Cl > SR, F > OR, H

The above can be extended to acyclic organosilicon compounds and tho dominant

effect of the leaving group is not changed. Inversion is mainly observed when the Si-X

bond is able to stretch under the influence of a leaving group.
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The review by Corriu (1982^”  also considers N.M.R. studies of apophilicity and the 

formation of penta co-ordinate species. It was found that the formation of penta 

coordinated species was not due to the electronegativity of the substituents but by the 

tendency of the Si-X bond to stretch.

As previously noted, the inversion/retention ratio is heavily influenced by the incoming 

nucleophile. The following points may be made;

1. Nucleophiles with localized negative charges react mainly with retention (e.g. 

BuLi). However, when good leaving groups are present, such as Cl and Br, 

inversion may well occur.

2 Where the negative charge is delocalised over an sp® carbon, such as in benzyl 

lithium, inversion will result, except where the poorest leaving groups are involved 

(e.g. hydrogen).

3. Where the counter ion changes as in the case when Mg®* is substituted for Li*, 

there is a significant shift towards inversion.

In addition the displacement at tetracoordinate silicon may be rationalized in terms of

the Frontier-Orbital approximation. In this it is assumed that the major interaction

during the interaction is the HOMO of the nucleophile and the LUMO of the aVx- A

front side attack, results on an attack on the big lobe of the silicon and leads to

retention. However, when this is an unfavourable interaction, an out of phase
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interaction between the nucleophile orbitals and the leaving group predominates 

Nucleophillic attack at the rear of the molecule (opposite to the Si-X bond) will result in 

inversion. It is possible to regard retention as a balance between in phase and out-of- 

phase interactions.

The shape of the a*si-x orbital is sensitive to the leaving group. An X group with a high 

electronegativity such as F increases the 's' character around the silicon. This results 

in a large lobe between the Si-X bond and hence retention is favoured. The influence 

of the nucleophile may be explained in a similar way. As Pearson (1970)^“  pointed out 

a hard reagent is usually small and has small contracted valence orbitals. This 

suggests that the unfavourable overlap with the leaving group will be small and hence 

a front side attack with retention will be favoured.

Soft nucleophiles are larger and hence have diffuse valence orbitals with a sizeable 

out-of-phase overlap and therefore inversion will result. The main features of this 

approach may be summarized as follows;

1. The major interaction between the nucleophile and the RaSi-X occurs via the HOMO 

of the nucleophile and the LUMO of the RaSi-X group the a sfx orbital.

2. The shape of the o'si-x directs the stereochemical outcome. A group with high 

electronegativity increases the 's' character at the silicon. This means that a bigger 

lobe is between the Si-X group. Therefore increasing the electronegativity of the 

leaving group will favour retention.
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3. There is a balance between in-phase and out-of-phase interaction between the 

nucleophile and the oVx-

Corriu (1987)^“  has further examined the mechanism of nucleophillic activation of 

silicon. The nucleophilic substitution of RaSiX with Nu is considered to proceed by an 

addition-élimination process;

RgSiX + N u' — --------- ► RgSiNuX------ -------► RgSiNu + X

The rate-determining step (RDS) involves the formation of the penta coordinated 

species. Early studies on SiFs' performed by Klanberg (1968)^^ have shown the 

equivalence of the fluorine atoms using ®̂F N.M.R.. Janzen (1973)^^  ̂ has pointed out 

that the equivalence is due to pseudo rotation or hexa co-ordination.

There is no significant Si-F cleavage since the ®®Si-̂ ®F couplings are always present. 

The work of Martin which compared phosphorus compounds with silicon and found that 

AGact is similar or lower than the phosphorus compounds.

Corriu went on to examine SI-H, Si-C, Si-0 and Si-CI activation using F'. He found that

the presence of F' resulted in the Si-H bond behaved like a silicon hydride and the

addition to carbonyl groups took place. When F* is added to allyl and benzyl silanes it

results in the activation of Si-C bonds and this will allow the formation of C-C bonds

when reacted with carbonyl groups. The activation of Si-0 bonds by F" results in the

ability to undergo the Michael reaction. The Si-CI activation can be achieved by using
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DMF and DMSO. These reagents increase the rate of hydrolysis by a factor of a 1000. 

The rate law was found to be:

V = k[HMPA]o [RsSiCllfHzO]

%
The reaction was also found to be controlled by the entropy of activation, which was 

found to be in the range -50 to -70 entropy units. However, the enthalpy of activation 

was found to be low. The effect of this is that the rate of reaction increases when the 

temperature decreases. When the activation agent (HMPA, DMF and DMSO) is not 

present, inversion occurs but retention occurs in the presence of an activating agent. 

In effect the activation has been achieved by what has been termed nucleophilic 

activation.

A major review of nucleophilic activation has been produced by Holmes (1990)^^ The 

review deals with both experimental and theoretical aspects. In the experimental part 

of the review it was noted that the evidence for the following leaving group sequence:

INV Cl. Br, GAc > F, SR > OMe, H RET

The intermolecular Sn2 reactions are also considered in both silicon and phosphorus. 

The entering group and leaving group leave via the apical position, which is in line with 

the Westheimer mechanism. The basic mechanism of nucleophilic substitution is 

shown below;
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Mechanism of nucleophilic attack:

a) Inversion

b) Retention with axial attack and pseudorotation to give axial departure.

c) Retention involving equatorial attack and axial departure

\ u
Retention

The intermediates are a result of a facial attack on the tetra co-ordinated silicon. 

Where retention has taken place, pseudorotation must have taken place. Holmes also 

considered the structure and reactivity of various activated states. For example the Si- 

O bond in;

Me

Ph

Retention
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would require pseudorotation in order for the leaving group to be in the apical position. 

The above intermediate may be kinetically facile if the Np group sterically blocks the 

approach of the nucleophile opposite to the endocyclic groups. Pseudorotation would 

allow the Si-0 bond to take up the apical position. Corriu (1986)̂ ^  ̂ has suggested that 

the high rate of hydrolysis and inversion of Si-0 bonds are attributable to the symmetry 

of the intermediate which give rise to one Si-0 bond being replaced by another.

As part of the review by Holmes (1990)^^, mention was given to the structural 

characterization of the 5-coordinated species which provided useful information about 

the structural preference of the activated state. Noting that the structure of 5-co

ordinated species run from TBP to SP. A useful analysis was provided by the use of 

the trans basal angle of the RP which are axial and equatorial angles with reference to 

the TBP structure 6 2 4 . The latter angle is the dihedral angle formed between the 

normals to the TBP face 123 and 245, which have a common edge 24 and are directly 

associated with the Berry exchange co-ordinates; 3

2 I 1 1 I 2
\

4 5

The dihedral angle is 53.1® in TBP and O' in the forming SP due to the disappearance 

of edge 24.

Apophilicity is defined as the change in energy when an apical substituent changes 

position with an equatorial position in a TBP structure. Thus the energy difference is a
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measure of the degree to which a substituent prefers a given position. The 

apicophilicity depends on a number of factors;

1 ) Electronegativity of the substituent.

2) Inductive effects operating.

3) Electronegativity of the substituent.

4) n bonding effects.

At this point it is worth considering the relationship between apophilicity and 

nucleophilic substitution.

Corriu and co-workers (1986)̂ ®  ̂ have examined the stereochemical behaviour during 

nucleophilic substitution. The work indicates that retention/inversion of configuration is 

controlled by frontier orbitals. The stereochemical outcome also depends on the nature 

of the nucleophile. Subtle changes in the nucleophile can have profound changes on 

the outcome of a reaction. Some data is shown in the Table 19;
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TABLE 19 - REACTION OUTCOMES FOR NUCLEOPHILIC SUBSTITUTION

Substrate Reagents Products Steriochemical

outcomes

1-NpPhSiCIOMe RLi/RMgX 1-NpPhSiROMe INVERSION

1-NpFcSi(F)CI RLi/RMgX 1-NpFcSi(F)R INVERSION

1-NpFcSi(H)F RLi 1-NpFcSi(H)R RETENTION

1-NpFcSi(H)F RMgX 1-NpFcSi(H)R INVERSION

Corriu attempted to rationalise the results by considering an extension of the frontier 

orbital approach derived from carbon chemistry. In this approach, the SN2(Si) reaction 

the a of the Si-X constitutes the LUMO. The HOMO constitutes the highest occupied 

molecular orbital of the nucleophile. The a* is associated with the big lobe located in 

side the Si-X bond. This means that a favourable attack would take place via the front 

side which will involve retention of configuration. Where the repulsion between the 

leaving group and the incoming nucleophile predominates and hence inversion 

predominates.

Another factor, which is significant, is the delocalisation of the charge, the out of the

plane overlap increases and hence inversion becomes a more favourable process.

This essentially means that any process, which effects these parameters, will affect the
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stereochemical outcome of a reaction. When the nucleophile does not contain oxygen, 

such as LiAIH4 and RLi, the stereochemistry is predominantly retention as is often 

expected for Si-0.

The rate of reaction increases when the five membered rings are reacted with methanol 

but not when nucleophiles such as RLi are used. This suggests that the increase in the 

rate when using five membered rings is due to the symmetry of the intermediate. This 

is particularly apparent when oxygen replaces oxygen at the silicon. Westheimer 

(1980)̂ ® “̂ has shown that compounds which contain Si S hydrolyze much faster than 

compounds containing Si-0 bonds. However, when in the form of a five membered 

ring, Si-0 hydrolyses 10  ̂times faster thân the Si-S bond. Some results are shown in 

Table 20 on page 117.
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TABLE 20 - KINETICS OF THE HYDROLYSIS OF Si-0 AND Si-S COMPOUNDS

Nucleophile Compound A Compound B ti/z(A)/ti/2(B)

H2O 60 3x10® 5x10®

MeOH 30 5x10® 1.6x10^

MeLi 180 600 3.3

MeMgBr 120 300 2.5

r°x
Compound A= SI

N̂p
Compound B=( Si

  ̂ Np

Nucleophile Compound C Compound D tl/2(C)/ti/2(D)

MeOH 3x10 °̂ 1x10® 33

Compmjnd C= SI
Ph

Np
Compound D= ( Sl̂

Ph

Np

The Bassindale group (1995)^^ have carried out a detailed study on the AH and AS 

activation for the racemization of PhCHMeSiMe2X, where X= Cl or Br. The data was 

analyzed by the Eyring equation:

k = BT/hexp - AH/RT + AS/R
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where AH = enthalpy of activation, R = Gas constant and AS = entropy of activation.

A plot of Loge(k/T) v 1/T gives a straight line of intercepts of Loge(B/T) +A S/R.

The value of AH, from the gradient, was found to be approximately 45kJ/mol. The 

entropy of activation was found to be in the range of -15 to -50J/kmol.

This data was consistent with the nucleophile displacing the halide ion in the first step 

and the rate determining step is the attack by the halide Ion on the halosilane. When 

the experiments were repeated using PhCHMeSiMe2X in the presence of 

hexamethylphosphamide(HMPA) a curved plot was observed. This suggests two 

competing mechanisms. At low temperatures the halide/halosilane mechanism 

predominated. However, at high temperature, a double displacement mechanism is 

dominant. The rate determining step in this case was the attack of the nucleophile on 

PhCHMeSiMe2(HMPAf. The thermodynamic parameters for the latter were found to 

be;

AH = OkJ/mol and AS = -180J/kmol

However, the data does not allow for a distinction between nucleophilic activation at a 

hypercoordinated silicon or that of a tetra co-ordinate silicon.
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3.3 NUCLEOPHILIC SUBSTITUTION OF HYPERVALENT ORGANOSILICON

As pointed out by Corriu (1982)^“ , it is difficult to understand why an acceleration 

should take place at a crowded and less electrophilic silicon. Corriu (1988)^̂  ̂ has 

studied the 18-crown-6-potassium salts of PhFsCHsSi", F2(CH3)2PhSi", F2Ph3Si‘ and 

(MeO)2Ph3Si’ with various strong nucleophiles such as RLi. RMgX, H" and RO. These 

were compared to the rate of reaction of the tetra co-ordinate species (Table 16). A 

comparison was also made between the reactivity of tetra coordinated compounds 

containing Si-H bonds and the penta coordinated species. It was found that R2SiH2 

does not react with R-OH, RCOOH or carbonyl groups. However, the pentavalent 

species reacts readily with the above.

TABLE 21 - COMPARISON OF THE RATES OF REACTION

Compound Reagent (minutes)

PhMeSiFs PrMgBr <5

PhMeSiFz PrMgBr 800

PhsSiFz PrMgBr 32

PhsSiF PrMgBr 300
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The above data is consistent with the results obtained by Boudin (1986)̂ ^® and Corriu 

(1986)'^.

The penta co-ordinate compounds were also found to react with the sterically hindered 

t-BuMgBr within ten minutes. Other reactions are summarized below:

Si(OMe)4 + MeO'K^/CE

PhSi(0 Me)3 + MeO K*7CE

/  kVc e  \

y Si(OMe)g j

Ph—
Î \

/
k Vce

Ph,Si(OMe), + MeO K/CE

/

Ph— Si
/

F

K^CE

Me

BĤ Na

nBuU

OMe

RMgX

R= Pr or Bu

-PhMeSiK

•PhMe^i— nBu 

►PhMeSi(0Me)2 

PhMeSi— F
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Further evidence for the enhanced reactivity of hypervalent compounds was obtained 

by Corriu (1991/^. They studied the hydrolysis and methanolysis reaction of 

Si(0 R)3X/K0 R (X=H or OR), K[Si(0 R)4X] (X=H) and [K,18-crown-6][XSi(OR)4] (X=OR) 

and observed the following:

1 ) Formation of intermediates via nucleophilic activation of silicon

2) The rate-determining step is the co-ordination of ROM to the penta co-ordinate 

intermediate.

3) When K[H2Si(OR)3)l and K[HSi(0 R)4] are subjected to stepwise nucleophilic 

substitution, using OR , penta coordinated K[HSi(0 R)4] and

[K, 18-crown-G][Si(OR)s ] are produced.

The reaction between K[HSi(0 R)4] and ROM, confirms the enhanced reactivities found 

by the Corriu group (1989)̂ ^®. The obtaining of a new penta coordinated species from 

the above reaction is also confirms that the mechanism occurs via an intermediate as 

originally proposed by Corriu and co-workers (1978)̂ ®®.

A very significant study was carried out by the Bassindale group (1993)^^, on N,N- 

bis(chlorodimethylsilylmethyl)acetamide as a dynamic probe for the effects of co

ordination on reactivity. This is useful because it contains two silicon atoms in different 

chemical environments. This allows the investigation into the reactivity of the two types 

of silicon under identical conditions. The relative reactivities were examined using ^Si

N.M.R.. The N.M.R. was recorded for the reaction between the chloro derivatives and
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N-methylimidazole(NMI). The effects of the NMI on the “ Si N.M.R. are shown in Table 

22:

TABLE 22 - EFFECTS Of NMI ON ^S i N.M.R. RESONANCES

Concentration of NMI 

(mol/dm®)

" si (tetra) "Sl(penta)

0 26.8 -39

0.5 26.8 -39

1 26.8 -54

2 18.4 -54

The data may be presented by the following scheme:
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H X

M e^ ^M e M e^ Me Me Me

P - S i— Cl p - S i — AMI 0 - S i— NMINMI 0 - S i

L 1rJ-C H , rf-C H , N -C H  2 Ci

CH^SiMezCI CH,SiMeXI CH^SiMe^NMI

2

M e^ ^Me ^  y"

p - S i— F p - f ^
Me— <\ +  NMI ^  . T-. -----(v F

y -k  v Ah,
CHjSiMejF CH^SiMe^NMI

The results are significant in that they do confirm the proposition that penta coordinate 

species are more reactive than the tetra coordinate species.

However, the fluoro derivative showed a different reactivity. In this case it would 

appear that the N-methylimidazole (NMI) attacked the tetra coordinate species first. 

This suggests that in this case the tetra coordinate species is more reactive than the 

penta co-ordinate species.

The last result may be explained in terms of the proposal made by Gordon and co

workers (1989)̂ ®°. They have suggested that coordination of two axial ligands in a five 

co-ordinate species share electron density. The strongest hypervalent bonds are those 

which are formed by atoms from the same period. In complexes where the atoms are 

from different co-ordinating groups, then the stronger bonds will be formed by the atom 

from the higher period, and this will repel ligands such that something akin to an anion

dipole complex results. This has the effect of activating the Cl and Br to attack
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nucleophiles such as NMI and F. The data in these papers again provides evidence for 

the enhanced reactivity of hypervalent silicon.

Using the limited examples shown in Table 2, it can be seen that the hypervalent 

species react more rapidly. Two reasons were advanced by the Voronkov group 

(1986)’®;

1 ) Increase in the bond lengths, and hence weakening, on increasing co-ordination.

2) Increasing the electrophilicity of the silicon atom.

3.4 - THEORETICAL STUDIES

Much of the work in this area has been done involves ab-initio calculations.

An early study carried out by Baybutt (1975)^^ who used ab-initio calculations to

consider the nucleophillic attack of H and F" upon silanes and fluorosilanes. A

particular emphasis was the determination of the reaction barrier and the polarization

function contributed to this. A comparison was made with carbon. This showed that

the silicon intermediates are of lower energy than carbon. In addition, it was also found

that there were only limited changes in the bond lengths compared to carbon. In the

discussion, Baybutt, considered the difference between the activation energy and the

barrier height. The former is a quantity determined by the Arrhenius equation, while
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the latter is the energy difference between the reactants and the lowest pass (saddle 

point) across the potential energy surface to the products. In general there is no 

equality between the two quantities. This paper examined the possibility of the penta 

coordination and the involvement of d orbitals in the transition state.

Nucleophillic substitution at silicon was found to be significantly different from that of 

carbon. The barrier for CH4 + H and H' + SiH4 were calculated and found to be 

61.2kcal/mol and 18.6kcal/mol respectively. The main drawback of these calculations 

is that they are not as exact as the current computer systems allow. For example the 

calculations apply to in-vacuo rather than in solution, and neglect the relativistic 

contribution to the molecular energy.

All these results do indicate that reactivity has more to do with the lability of the ligands 

than an increase in the positive charge on the silicon.

The Holmes group (1987)̂ ®  ̂ have used molecular quantum mechanical calculations to 

determine the minimum strain energy and conformational energy. This approach is 

designed to model the inversion and retention of configuration during nucleophilic 

substitution. The relative energies of the pathways were compared for fluorine and 

chlorine. It was shown that the attacking nucleophile prefers an axial entry. The 

retention pathway occurs via a pseudorotation which is of lower energy than via axial 

attack. In addition, the calculations show that chlorine is a better leaving group and 

prefers retention over inversion. In the case of fluorine, the energies involved in 

inversion and retention are nearly equal. This is in agreement with experimental 

evidence.
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Holmes (1988)^“ , has carried out a theoretical study using ab-initio molecular orbital 

calculations with respect to penta coordinated species of silicon and phosphorus. 

These calculations were used to establish the apicophilicities of some TBP molecules 

composed of combinations of ligands (H, Cl and F). The method of calculation involved 

SCF Gaussian 82. It was found that 01 is more apophilic than F or H except when the 

sum of the electronegativities of the apical atoms increases sufficiently.

The apicophilicity of fluorine relative to hydrogen is lowest when hydrogen occupies the 

opposite apical position and the equatorial positions have chlorine atoms. The chlorine 

was found to be the highest when opposite an apical chlorine. The replacement of 

hydrogen in an apical position raises the apophilicity in the opposite apical position. 

The introduction of a chlorine or fluorine atom in place of a hydrogen atom in the apical 

position raises the apicophilicity of the atom in the opposite apical position. However, 

the only exception observed was the replacements of an apical hydrogen atom by a 

fluorine atom, when all the equatorial positions were filled with H. In general, the 

calculations established.that the effectiveness of an apical atom increases in the order;

H < F < Cl

A plot of apicophilicity of 01 relative to F is shown below for Si and P:
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The presence of a positive value indicates that CI>F, but negative values suggest that 

F>CI. The diagram shows a crossover point, except in the case of SiHnCIF4̂  where 

CI>F even when H=0 as for example in SiCIF/. In silicon molecules, which contain 

highly electronegative groups, the reverse occurs that is, F>CI. As the equatorial F is 

replaced by H a crossover point occurs where CI>F.

The reason for these results may be rationalized by considering ligand charge (q). A 

decrease in apicophilicity is correlated with a decrease in the difference between the 

q@q- qap. The difference appears to become smaller as the sum of the equatorial 

charges approaches the sum of the apical charges. With silicon, fluorine equatorial 

substitution does not affect the apical charge distribution as much as chlorine 

equatorial substitution.
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Ab-initio calculations are able to give meaningful relative energies of substituted 

organosilicon compounds. Holmes (1990)^^ work in this area gives the order which is 

predicted by Corriu (1980)^^. In addition the review considers the reactivity of the 

penta coordinated species which have been shown experimentally to be more reactive 

than the tetra coordinated species. Noting the work of Corriu (1988)^^^ that species 

such as PhMeSiFs’ are more reactive than PhMeSiF2 toward RMgBr and this is found to 

be examples of a general case. Corriu and co-workers (1988)^^^ have suggested that 

the enhanced reactivity is due to the greater electropositive character of the silicon 

atom in such species.

The stereochemical aspects of nucleophilic substitution has been reviewed by Holmes 

(1990)^^. Molecular orbital calculations carried out by Holmes (1990/^ have 

compared the charge on the silicon and the bond length in compounds such as SiHnp4̂  

and SiHnFsn" and the isoelectronic phosphorus compounds. It was shown that the bond 

lengths of the penta coordinated species are longer than in the tetra coordinated 

species and are particularly so at the axial positions. With respect to the charge on the 

silicon, the calculations indicate that the presence of the additional fluoride ion results 

in a slight increase in positive charge on the silicon atom of about 0.1 of an electron. 

In addition the bond overlap population for the penta coordinated silicon are less which 

is indicative of a significant weakening of the Si-F and Si-H bonds.

The result of this study is that the enhanced reactivity of the penta-coordinated species

is due to having more loosely held ligands and in particular the apical ligands of the

TBP species. This was further confirmed by considering the amount of energy required

129



to remove a fluoride ion from a tetra coordinated species which was found to be much 

higher than the penta coordinated species in a similar series of compounds.

The results obtained by Holmes above confirm the results obtained by the Streitwieser 

group (1989)^®^ who looked at the SiH4-SiH4F’ system. There work produced 

geometries similar to Holmes (1987)^®\ and the results in terms of charge on the silicon 

obtained by Streitwieser were 2.6 in the case of SiH4 and 2.74 in the case of SiH4F*. 

However, the calculations were carried out on the basis of an ionic model.

A major study has been carried out on gas phase penta co-ordinate silicon species by 

Damrauer (1988)̂ ®®. Several earlier studies have also been carried out by Dillard 

(1974)̂ ®  ̂ and McNeil (1970)̂ ®®. In this study, Damrauer (1988/®°, has used MNDO 

calculations to make predictions and flowing afterglow tochniquo to dotoct gas phase 

pentacoordinate species. Damrauer (1987)̂ ®® has reviewed the flowing afterglow 

technique.

Computational studies of silicates have shown that the penta coordinated species have 

a lower energy than either the reactants (Deiters 1987a+b)̂ ®̂ '̂ ®®. However it should be 

noted that the penta coordinated species may not be more stable than alternative 

species. Hajdasz (1986)̂ ®® has discussed this with particular reference to SiHs which 

is more stable than SiH4 and H" but not as stable as S iH s ' and H2.

The work of Damrauer looks in detail at the following;
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1 ) Energetics of the formation of silicates.

2) Computing examples, which can be experimentally verified.

3) Comparison of MNDP with ab-initio consistency.

The key point is that the propositions put forward by workers such as Corriu are based 

on kinetic data but those of Damrauer are based on thermodynamic data.

The computational studies confirm the Corriu order of ease of penta coordination and 

nucleophilic substitution. Various reaction profiles have been generated and an 

example is shown below;

HgSiCI + Cl HgSiCI + Cl HgSiCI + F

F

The calculation indicates that the formation of silicates also control the ease of 

nucleophilic substitution. These are also consistent with the results of the fast 

afterglow technique on trimethylchlorosilane undergoing nucleophilic substitution which
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have shown that substitution takes place via a penta coordinated species (Damrauer 

1983)̂ ®°. However, MNDO calculations can seriously underestimate the stability of 

certain compounds such as HaSiFX " where X is O H , CH3, and C H 3O -.

An interesting part of the study was a comparison between the ease of silicate 

formation compared to Si-X bond dissociation energy. For example, if the Si-X bond is 

strong and it would be reasonable to expect that the Si-F bond in silicates would be 

strong (Walsh 198l/® \ However, the study indicates that this is only partly true and it 

also depends on the nature of Y.

The usefulness of these calculations were tested by the preparation of 

[Si(CH3)3N(CH3)2CI]’ by the soft transfer of Cl" from Si(CH3)4CI" to Si(CH3)N(CH3)2 in the 

fast after flow technique. The calculations indicate that the product of the soft transfer, 

[Si(CH3)3N(CH3)2CI]", would be exothermic to a value of about 4.2 kJ/mol. A very weak 

signal was observed indication the formation of this product. This means that the 

calculations do have some utility in predicting the outcome of quite complex reactions. 

In general, where the MNDO calculations failed to agree with experimental results (i.e. 

the Corriu order), then ab-initio results gave a much better match to experimental 

results.

Streitwieser and co-workers (1989)^” “ have also made some useful comparisons with

carbon. SiHs" has been observed in the gas phase by Hajdasz(1986)^®® and it has been

found to be an effective hydride donor. Further, calculations carried out by

Brandemark and co-workers(1984)̂ ®̂  indicates that SiHs' is more stable than SiH^ and

H". Streitwieser (1989)̂ ®® points out that the increase in bond length in silicon in terms
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of the Si-H and Si-F bonds of the penta coordinated species compared to the tetra 

coordinated species is less than 10%. However, in the case of carbon, the work of the 

Keil group (1976/®® suggests that the value to be 35% and 75% respectively. This 

makes penta co-ordination in carbon very unfavourable.

Corriu (1989/®^ has reported the unexpected reactivity of hypervalent anionic 

organosilicon and germanium compounds with respect to single electron transfer. In 

the presence of some nucleophiles, compounds such as [RSi(o-0 2 C6H3R')2]'M* and 

[Ge(o-CaH3R)3/’2M* where R=H, undergo a single electron transfer. The ability to 

accept electrons depends on the ligands, the central metal atom and the nature of the 

nucleophile. The above compounds may be prepared by the depolymerization of silica 

and Ge02 (Rosenheim group, 1931 )“ :

The reactions of some of these compounds are shown in Table 24 on page 134.
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TABLE 24- SELECTED REACTIONS

COMPLEX

2Na+Si

SI

Ph Si

PhSi

Go2+

/  3

NO,\ 2-

Cp(COkFeNa 
eq. consumed

2

6(4)

9(6)

6(3)

[Cp(CO)jFe]2 
eq. formed

1

0.5

3(2)

Li
eq. consumed 

1

4.5 (3)

3(1.5)

6.6

6

6
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The fact that single electron transfer has occurred was shown by the reaction of the 

above compounds with Li/Me3SiCI/the towards compounds 1, 2 and 3 in Table 5. 

However, the products of the reaction have not been fully characterized. However, 

some details of the reaction are shown in Table 25.

TABLE 25 - SELECTED REACTIONS OF ORGANOSILICON COMPOUNDS

h
2Na'

0

Co 2+
NO

2Na'

RMgX

Cp(C0)2Fe“

Substitution 
RgSi, R^Si

Electron Transfer 
Reaction

j/MegSiCI/THF Electron Transfer

Substitution + Electron 
Transfer Reaction

Electron Transfer 
Reaction

Electron transfer

No substitution 
Side reaction on 
Nitro Group
Electron Transfer 
Reaction

Electron transfer

An example of one of the reactions is shown below between [Si(Ü2CeH4)3]̂ ‘ and 

CpFe(C0)2Na:
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The reaction between nitro substituted phenyl rings show some enhancement in 

electron accepting properties of the complexes.

Corriu (1993)^“  has produced a major review of the reactivity and synthesis of 

hypervalent organosilicon compounds. He provides evidence for the involvement of 

penta-coordinate species in the nucleophilic substitution of tetra coordinate 

organosilicon compounds. However, when considering hexa coordinate species this 

area is relatively under developed and although nucleophilic substitution via a hopta 

coordinate intermediate has been suggested by Pearson and co-workers (19 62 /^, the 

evidence has been contradictory. For example, Pearson found that the hydrolysis 

tris(acetylacetonato)si I icon cation was consistent with an Sn2 mechanism. However, 

Wright (1965a+b)^^^ found that the attack of hydroxide ions on the 

tris(tropolonatosilicon) cation was more consistent with an attack on the ligand. It is of 

great importance that hepta coordinate species are synthesized and single crystal X- 

ray diffraction data obtained. To this end Corriu (1994/^ has obtained such data. 

However, as the evidence Is sparse on this mechanism we cannot rule out the 

generality of other mechanisms such as electron transfer.

Not all silicon reactions take place via a hypervalent intermediate. Bassindale and co

workers (1995/^ have carried out a series of nucleophile induced racemization of 

PhMeCHSiMe2X, where X = triflate, Br or 01. Thirteen nucleophiles were involved and
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the data produced could be interpreted in two ways, which are shown in the scheme 

below;

The rate of reaction with respect to the added nucleophile varies between and 2"  ̂

order when using strong nucleophiles in polar solvents. On occasions, high orders 

were found using non-polar solvents. The latter may be due to the aggregation of the 

nucleophile. An important point is that the reactions involved good leaving groups and 

strong nucleophiles and there was no evidence of the involvement of hypercoordinated 

silicon other than as a transition state.
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3.4 - CONCLUSION

The results of the above strongly indicate that there is an increase in reactivity in 

hypervalent compounds of silicon. This has been shown particularly strongly by the 

work of the Bassindale group on compounds containing two silicon atoms in different 

co-ordination environments within the same molecule. The reasons for this increased 

reactivity may be stated as follows:

1) Weakening of the silicon-ligand bond, which more than compensates for the 

increased steric crowding.

2) The contribution of the increased positive charge on the silicon atom in such 

compounds.

In addition the fact that an increase in reactivity of elements from other groups has 

been observed to some extent leads to conclusion that this is not just limited to silicon.
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