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Abstract

1 1 % 29 • 17Using muLtinucLear n.m.r.  spectroscopy ( H, C, Si and 0 ) ,  the

interact ions of diastereotopic (PhCHMeSiMe2X; X=CL, Br, OSO2CF2) and 

chira l  (PhMeHSiX; X=CL, 0S02CFg) si Lanes with a diverse range of 

nucleophile (Nu = amides, ureas, pyr id ines, phosphine oxide and amines)

are examined in d e t a i l .

The dominant species in the diastereotopic s i ly la t in g  solutions are four 

coordinate 1:1 ionic [PhCHMeSiMe2-Nu]*X~ adducts. These complexes 

undergo exchange with nucleophiles and th e i r  parent si Lanes at a rate 

Limited by the i n i t i a l  attack of nucleophile or counterion at the s i l icon  

atom of the adduct. The halide counterions of stable silane-nucLeophile  

adducts can also induce isomerization of uncomplexed si lanes.

The k inet ic  and thermodynamic results are consistent with the operation 

of two d i f fe re n t  mechanisms for the racemizations of PhCHMeSiMe2X (X=CL, 

Br) .  Racemization involving Less stable si lane-nucleophile complexes may 

proceed via rate determining attack by a second molecule of nucleophile 

at the adduct, formed in the i n i t i a l ,  rapid,  pre-equi l ibrium step. Two 

molecules of nucleophile are u t i l i z e d  resul t ing in an order of 2 or 1.5 

in nucleophile,  depending upon the degree of ion-pair  d issocia t ion.  An 

a l te rn a t ive  pathway is preferred with increasing s t a b i l i t y  of the s i lane -  

nucleophile s a l t .  Adduct formation is followed by halide exchange 

leading to racemization of si Lane. One molecule of nucleophile is 

required in this case corresponding to a f i r s t  or a hal f  order in 

nucleophile.

The k inet ic  results are correlated with the rate of alcoholysis reported 

by Frye, the re la t iv e  equil ibrium constant for  the formation of [Me^Si- 

Nu]*X~ complexes and the donor strength of nucleophile as measured by 

T a f t 's  Beta values. The good corre lat ion with the Beta values provides 

evidence that the rate of racemization is dependent upon the 

nucLeophiLi c i ty  of the donor species. The excellent  Linear corre lat ion



with Frye's In values further  v e r i f i e s  the mechanism f i r s t  postulated 

by Chojnowski. Rapid pre-equi l ibrium formation of CR-^Si-NuH^X” adducts 

is followed by slow attack of a second molecule of nucleophile.

With strong nucleophiles, four coordinate ionic CPhMeHSi-Nu]*Cl" salts  

undergo second nucleophil ic attacks yie ld ing stable pentacoordinate 

[PhMeHSi-(Nu)2]*CL ionic adducts. The collapse of the N-methyl 

resonances of DMF observed in the interact ions of PhMeRSiCl (R=H, Me) 

with DMF may serve as an indicat ion of N -s i ly la t io n  of DMF.
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1.1 The importance of organosilicon chemistry

OrganosiLi con compounds are increasingly important in many areas of 

chemistry, especia l ly  in organic synthesis.  There are three main areas 

where organosilicon reagents are p a r t ic u la r ly  useful .  The reaction  

pathway and hence the stereochemical outcome can be controlled in certain  

cases, for example the Peterson reaction. Undesirable side reactions can 

be el iminated by providing temporary protection to funct ional  groups, 

such as hydroxy, amino or th io l  m o i e t i e s , a s  s i l y l  der ivat ives .  

Sil icon compounds can also serve as catalysts to enhance the re a c t iv i t y  

of some reagents. This can be c lear ly  i l l u s t r a te d  by the group transfer  

polymerization process, where the s i l y l  ether group i n i t i a t e s  the chain 

polymerization r e a c t i o n . I n  each of these areas, i t  is essent ial  to 

have a detai led understanding of the precise role of s i l icon  compounds in 

order to design more e f f i c i e n t  reagents.

RO. .OSiR)
Nu

■

OSiRRORO RO.

Scheme 1.1 .1  Group t ransfer  polymerization

1.1.1 Background of the project

Nucleophiles such as amines are generally believed to promote s i ly la t i o n  

reactions hence they are frequently used in combination with s i l y la t i n g  

a g e n t s . T h r e e  d i f fe ren t  s i l y la t io n  mechanisms are current ly  

postulated to account for the precise mode of action of nucleophiles.

RjSiX R'OH Nu RgSiOR' NuH+X"

Scheme 1 .1 .2  Nucleophile act ivated s i ly la t i o n  of alcohol
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I t  was in i t iaLLy thought that the nucleophile was acting only as a base, 

scavenging protons and dr iv ing the equil ibrium towards products. In th is  

mechanism the nucleophile is not involved in the activated complex. 

However th is  has been disputed by Chaudhary and H e r n a n d e z , w h o  

provided evidence that enhancement by nucleophiles is not related to 

th e i r  b a s ic i t ie s ,  although a base may be required to regenerate the 

catalyst  in specif ic  cases.

pon
Corriu proposed that expansion of coordination at s i l icon  is involved 

in the i n i t i a l  step, leading to penta- and hexacoordinate molecular 

intermediates as i l l u s t r a te d  in Scheme 1 . 1 . 3 .  In the th i rd  mechanism, 

Chojnowski^*^ suggested that a four coordinate ionic si lane-nucleophile  

complex is formed in a rapid pre-equi l ibrium step. The s i ly la te d  species 

then becomes the active intermediate in the subsequent rate determining 

bimolecular displacement. However th is  concept of ionic adduct formation 

was questioned by Corriu.

RjSiX + Nu RgSiXNu R^SiXNuHOR' ------> R^SiOR' + HX + Nu

5 coordinate 6 coordinate

Scheme 1 .1 .3  Proposal by Corriu

RjSiX + Nu [R^SiNuü+X"  >  R^SiOR" + HX + Nu

4 coordinate

Scheme 1 .1 .4  Proposal by Chojnowski

With the l a t t e r  two mechanisms being k in e t ic a l ly  i d e n t ic a l ,  i t  is v i t a l  

to have a better  understanding of the exact nature of the intermediate  

species formed during s i ly la t io n  reactions. I t  is th is  aspect,  together  

with the k inet ic  and the thermodynamic behaviour, of nucleophile induced 

s i ly la t io n s  which is investigated in th is  study. A knowledge of the 

stereochemistry at s i l icon  and the k ine t ic  behaviour are p a r t ic u la r ly  

valuable in the elucidat ion of the mechanism of s i l y la t io n  reactions.
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1 .1 .2  Outline of the project

This work has bearing on the mechanism of substitutions at s i l icon  which

is the fundamental reaction in the synthesis of si loxane polymers. 

Functionalized si lanes having diastereotopic methyl groups attached to 

the s i l icon  atom, RCHMeSiMegX (R=Et, ^Bu, Ph; X=Cl, Br,  OSOgCF^), were 

synthesised. The majority of the work concentrates upon the nature of 

the interactions of these compounds with a diverse range of nucleophiles.  

Structural changes in both si lanes and nucleophiles, as well  as the i r  

k inet ic  and thermodynamic behaviour are assessed in d e t a i l .  In several  

cases, solid-nucleophile adducts were isolated and characterized. The 

structura l  and electronic  factors governing the interactions between 

si lanes and nucleophiles are b r i e f l y  surveyed by studying si lanes with 

various aryl  or a lky l  groups.

Multinuclear n.m.r .  spectroscopy has proved to be an extremely powerful,

easy and convenient tool for obtaining structura l  and dynamic

information, thus i t  is predominantly employed in th is  work. For 

instance s i l icon-29  n.m.r.  spectra provide useful information on the 

coordination number at s i l ic o n .  The dynamic n.m.r .  technique (DNMR) is 

p a r t ic u la r ly  valuable in studying chemical exchange processes and 

obtaining k inet ic  data as well  as thermodynamic parameters, by examining 

the exchange-broadened spectra using to ta l  bandshape analysis.  This 

method has numerous advantages over other classical  k inet ic  approaches.

A more detai led analysis on th is  technique is given in a la te r  section.

1.2  Physical properties of organosilicon compounds

A comparison of the chemistry of s i l icon  and carbon is useful to f u l l y  

comprehend and hence predict the behaviour of organosilicon compounds.

The successful and extensive use of organosilicon reagents in organic 

synthesis can be interpreted in terms of the fundamental physical  

properties of s i l ic o n .  These include the e lec t ronegat iv i ty  of s i l i c o n ,  

the bond strengths of s i l icon  to other elements, hyperconjugation and the
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par t ic ipa t ion  or Lack of involvement of i t s  valence p- and empty d-  

o r b i ta ls .

The major difference between the chemistries of carbon and s i l icon  is

often interpreted with reference to the possible expansion of

coordination at s i l i c o n .  Hypercoordinate carbon compounds are not common

in organic chemistry but they play an important part in organometall ic

chemistry; a pentacoordinate carbon species with tr igonal  bipyramidal

geometry has been i s o l a t e d . 113 in contrast ,  a large number of penta-

and hexacoordinate s i l icon  complexes have been i d e n t i f i e d ,  many of which
C12Thave been characterized by X-ray crystal lography. The r e la t iv e  ease

of s i l icon  in extending i t s  coordination shell  to accommodate more than 

four ligands can be related to i t s  s ize ,  the bond lengths,  

hyperconjugation and the u t i l i z a t i o n  of low lying vacant d -o rb i ta ls  for  

bonding.

The addit ion of an extra valence shel l  of e lectrons, descending down each 

group of the periodic tab le ,  is ref lected in the increase in the covalent 

radii  of the elements. Si l icon is considerably larger than carbon (77 

pm for C and 117 pm for Si );^^^] nucleophil ie attack is therefore  

f a c i l i t a t e d .  In nucleophil ie substi tution at carbon the bond to the 

leaving group must be broken, at least p a r t i a l l y ,  pr ior  to nucleophi l ie  

attack.  In the case of s i l i c o n ,  the bond can be broken more readi ly

owing to i t s  increased length compared with the carbon analogues (189 pm 

for Si— C and 154 pm for C— C bond).^^] Furthermore, the pentacoordinate 

t rans i t ion  state is less s t e r ic a l l y  hindered and more stable therefore  

i t s  formation is f a c i l i t a t e d .  The combination of these factors helps to 

minimise s ter ic  s t ra in  and s ta b i l i z e  extra covalency at s i l i c o n ,  thus the 

r e a c t iv i ty  is promoted by lowering act ivat ion  energies.

Several scales of e lectronegat iv i ty  have been establ ished, however the 

values remain r e la t iv e ly  consistent whichever scale is chosen. Sil icon  

is s ig n i f ic a n t ly  less electronegative than carbon (H, 2.79; C, 2.35; S i ,  

1.64),^^^ thus polar ization of the Si ^*— bond resu l ts .  This also 

helps to explain the greater suscep t ib i l i ty  of s i l icon  towards
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nucLeophiLic a t tack ,  although i t  is also important to take into account 

of electronic fac tors ,  for example the presence of electron donating (+1) 

substituents on s i l i c o n ,  which may of fset  th is  trend.

Compared with th e i r  carbon analogues, s i l icon  forms markedly stronger 

single bonds with electronegative elements (oxygen, f luor ine  and 

chlorine) but weaker ones with carbon, nitrogen and hydrogen. The 

re la t ive  inertness of the Si— F bond to hydrolysis re f lec ts  upon the fact  

that i t  is one of the strongest single bonds known. I t  is rather  

surprising that the Si— X bonds can be cleaved more readi ly  than the 

corresponding bonds to carbon, considering th e i r  s ign i f ican t  strengths.  

This may be a t t r ibuted  to the greater p o l a r i z a b i l i t y  of the bonds 

re la t iv e  to the i r  carbon counterparts.  P a r t ia l  double bond character,  as 

a consequence of pTr-dvr bonding is believed to be responsible for  the 

considerable strength of the S i— 0 bond; the dative oxygen 2p lone pairs  

overlap with the empty 3d orb i ta ls  of the adjacent s i l i c o n .  A more 

quant i ta t ive  i l l u s t r a t i o n  is shown in the fol lowing tab le .

Table 1 .2 .1

Approximate bond dissociat ion energies of Si— X and C— X bonds^^^^

Bond Bond dissociation energy Bond Bond dissociation energy

(kJmol ^) (kJmol ^)

Si-C 318 C-C 334

Si-N 320 C-N 335

Si-H 339, 378, 382 C-H 340

Si-Cl  471 C-Cl 335

Si-0 531 C-0 340

Si-F 807 C-F 452

There are three main areas of organosilicon chemistry where d -o r b i ta l  

par t ic ipa t ion  is considered to be important.  They are useful in the 

formation of addit ional  6 bonds, the s ta b i l i z a t io n  of reaction  

intermediates and t rans i t ion  sta tes ,  as well as in the formation of
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internaL tt bonds by accepting electrons from atoms such as nitrogen,  

halogens, oxygen or carbon in moieties capable of conjugation.

The u t i l i z a t i o n  of d -orb i ta ls  to form 6 bonds is well established as 

demonstrated by the octahedral hexaf luoros il icate  ion, SiF^^ ,  where 

si l icon  forms six 3sp^d^ hybrid bonds with the f luor ine  atoms. The fast  

S|y2 reactions at s i l icon  of ch ira l  s i l icon  compounds observed by 

Sommer^^^] are consistent with the hypothesis that the involvement of d-  

orb i ta ls  lowers the t rans i t ion  state energies. The contribution of d-  

orb i ta ls  in the ^-bonding of s i l icon  i s ,  nevertheless, highly 

controversial ;  a comprehensive account of the arguments has been covered 

by several authors^^^'^^'^^'^^^ and w i l l  not be discussed in d e ta i l  here.

The extent of d -o rb i ta l  contribution by s i l icon  has been investigated by 

Kanyha et a l . ^ ^*^ using multinuclear n.m.r .  spectroscopy and evidence for  

pTT-dTT bonding is provided. Ebsworth^^^] proposed that d -o rb i ta l  

par t ic ipa t ion  is not essential  for the expansion of coordination.  

pitt^ZOD preferred to employ the hyperconjugation or 6 -5*  conjugation 

hypothesis in explaining the electronic properties of organosilicon  

compounds. However Nagy et a l . ^^^^ stressed that both the 

hyperconjugation e f fec t  and d -o rb i ta l  contribution have to be considered 

in in terpre t ing  any experimental outcome.

A recent deta i led review on the theoret ica l  aspects of bonding in carbon-
ri8Tfunct ionalized si lanes has been provided by Ponec. He concluded that

both concepts should only be treated as s implis t ic  models, however no 

a l te rn a t ive  hypothesis was proposed. A more sophisticated quantum 

mechanical treatment is necessary to f u l l y  understand the bonding in 

organosilicon compounds, nevertheless the d -o rb i ta l  p a r t ic ipa t ion  and 

hyperconjugation approaches serve as useful and q u a l i ta t iv e  guides.
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1-3 Stereochemistry and coordination at silicon

Hypercoordinate s i l icon  complexes are formed as a result  of the 

interactions between neutral  tetracoordinate si lanes and nucleophiles,  

which normally contain one or more electronegative atoms such as 

f lu o r in e ,  ch lor ine,  oxygen or nitrogen. Al iphatic  or heterocyclic amines 

and n i t r i l e s  are typ ica l  nitrogen donor ligands; however no open chain 

complexes containing oxygen donor species have been observed to date.

I t  is  important to assign the geometry of a si lane-nucleophi le adduct

cor rec t ly ,  otherwise confusion in the coordination number at s i l icon  may

resu l t .  A compound of known molecular composition may adopt a number of
C211geometrical st ructures. For example a R^SiNuX species may exist in

two d i f f e r e n t  geometries, four coordinate tetrahedral  ionic or 

pentavalent tr igonal  bipyramidal covalent with sp^d hybridizat ion at

s i l i c o n .  S im i la r ly ,  for an adduct with a formula of R2$iXNu2 ,  there are 

two p o s s ib i l i t i e s ,  i t  can be e i ther  a pentacoordinate t r igonal  

bipyramidal ionic species or a l te rn a t iv e ly  a six coordinate covalent 

octahedral compound having sp^d^ hybridizat ion at the s i l icon  atom.

Multinuclear n .m.r .  spectroscopy, conductivity measurements and X-ray 

crystal lography have proved-to be extremely helpful for determining the 

coordination number at s i l ico n .  The structures of the pyridine-Me^SiX 

(X=I,  Br) solids were resolved by Hensen et a l . ^^Z] with the applicat ion  

of X-ray crystal lography. C h o j n o w s k i ^ ? ]  used phosphorus-31 n .m.r .  and 

conductivity studies to characterize 1:1 HMPA-Me^SiX (X= I ,  Br,  Cl) 

adducts. The phosphorus-31 n.m.r .  chemical sh i f ts  of the adducts were 

very s im i la r ,  i r respect ive  of the counterion, thus indicat ing that the 

complexes adopt a four coordinate tetrahedral geometry. The formation of 

ionic complexes was confirmed by the f indings from conductivity  

measurements. However these observations have been strongly questioned 

by Corriu.

Some examples of penta- and hexacoordinate s i l icon  complexes, which have 

been isolated and id e n t i f i e d ,  are presented in Figure 1 .3 .1 .  The
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Si— Ph

Ph

EtJN

F3C CR

( M e , N ] / Me

2

H3N(CH2VNH3

pentacoordinate complexes

Ci

Me \
) r r p A
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Figure 1 .3 .1  Examples of penta- and hexacoordinate s i l icon  complexes
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stereochemistry of hexacoordinate s i l icon  compounds is usually octahedral 

with several electronegative l igands. The majority of f ive  coordinate 

s i l icon  complexes have a t r igonal  bipyramidal s tructure ,  although a 

series of s i l icon  compounds with geometries varying from t r igonal  

bipyramidal to square pyramidal was reported by Holmes.

Pseudorotation has recently gained popular ity  as an a l te rn a t ive  mechanism 

for  nucleophil ie subst itut ion at s i l i c o n ,  although th is  proposal has been 

presented b e f o r e . I n t e r n a l  ligand exchange or pseudorotation is a 

d is t in c t  feature in the chemistry of t r igonal  bipyramidal molecules, thus 

the observation by Holmes is a p a r t ic u la r ly  in terest ing one.

1 .4  S i l icon-29 n .m.r .  spectroscopy

The changes in the chemical sh i f ts  of the carbon and the proton atoms 

attached to a s i l icon  atom often provide considerable information about 

the changes in the environment and the stereochemistry at s i l i c o n .  

Moreover, s i l icon-29  n.m.r .  spectroscopy has proved to be an even more 

powerful tool and has become a routine technique in the structura l  

elucidat ion of organosilicon c o m p o u n d s . T h e  knowledge 

gained from the peripheral nuclei may not be related to the actual events 

taking place at the s i te  of coordination i . e .  the s i l icon  atom. I t s  use 

as an ana ly t ica l  technique has expanded rapidly over the last decade, in 

p a ra l le l  with the development of improved multinuclear n.m.r.  

spectrometers of increasing s e n s i t i v i t y .  Nonetheless d i f f i c u l t i e s  are 

s t i l l  encountered in making s i l icon-29  n .m.r .  measurements.

S i l icon-29 has a low natural abundance of 4.67% and a negative

gyromagnetic ra t io  7 of -0 .5 55 ,  which means that under proton decoupling

conditions the nuclear Overhauser e f fe c t  enhancement (NOE) is negative,

causing a reduction or cancel lation of the s i l icon-29  signal in te n s i ty .

I t s  character is t ic  long s p in - la t t ic e  relaxation (T^) prolongs the data

accumulation t imes, which hinders the observation of s i l icon-29  n.m.r .

signals.  Fortunately,  the recent introduction of special  pulse 
r2 7 ! lsequences, p a r t ic u la r ly  the po lar iza t ion  t ransfer  techniques.
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together with the applicat ion of paramagnetic relaxation reagents have 

overcome these problems by enhancement of s e n s i t iv i t y .

1.4 .1  S e n s i t iv i ty  enhancement techniques

Transit ion metal complexes such as chromium acetylacetonates, CrCacac)^, 

can serve as paramagnetic relaxat ion agents. The presence of a small 

concentration ( ca. 1%) of these compounds can increase the s e n s i t iv i t y  of 

si l icon-29  n.m.r .  by shortening i t s  s p in - la t t ic e  relaxat ion time and 

allowing fas ter  pulsing. However the drawback of th is  approach is that  

these reagents may contaminate the samples under invest iga t ion ,  and react 

with the organosilicon compounds producing undesirable side reactions.

The fundamental mechanism of po lar iza t ion  transfer  involves the 

applicat ion of a weak i r ra d ia t io n  on a sensit ive nucleus with a large 

gyromagnetic ra t io  and considerable Boltzmann population d i f fe rence .  The 

nuclear spin polar iza t ion  induced is then transferred from the sensit ive  

nucleus e.g .  proton to the insensit ive one such as s i l i c o n -2 9 ,  thus the 

in tens i ty  of a s i l icon-29  signal is increased s ig n i f ic a n t ly .  The degree 

of enhancement of the s i l icon  signal normally depends upon the number of 

coupled protons. Another advantage of this technique is that the

short relaxat ion time of the proton nuclei enables fast  pulsing, which 

may reduce the recording time by 30 to 300 fold .^^?]

In the INEPT method Qnsensit ive JMuclei JEnhancement by p o la r iz a t io n  

TYansfer),  the enhancement is governed by the pulse parameters, which can 

be evaluated from the ^H— ^^Si coupling constants. Improper use of these 

parameters may lead to signal d is tor t ion  or cancel la t ion,  therefore i t  is 

essent ial  to have a knowledge of coupling constants.
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1.4 .2  Factors affecting silicon-29 chemical shifts

In spite of the numerous suggestions for reference compounds, 

tetramethylsi lane (TMS) is now accepted as the reference standard for  

si l icon-29  as well  as for carbon-13 and proton n.m.r .  spectra.  At 

present,  the span,of s i l icon-29 n.m.r .  chemical sh i f ts  reported is 

greater than 500 ppm, although most organosilanes can be found within a
250 ppm r a n g e . [23/24]

Si l icon-29 n.m.r .  chemical sh i f ts  are generally influenced by both 

electronic and s te r ic  e f fe c ts ,  introduced by the s u b s t i t u e n t s . ^2^3 yhese 

in te r - re la te d  factors may reinforce or oppose each other.  The s i l icon  

chemical sh i f ts  are dependent upon the e le c t r ic  f i e l d  and magnetic 

anisotropy of the neighbouring groups and the po lar iza t ion  of the Si— X 

bonds, which is controlled by the e lec t ronega t iv i t ies  of the 

substituents- These inductive ef fects  can lead to a decrease in the 

nuclear shielding at s i l i c o n .  Nevertheless, back donation as a 

consequence of the involvement of d -orb i ta ls  in pn—d^ bonding increases 

nuclear shie lding.  The coordination number at s i l icon  as well  as the 

deviation from the tetrahedral bond angle are also major factors  

af fect ing  the s i l icon  chemical s h i f ts .

As ye t ,  no sat is factory  theory has been developed to encompass both 

electronic  and s ter ic  e f fects  in predicting the s i l icon-29  chemical 

s h i f ts .  An empirical attempt in correlat ing the substituent  

e lec tronega t iv i t ies  with the s i l icon  chemical sh i f ts  y ields a U-shaped 

curve for a given series of s i  l a n e s . [^3 ,24] example, with Me^SiX^.^,

where X is an electronegative substituent; as the methyl groups are 

replaced by chlorine atoms an i n i t i a l  increase followed by a gradual 

decrease in chemical s h i f t  is observed. Prediction is made easier when 

the structura l  changes occur at a s i te  remote from the s i l i c o n ,  since the 

si l icon  shielding becomes dependent mainly upon the e lectronic  e f fec ts  of 

the substituent.
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The solvent dependence of s i l icon-29 n .m.r .  chemical sh i f ts  are usually  

not s ign i f ican t  (smaller than 1 ppm), however pronounced chemical sh i f t  

changes of greater than 5 ppm have been observed for specif ic classes of 

organosi lanes. An excellent  l inear  correlation^^®^ obtained when the

s i l icon  chemical sh i f ts  of a series of si lanols and si lylamines are 

plotted against the Gutmann solvent donor n u m b e r , [29/303 ^h^ch measures 

the electron pair  donor a b i l i t y  of the solvent.  Such changes in chemical 

sh i f ts  are normally accounted for by solvent-solute in teract ions .  Strong 

hydrogen bonding of the type R^Si— 0— — :donor together with repulsion 

of the 0— H bonding electrons with the donor solvent electron pair  

contribute to an increase in the electron density at s i l ic o n .  This 

indicates that solvent donicity plays an important role in the chemical 

sh i f ts  of s i la n o ls ,  with basic solvents inducing pronounced sh i f ts  to 

lower frequency.

1 .4 .3  Structural  elucidat ion

As emphasized e a r l i e r ,  s i l icon-29  n.m.r .  of fers  a unique approach for  

determining the coordination number at s i l i c o n ,  since the chemical sh i f ts  

of extracoordinate s i l icon  complexes deviate s ig n i f ic a n t ly  from those 

observed for comparable te trava lent  s i l icon  compounds. For example in

the formation of s i la t ranes ,  a s h i f t  of about 20 ppm to lower frequency 

on going from four to f ive  coordination is reported.[^13 Although the 

chemical s h i f t  ranges for each coordination number at s i l icon  overlap 

considerably,  the assessment of the stereochemistry at s i l icon  from a 

given s i l icon  chemical sh i f t  is r e la t i v e ly  straightforward provided that  

analogous s i l icon  compounds with the same R groups are compared. The 

current ly  recognized chemical sh i f ts  for penta- and hexacoordinate 

si l icon  complexes range from -176 ppm to -53 ppm and -200 ppm to -120 ppm
r e s p e c t i v e l y . [ 2 3 / 2 4 3

X-ray crystal lography and the recently developed high resolution solid  

state n.m.r .  have become invaluable for studying hypercoordinate s i l icon  

species, which dissociate readily into  the i r  indiv idual components in 

solut ions. These two techniques are also useful for invest igat ing
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whether the structures remain consistent in both sol id and solution  

phases, by comparing with the data obtained from solution state n.m.r .  

studies. Good agreement between structures result ing from solution state  

n.m.r .  and that  from sol id  state n .m.r .  together with x-ray studies has
been reported.^243

1.5 Dynamic nuclear magnetic resonance spectroscopy

1.5.1  General background

Dynamic n.m.r .  (DNMR) is an applicat ion of n.m.r.  spectroscopy employed 

to examine the changes in n.m.r .  spectra ar is ing from a chemical exchange 

process.[^2/333 N.m.r.  spectra provide considerable information 

concerning the changes in the environment of magnetic nuc le i ,  induced by 

exchanges between si tes with d i f fe re n t  chemical sh i f ts  and/or d i f fe re n t  

coupling constants.

The l ine shape of a n.m.r.  signal is related to the l i f e  time of the 

species under study, which can be expressed as the reciprocal of a rate  

constant as well  as a function of Larmor frequency and spin-spin  

transverse relaxat ion time (Tg) .  A dynamic process usually causes a 

change in the Larmor frequencies and the magnetization of the species,  

therefore the l ine shape of n .m.r .  signals is dependent upon chemical 

exchange processes. Hence evaluation of rate constants of such processes 

is feasible  by examining the var ia t ion  in the l ine shape of n .m.r .
s igna ls . [^2/333

The growing popularity of this technique may be due, in par t ,  to the 

advent of sophisticated n.m.r .  spectrometers since l ine  shapes depend 

very c ruc ia l ly  on f i e l d  homogeneity, together with fast  d i g i t a l  computers 

for storing and calculating spectral  data using a quantum mechanical 

density matrix technique. Furthermore, i t  possesses several advantages 

compared with other classical  k inet ic  methods.
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DNMR can be applied to f a s t ,  f i r s t  or pseudo-first order and reversible  

processes. Activation parameters as well  as a diverse range of rate 

constants (10”  ̂ to 10"^ s”^) with energy barr iers  of 20 to 100 kJmol  ̂

can be evaluated. I t  provides d irect  information about the nuclei 

affected by exchange, which is often very d i f f i c u l t  to achieve by other  

methods. Systems at thermodynamic equil ibrium and/or degenerate systems, 

in which exchanges lead to molecules indistinguishable from the or ig ina l  

ones, can be investigated using this technique. Dynamic processes can 

also be studied over a wide range of temperatures since n .m.r .  spectra of 

many compounds are temperature dependent. Furthermore, th is  method is 

invaluable in that i t  helps in the e lucidation of exchange pathways, 

mechanisms and conformational transformations using standard n.m.r.  

equipment.

Some typ ical  examples of dynamic reactions studied by DNMR are inversions 

of lone electron pairs on nitrogen and phosphorus, inversions of cyc lic  

and heterocyclic r ings, degenerate valence isomerizations, intramolecular  

rearrangements and hindered rotations around s t e r ic a l l y  crowded systems 

with p a r t ia l  double bond character ,  for  instance the hindered rotat ion of 

the C(0)— N bond in N,N-dimethylformamide. The theore t ica l  background 

and the s t a t i s t i c a l  treatment of th is  technique are extremely 

complicated. This topic has been reviewed elsewhere and thus w i l l  

not be discussed here.

1 .5 .2  Line broadening of n .m .r .  signals

The bandshape of a n .m.r .  signal is determined by parameters such as the

chemical sh i f ts  of each exchanging magnetic environment or s i te  ( v ) ,  the 

coupling constants ( J ) ,  the populations of each s i te  ( p ) ,  and the natural  

l inewidth (w) which is  related to the spin-spin transverse re laxat ion  

times (T2) .

Consider a two-spin system where nucleus A is undergoing chemical

exchange with nucleus B, induced e i th e r  by the addit ion of a cata lyst  or
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an increase in temperature, the chemical sh i f ts  are and Vg with 

l inewidths ŵ  and Wg respect ively.  At slow rates of exchange, s l ight  

l ine  broadening of each species is observed, the broadening becomes more 

pronounced as the rates increase u n t i l  the two signals merge and 

coalesce. Further increases in the exchange rate cause gradual 

sharpening of the signal u n t i l  eventually an averaged signal with natural  

l inewidth is observed. The chemical s h i f t  of this signal is governed by 

two factors; the re la t iv e  populations and the posit ions of the two

exchanging species (A and B) ,  as demonstrated by the following equations.

''observed = ''aPa + VgPg Equation 1.5 .1

Pa + Pg = 1 Equation 1 .5 .2

An i l l u s t r a t i o n  of the changes in the l ine shape of the two n.m.r .  

signals as a result  of the exchange between two equally populated,  

uncoupled si tes is given in Figure 1 . 5 . 1 .  The signals of species with 

equal populations broaden rapidly in a symmetrical manner, accompanied by 

a change in the chemical s h i f ts .

Comparatively l i t t l e  use has been made of s i l icon-29  n .m.r .  in dynamic 

n.m.r .  l ine shape analysis,  th is  may be largely owing to the s ig n a l - to -  

noise problem. In many cases, a fur ther  obstruction arises from the 

greater separation of the peaks, which can result  in the disappearance of 

the signal into the baseline at coalescence.

1 .5 .3  Evaluation of rate constants

One of the main objectives of studying the exchange-broadened n.m.r .  

spectra is the evaluation of rate constants. There are various methods 

of analysing the n.m.r .  spectra of exchanging systems;[^33 the complete 

l ine shape technique is the most accurate and r e l i a b le ,  however i t  is 

time-consuming and laborious. For very simple, uncoupled spin systems, 

approximate rate constants can be calculated using s impli f ied methods.
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Figure 1.5-1 Line broadening of n .m.r .  signals

Calculated bandshapes for an uncoupled, two s i te  exchange system with 

equal populations (P^ = Pg, T2 = 0 .2 ,  6v = 600Hz), scaled to the height 

of the reference peak C-
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These re ly  upon the re la tions between rate constant and the readily  

measured parameters such as peak separations, bandwidths at hal f  maximum 

in te n s i ty ,  ra t io  of maximum to minimum in te n s i ty .

The equation derived from the separation of exchanging sites (where 6v is 

measured in Hertz) at coalescence is one of the most commonly used 

expression for obtaining an approximate rate constant.

7t6v
k = ------  Equation 1 .5 .3

sfT

However th is  expression is only va l id  i f  the peak separation (6v) and the 

rate constant (k) are much greater than the l inewidth in the absence of 

exchange. I f  th is  condition is f u l f i l l e d ,  the calculated rate constant 

is  reasonably accurate.  The main l im i ta t ion  of th is  approach is that i t  

provides the rate constant at one temperature only.

Precautions must be exercised for a non-exchanging system to obtain 

symmetrical, narrow l ines with Lorentzian l inewidths, otherwise 

s ign i f ican t  errors w i l l  be introduced into the t o ta l  l ine shape analysis .  

The concept behind th is  technique is to compare the ent i re  experimental  

spectrum, recorded at a specif ic  temperature, with a series of 

theoret ica l  spectra calculated for d i f fe re n t  rate constants. The 

computer evaluated spectra can be plotted on the same scale as the 

experimental spectrum. The best possible f i t  and hence the correct rate  

constant can be found by t r i a l  and error  matching, e i ther  v isua l ly  or by 

a computer, of the spectra.  I f  computer matching is adopted i t  is 

advisable to make a visual comparison of the f in a l  calculated spectra 

with the experimental ones to el iminate obvious errors .  A comparison of 

the experimental and theoret ica l  data w i l l  be provided in the fol lowing  

chapter. More sophisticated computing programs are now ava ilab le  to suit  

indiv idual  needs. This l ine  shape ana ly t ica l  approach is superior to the 

one-parameter approximation methods since a l l  the information contained 

in the bandshape is analysed, therefore i t  is less susceptible to 

systematic errors and errors in the measurements.
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1 .5 .4  Evaluation of activation parameters

According to Arrhenius, molecules must possess an excess quantum of 

energy known as the act ivat ion  energy (Eg) pr ior  to reaction,  thus the 

Arrhenius act ivat ion  theory is based on the equil ibrium established  

between the activated and unactivated molecules. The treatment of th is  

equil ibrium with the van 't  Hoff isochore gives the Arrhenius equation.

k = A e Equation 1 .5 .4

Activat ion parameters can be in d i re c t ly  measured by examining the 

var ia t ion  in the l ine shapes of n .m.r .  signals at d i f fe re n t  temperatures 

to determine the rate constants for  the series of temperatures 

s t u d i e d . H o w e v e r  this approach re l ies  upon two important 

assumptions, namely, the temperature independence of the peak separation 

and the l inewidth at hal f -he ight  of the n.m.r .  signals in the absence of 

exchange.

An Arrhenius plot  of the natural logarithm of the observed rate constant 

against the reciprocal of temperature yie lds the Arrhenius act ivat ion  

energy ( E g )  and the pre-exponential  or frequency factor  (A) for  the 

reaction invest igated, both Eg and A are also assumed to be independent 

of temperature. From t rans i t ion  state theory the act ivat ion  parameters, 

the enthalpy (AH*) and the entropy (AS*) of ac t iv a t io n ,  together with the 

free energy of act ivat ion (AG*), can be evaluated using the following  

equations. I t  is important to note that a l l  three e n t i t i e s  are 

temperature dependent.

AH* = Eg -  RT Equation 1 .5 .5

AS* = R ln (— —— ) -  R Equation 1 .5 .6
'  KksT

AG* = A H *  -  T A S *  Equation 1 .5 .7
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kg is the Boltzmann constant with the value 1.3805 x 10”^  ̂ h is

Planck's constant 6.626 x 10“^^ Js, T is the absolute temperature in 

Kelvin and K is the transmission coe f f ic ien t  which is the f rac t ion  of 

activated molecules reaching the t rans i t ion  state and proceeding to form 

product molecules, i t  is usually set as 1.

The importance of this temperature dependence factor  can be reduced by 

applying the Eyring equation which is based on s t a t i s t i c a l  

thermodynamics. The plot of ln (k /T)  against 1/T gives a stra ight  l ine  

with a slope of -6H*/R and an intercept of ln(Kkg/h) + AS*/R.

k g T  - A H *  A S *

k = K ( - --------- ) exp(-----------) exp(---------) Equation 1 .5 .8
h RT R

1 .5 .5  Analysis of errors

As mentioned e a r l i e r ,  addit ional  l ine broadening due to magnetic f i e l d  

inhomogeneity and p a r t ia l  saturat ion of the resonance signal may 

introduce a large systematic e r ro r .  Fortunately these errors can be 

eliminated by using an in terna l  standard which is not af fected by the 

exchange process under invest igat ion .

I t  is crucial  to have a reasonable chemical s h i f t  d ifference in order to 

achieve an accurate determination of the rate constants; th is  is 

p a r t ic u la r ly  essent ial  when the experiment is performed over a narrow 

temperature range. The assumption that the peak separation and the 

l inewidth at hal f -he ight  of the n.m.r .  s ignals,  in the absence of 

exchange, are temperature independent may not be always v a l id .  I t  may be 

necessary to measure th e i r  temperature dependence during slow exchange 

and extrapolate to temperatures where fast  exchange take place. The 

precision of the AH* and AS* values depends upon a large chemical s h i f t  

separation and a wide temperature range.

The accuracy of the rate constants may be great ly  improved i f  the 

simulation is based near the coalescence region rather than near the fast
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and slow exchange Limits.  The poor signal- to-noise ra t io  around the 

coalescence point may also create considerable problems in the comparison 

of the experimental and theoret ica l  data.

1.6  Stereochemistry of nucleophil ie substi tution at s i l icon

As in many reactions, nucleophil ie displacements at s i l icon  are af fected  

by the nature of the substrate,  the leaving group, the nucleophile and 

the solvent.  Unlike carbon, substitut ion reactions at s i l icon  generally  

proceed with high s te reo s e le c t iv i ty ,  e i ther  retention or inversion of 

configuration at s i l icon  and only rarely  racemization.

1.6 .1  F ro n t ie r -o rb i ta l  hypothesis

Anh and Minot^^^^ provided a theoret ica l  F ro n t ie r -o rb i ta l  treatment to 

ra t io n a l i ze  the geometry of attack by nucleophile at s i l ic o n .  This 

F ro n t ie r -o rb i ta l  approximation is based upon the Salem o rb i ta l  treatment 

of the Walden inversion. I t  is assumed that the major in teract ion  during 

a reaction is that between the HOMO (Jiighest O^ccupied H^olecular jOrbital)  

of the nucleophile and the LUMO (j_owest Unoccupied Molecular O rb i ta l )  of 

the si lane 6*^^ y.

substrate LUMO, <r*Sl-Xinversion

Nu

retention

Nu

Figure 1 .6 .1  Geometry of attack by nucleophile

As described in Figure 1 . 6 . 1 ,  the front  side attack of nucleophile on the 

hybrid o rb i ta l  of s i l icon  leads to retent ion of configurat ion. When the
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unfavourabLe out-of-phase overlap between the nucleophile and the o rb i ta l  

of the leaving group predominates, inversion of configuration takes place 

with the nucleophil ie attack at the rear side of the molecule, opposite 

to the leaving group.

The s i te  of attack depends upon the extent of in-phase or out-of-phase 

overlap between the HOMO and the LUMO o r b i t a l s . T h e  

e lec tronegat iv i ty  of the leaving group and the nature of the nucleophile 

have dramatic e f fects  on the size of the LUMO and the HOMO orb i ta ls  

respect ive ly .  The s character at the s i l icon  atom increases as the 

leaving group becomes more electronegative,  a bigger lobe between s i l icon  

and the leaving group results and retention of configuration is therefore  

favoured. Rear side attack is enhanced with a soft  nucleophile having 

dif fuse valence o rb i ta ls  since the unfavourable out-of-phase overlap with 

the leaving group dominates and cannot be ignored, thus inversion of 

configuration is observed. The energy level of the HOMO o r b i ta l  of the 

nucleophile is also an important factor  in determining the geometry of 

attack.

1 .6 .2  The structure of si lanes

The r e a c t iv i t y  of a si lane is a del icate  balance between s te r ic  and 

electronic e f fects  of the substituent ,  the l a t t e r  includes the inductive  

and conjugative e f fects  together with anchimeric assistance. Retardation  

of the so lvo ly t ic  rate of t r ia lk y lc h lo ro s i la n e  is observed when an 

electron releasing group, for example an isopropyl group, or a s t e r i c a l l y  

bulky ligand such as the phenyl ring or naphthyl group is introduced to 

the s i l icon  skeleton.

The successful applicat ion of s ter ic  parameters, derived from the 

r e a c t i v i t i e s  of carbonyl compounds, to the reactions at s i l icon  allowed
rTO"]

Cartledge to establish a set of parameters to describe the s te r ic
r i  STef fec ts  at s i l icon  s p e c i f ic a l ly .  Sommer stressed that cyclic  si lanes 

behave very d i f f e r e n t ly  mechanistically and stereochemically from acyclic
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ones, Nucleophilie substitut ion of cyclic si lanes normally occurs with 

retention of configurat ion, i f  the leaving group is not a part of the 

r ing.  However a s h i f t  towards inversion is observed when both the 

si l icon  atom and the leaving group are in a strained ring.

1 -6 .3  The leaving group

The dependence of the re a c t iv i t y  of si lanes, R^^R^R^SiX, towards 

nucleophiles upon the nature of the leaving group is ref lected by the 

observations made by C o r r i u . T h e  tendency of halosilanes to undergo 

racemization and the preference for inversion over retent ion of 

stereochemistry upon nucleophil ie attack at s i l icon both fol low the same 

trend as that of the re la t iv e  a b i l i t y  of the leaving group to be 

displaced. However the attempted correlat ion of the stereochemistry of 

nucleophil ie displacement at s i l icon  with the pKg of the conjugate acid 

of the leaving group or i ts  electron p o l a r i z a b i l i t y  has not been 

sat is fac tory .

Corriu further  proposed that the a b i l i t y  of s i l icon  compounds to 

pentacoordinate is not related to the e lec t ronega t iv i t ies  of the 

substituents but depends upon the tendency of the Si— X bonds to be 

stretched under the influence of an incoming nucleophile. His extensive 

n.m.r .  studies on the o-(Me2NCH2)C^H^SiRX2 and o-(Me2NCH2)C^H/^SiXR *̂R  ̂

systems indicate the formation of an intramolecular Si— N bond, leading 

to the expansion of coordination at s i l ic o n .  The r e la t iv e  ease of 

pentacoordination at s i l icon  can be summarized by the following sequence.

X = Br, Cl ,  OAc > SR, F > OR, H

The variable  temperature f luorine-19 n.m.r .  studies on a very s imilar  

si lane o-(Me2NCH2)SiMeFX^^^^ led Corriu to define a scale of re la t iv e  

a p icop h i l ic i ty of the various substituents on s i l ic o n .  Ap icoph i l ic i ty  is 

a measure of the a b i l i t y  of the ligands on s i l icon  to adopt an apical  

posit ion within the tr igonal  bipyramidal framework re la t iv e  to the
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nucleophiLe. The apical and equatorial  f luor ine atoms can be
19distinguished owing to th e i r  d i f fe re n t  F n.m.r .  resonances. As the 

temperature is lowered the n .m.r .  signal e i ther  sh i f ts  to lower f i e ld  

indicat ing that  i t  is ap ica l ,  or to higher f i e l d  showing that i t  is 

equator ia l .  The f luor ine  atom occupies the apical posit ion when X=H, OR 

or NR2 or equatorial  when X=Cl. Moreover when X=p-YC^H^C02 (Y=H, OMe, 

NO2) ,  a mixture of the two configurations resu l ts ,  the ra t io  of Fgxial  

^equatorial  depends upon the nature of the para substituent Y.

Analogous to the ease of pentacoordination, a p icop h i l ic i ty  is not 

affected by e lec t ronega t iv i ty .  Furthermore the ease of expansion of 

coordination at s i l i c o n ,  the increasing a p ic o p h i l ic i ty ,  the increasing 

rate of racemization as well  as the increasing proportion of inversion of 

configuration a l l  follow the same order.

1-6-4  The attacking nucleophile

The stereochemistry at s i l icon  is usually af fected by the nature of the 

nucleophile.  Nucleophilic subst itut ion at s i l icon  normally proceeds with 

inversion of configuration for si lanes with good leaving groups such as 

bromide and ch lor ide,  except with very hard nucleophiles. Apart from the 

case with Ph2CHLi, retention of configuration is predominantly observed 

when poor leaving groups such as H are involved. However with moderately 

good leaving groups, such as SR, F or OMe, the stereochemical outcome is  

largely governed by the nature of the incoming nucleophile.

According to Corriu^^^^, for a given leaving group, hard nucleophiles 

lead to retent ion whereas soft  nucleophiles give inversion of 

configuration at s i l ic o n .  Hard nucleophiles, for instance Ar” ,  PhC=C" 

and RLi,  have localized negative charge and prefer  equatoria l  attack on 

si l icon  giving retent ion; however, the reverse is observed for good 

leaving groups for example bromide and chlor ide.  Soft nucleophiles, such 

as benzyl or a l l y l  anions as well as Grignard reagents with more covalent
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C— Mg bonds, possess delocalized negative charge and tend to attack from 

an apical posit ion yie lding inversion,  unless the leaving group is 

except ionally poor. By a l te r ing  the properties of the solvent,  the 

nature of the nucleophile can be reversed, from a hard to a soft  one, 

thus a corresponding change in the product stereochemistry results .

The general relationships between the various contributing factors  

af fect ing  the stereochemical outcome of nucleophil ic subst itut ion at 

s i l icon  can be outl ined as fol lows.

H < OMe «  F, SR «  Cl < Br,  OCOR, OTs 

Stereochemistry: retent ion inversion

Nature of nucleophile: hard soft

Racemization a b i l i t y :  — ►

Pentacoordination a b i l i t y :  — ►

Ease of displacement: — ►

1.6 .5  The solvent e f fects

Prediction of the stereochemical outcome of nucleophil ic substi tution at 

si l icon  is fur ther  complicated by the dual character is t ic  of a solvent,  

namely, i t s  donici ty and i ts  d ie le c t r ic  constant. The donicity  of a 

solvent measures i t s  Lewis base strength or i t s  a b i l i t y  to behave as a 

nucleophile.  The d ie le c t r ic  constant describes the dipole-d ipole  

interactions within the solvent molecule and re f lec ts  the a b i l i t y  to 

solvate charged species. However i t  should be noted that the p o la r i ty  or 

the dipole moment is also responsible for the solvating potent ia l  of a 

solvent.  The balance between the nuc leophi l ic i ty  and the d ie le c t r i c  

constant of a medium is important in determining the outcome of a 

reaction.

Consider the simple process of the ionizat ion of a covalent compound to 

give a pair  of dissociated ions, as i l l u s t r a te d  by the fol lowing scheme.
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S: + A:B (SA)+ ( :B )” (SA)+ + ( ;B )“

solvent ion pair  separate solvated

ions

Scheme 1-6.1 Formation of unassociated solvated ions

The i n i t i a l  formation of the ion p a i r ,  as a result  of ion iza t ion ,  depends 

largely upon the nucleophil ic property of the medium, contrary to the 

classical  b e l ie f  that the ioniz ing power of a solvent depends on i ts  

d ie le c t r ic  constant. The d ie le c t r ic  constant of a solvent is the major 

factor  in determining the degree of dissociation of the ions in the 

subsequent step. Thus the concentration of the f u l l y  dissociated ions is 

governed by both properties .

I t  is therefore crucial  to distinguish the role of a solvent in 

nucleophil ic displacements at s i l i c o n .  For example, the stereochemical 

outcome of the reaction between chlorosilanes and methanol is completely 

altered from one producing inversion to one yie ld ing retent ion ,  merely by 

changing from a non-polar solvent to a polar one such as HMPA, DMF or 

DMSO. Using solvents with very low d ie le c t r ic  constant but moderate 

donicity  to study the racemization of chlorosilanes, Corriu 

discovered th a t ,  in these systems, the nuc leophi l ic i ty  of the solvent 

becomes much more important than i t s  a b i l i t y  to s t a b i l i z e  and solvate a 

charged intermediate.

Several solvent parameters have been defined as measures of the solvent 

properties . Gutmann^^^'^®^ believed that the strength of a coordinate 

donor-acceptor bond depends par t ly  on the donor and acceptor properties  

of the donor and acceptor respect ive ly ,  and hence proposed two parameters 

a donor number (DN) and an acceptor number (AN). The donor number (DN) 

is based on the measured reaction enthalpy in the 1:1 adduct formation 

between the solvent (donor) and antimony pentachloride (SbClg, reference 

acceptor) in 1,2-dichloroethane.  I t  is therefore a re f lec t ion  of the 

solvent— SbCl^ bond strength, when the entropy components are assumed to 

be constant.
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The reference for the acceptor number (AN) is taken as the phosphorus-31 

chemical s h i f t  of the 1:1 adduct formed between antimony pentachloride 

and tr iethylphosphine oxide (Et2P=0) in 1,2-d ich loroethane,  and is given 

an a rb i t ra ry  value of 100. The acceptor number is defined by the 

phosphorus-31 chemical sh i f ts  of EtgP=0 in the acidic solvents under 

invest igat ion .

Drago^39] suggested that the reaction enthalpy of the acid-base 

in teract ion  is governed by two empirical and independent fac tors ,  namely, 

the covalent and e lec t ros ta t ic  contributions to bonding. They correlated 

and predicted the reaction enthalpies of adduct formation in gas phase 

and in poorly coordinating solvent using the following equation. E 

measures the a b i l i t i e s  of the acid (acceptor) and base (donor) to

par t ic ipa te  in ionic bonding, whereas C describes t h e i r  a b i l i t i e s  in

covalent bonding.

-AH -  ^base  ̂ ^acid ^base Equation 1.6.1

Using a l inear  solvation energy re la t ionsh ip ,  Taft  et

proposed a much more complex equation encompassing a l l  the possible 

factors contributing to solvent e f fe c ts .  The classical  Lewis d e f in i t io n  

of ac id i ty  and bas ic i ty  is based on the a b i l i t i e s  to accept and donate an 

electron pair respect ive ly .  An a l te rn a t ive  d e f in i t io n  has been recently  

introduced by Taft  and his coworkers, they re la te  the ac id i ty  and the 

basic i ty  properties to the hydrogen bonding a b i l i t y .  Thus the d i f f e r e n t  

solvatochromie variables incorporated in T a f t 's  uni f ied scale are 

hydrogen bond bas ic i ty  and a c id i ty ,  the coordinate covalency parameter to 

allow for various funct ional groups, the solvent d ip o la r i t y  and the 

Hildebrand s o lu b i l i t y  parameters.

The hydrogen bond bas ic i ty  (/3) is defined as the a b i l i t y  of a solvent  

molecule to act as a hydrogen bond acceptor in a solvent-solute  

in te rac t ion .  Conversely, the hydrogen bond donor ac id i ty  (a) measures 

the a b i l i t y  of the solvent to donate a proton during the solvent-solute  

hydrogen bond formation. The solvent d ip o la r i t y  ( tt* )  relates the a b i l i t y
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of the solvent or solute to par t ic ipa te  in dipolar  in te rac t ions ,  which 

can be e i ther  between dipoles and/or dipoles with induced dipoles- The 

Hildebrand s o lu b i l i t y  parameter or cohesive energy density (5^) is a 

measure of the interrupted solvent-solvent interact ions in creating a 

suitably  sized cavity for  the solute in the solvent.

1 .7  Mechanisms for  nucleophil ic substi tution at s i l icon

Several mechanistic pathways have been postulated for  the highly 

stereospecif ic nucleophil ic substitut ion reactions at s i l i c o n .  The 

stereochemical outcome of the displacement reactions is predominantly 

governed by the geometry or s i te  of attack of the incoming nucleophile.  

Analogous to the nucleophil ic substitut ion processes at carbon, a back 

side (180°) attack of the nucleophile opposite to the leaving group 

produces an inversion of configurat ion. Conversely, retent ion at s i l icon  

requires a front  side nucleophil ic attack at 90° to the leaving group.

Extensive coverage on this subject has been provided by various 

authors^^'^^'^^'^^'^^^ therefore only a b r ie f  summary is out l ined here.  

The major discrepancies between these recently proposed mechanisms do not 

re la te  to the d irect ion of nucleophil ic a t tack,  but l i e  mainly with the 

in te rp re ta t ion  of the reaction pathways which concerns the structures of 

t rans i t ion  states and intermediates.

1 .7 .1  Background knowledge

The pioneering survey by Sommer^^^] on the stereochemistry and 

mechanistic pathways of organosilicon compounds tr iggered many further  

studies on th is  aspect of organosi l icon chemistry. The S|̂ 1 process is 

exceedingly rare ,  i f  i t  happens at a l l ,  for organosilicon compounds. 

This is because the much more rapid Sj 2̂ reaction takes precedence and is 

not due to the incapabi l i ty  of s i l icon  to s ta b i l i z e  a posit ive charge. 

This is supported by the recent observation by Lambert on the Ph^Si*
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(a)

E
i I

Reaction coordinate

(a) i .  S|g2-C t rans i t ion  state  

i i . S|^2-Si t rans i t ion  state

Rate = kg CR^SiX] CNu]

(b)

A

Reaction coordinate

(b) S^2*-Si

Rapid pre-equil ibr ium formation 

of a f ive  coordinate 

intermediate,  followed by rate 

l im i t ing  conversion to product.

*1
Rate =   kp [R?SiX] CNu]

k_i 2 3

(c)

E

Reaction coordinate

(c) S„2**-Si

Rate determining formation of 

intermediates, followed by 

rapid dissociat ion to products.

Rate = k̂  CR-jSiXD CNu]

Figure 1 .7 .1  Reaction energy diagrams of the S|y2 processes at s i l ico n
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species. [45] Eaborn^^*] has also observed S|̂ 1 solvolysis but in some 

specia l ,  highly hindered systems.

The displacement reaction at s i l icon  which proceeds with inversion of 

configuration undoubtedly undergoes an S,̂ 2 mechanism, resembling that at 

carbon. However in the case of s i l i c o n ,  the process can e i ther  involve a

pentacoordinate t ra ns i t ion  state or a pentacoordinate intermediate 

(S,^2*-Si and 8^2* 

determining step.

ic 'k'k r i  51(S|^2 -Si and 8^2 - 8i )  depending on the reaction pathway and the rate

The greater s t a b i l i t y  of the t rans i t ion  state for 8^|2-8i reactions, as 

compared with carbon, can be a t t r ibuted  to the reduced s ter ic  stra in  of 

the pentacovalent species due to longer bonds as well  as the p o s s ib i l i t y  

of 3d -o rb i ta l  pa r t ic ip a t io n .  The reaction energy diagrams and the

corresponding rate laws are shown in Figure 1 .7 .1 .  The preference for  

8nj2*-8i and 8|^2**-8i mechanisms increases as the a lky l  groups in R-^SiX 

are progressively replaced by highly electronegative group X.

The 8j^ji-8i mechanism involving a quasicyclic t rans i t ion  state is 

responsible for the retention of configuration at s i l i c o n , b y  

offe r ing e lec t roph i l ic  assistance to the leaving group. The actual  

geometry of the t rans i t ion  state is speculated to be e i ther  a tetragonal  

pyramid or a t r igonal  bipyramid. Nevertheless this is in contrast to the 

work of C o r r i u , [35] who proposed that inversion of configuration can be 

promoted when the e lec t roph i l ie  part of the attacking species is a metal 

ion M"**. 8olvat ion in polar media and other factors which s t a b i l i z e  the 

ion should decrease the proportion of retention at s i l i c o n .

P R X - leaving group

opZ'Si— -X
' ' I  I E - electrophlllc part of 

Y — É attacking species EY

Figure 1 .7 .2  8^^-Si mechanism
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R X

R""Si— X Nu----- Si'

Nu R

square trigonal
pyramidal pyramidal

Figure 1 .7 .3  Geometry for  t rans i t ion  states

The three current ly  postulated mechanisms are s l ig h t ly  d i f fe re n t  from the
F8Tproposals of Sommer. Corriu strongly supports the formation of penta-  

and hexacoordinate molecular intermediates whereas Chojnowski provides 

evidence for the involvement of ionic intermediates. Inspired by the 

stereochemistry and mechanisms of phosphorus chemistry, pseudorotation 

has recently been proposed as the a l te rn a t ive  route for displacements at
s1 l icon . [47 ,48]

1 .7 .2  Pseudorotation

The Berry pseudorotation hypothesis has been widely accepted as a 

mechanistic pathway for intramolecular ligand exchange in a t r igonal  

bipyramidal molecule, which is commonly observed in phosphorus compounds

_  B - / '  —  b _ sF .  B - I c ' '

i> ^
trigonal square trigonal

bipyramidal pyramidal bipyramidal

Scheme 1.7.1 Pseudorotation mechanism

The fundamental concept of th is  intramolecular rearrangement process is 

i l lu s t r a te d  by Scheme 1 .7 .1 .  I t  involves the interconversions of the
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axiaL Ligands, X and Y, with two of the equatorial  l igands, C and A, 

leaving the th i rd  equatoria l  group B, known as the pivot l igand,  

unaltered. During a pseudorotation, A and C which are o r ig in a l ly  

equatoria l  become a x ia l .  S im i la r ly ,  the ligands X and Y are converted 

from apical to equatoria l  posit ions.

The stereochemical outcome of the process can be predicted with the 

assistance of several empirical rules.  The attack of the incoming 

nucleophile and the departure of the leaving group take place in the 

apical  posit ions, which are normally preferred by electronegative  

substituents. Cyclic systems such as four and f ive  membered rings are 

constrained to occupy one apical and one equatorial  posit ions.

The recognit ion and the growing popularity of the applicat ion of the 

pseudorotation concept in organosilicon chemistry are ref lected by the 

increasing number of publications on the stéréomutation of penta­

coordination s i l icon  intermediate by intramolecular ligand exchange.

From the f luor ine -19  n.m.r .  studies on the SiF^", RSiF^" and R2SiF3"

(R=Me or Ph) systems, Muettert ies^^*]  suggested that rapid isomerization  

processes via pseudorotations are taking place. A d i f fe re n t  

ra t io n a l i z a t io n  of these spectral  results is offered by Janzen^^Q] and 

Corriu,  who proposed that the ligand exchange is induced by the 

nucleophile assisted hydrolysis of these f luorosilanes.

Additional support comes from the variable  temperature f luor ine-19  n .m.r .  
studies by Farnham and Harlow^^l] as well  as Martin and S t e v e n s o n . [32^533 

The spectra of pentacoordinate sp i r o s i l iconate anions are unaffected by 

concentration, solvent and the presence of nucleophiles such as HMPA; 

moreover rapid interconversion of the diastereotopic CF  ̂ groups is 

observed at 70°C. They therefore conclude that intramolecular Berry 

pseudorotation or a Si— 0 bond dissociat ion-reassociat ion process is 

responsible for such observations. The X-ray crystal lographic  

character izat ion of pentacoordinate s i l icon  complexes, with geometries 

ranging from tr igonal  bipyramidal to square pyramidal, by Holmes et
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provides further  contribution to the evidence in support of th is  

phenomenon.

Corriu o r ig in a l ly  suggested that the pseudorotation process at s i l icon  

may involve a higher act ivat ion  energy, compared with the corresponding 

reaction at phosphorus. Furthermore the re la t ive  ap ico p h i l ic i ty  of the 

ligands in f ive  coordinate si lanes is d i f fe re n t  for the analogous 

pentacoordinate phosphorus compounds. However in more recent 
p u b l i c a t i o n s , [34 ,55]  corriu has been more prepared to adopt 

pseudorotation as a possible mechanism for nucleophil ic subst itut ion at 

s i l i c o n .

1 .7 .3  Mechanisms involving hypercoordinate s i l icon  intermediates

On the basis of k inet ic  studies, Corriu[®'353 proposed a mechanism 

involving reversible nucleophil ic back side attack on a si lane to give a 

pentacoordinate molecular intermediate.  The attack of a second molecule, 

such as water,  alcohol or another nucleophile molecule, on this f ive  

coordinate s i l icon  species is postulated to be the rate determining step.  

The product of th is  second rate l im i t ing  step of the racemization 

reaction may be e i ther  a pentacoordinate si liconium ion (C) or a 

hexacoordinate octahedral species (B ) .

The iso la t ion  and character izat ion of the ionic adducts between HMPA and 

Me^SiX (X=I,  Br) led Chojnowski[^^ to propose a s l ig h t l y  d i f fe re n t  

mechanism. The formation of an ionic adduct between a si lane and a 

nucleophile occurs in a rapid pre-equi l ibrium i n i t i a l  step. This ionic 

adduct becomes the active intermediate in the subsequent rate determining 

step. Overall  retention as a resul t  of two consecutive inversions is  

observed in solvolysis induced by the attack of water or alcohol.

However racemization can occur from the attack of a second nucleophile 

molecule on the ionic adduct. The low or negative enthalpy of act iva t ion  

for  racemization and solvolysis can be accounted for by the exothermic 

formation of the ionic adduct in the pre-equi l ibrium step. Strong
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support for th is mechanism has been obtained by BassindaLe and Stout^^^] 

as well as Frye-^^^

Both mechanisms are shown in the scheme 1 .7 .2  and obey the same 

experimentally observed rate law.

Racemization rate LsilaneHCnucleophile]^
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chapter 2 The nature of the silane-nucLeophile adduct
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2.1 Introduction

Several d i f fe re n t  structures of s i Lane-nucleophile adducts have been 

proposed as described in Section 1 .7 .  Therefore i t  is essentia l  to 

understand the exact nature of the dominant species present during 

s i l y l a t i o n ,  pr ior  to invest igat ing the k inet ic  and thermodynamic 

behaviour as well as establishing the mechanism.

Numerous spectroscopic methods are available  for monitoring the course of 

a reaction and ident i fy ing  the species present in the reaction mixture.

In selecting an experimental technique, the time scale of observation is 

a crucial  factor  in determining whether the various species present 

during a dynamic process can be d i f f e r e n t ia te d .  The minimum l i fe t im e  

necessary for the observation of distinguishable e n t i t i e s  increases as 

the t rans i t ion  energy of the exchanging species d e c r e a s e s . F o r  the 

commonly employed techniques, the minimum half  l i f e  decreases in the 

fol lowing order: physical separation such as chromatography, magnetic 

resonance spectroscopy ( n .m . r . ,  e . s . r . ) ,  v ib ra t iona l  and e lectronic  

spectroscopy ( in f ra re d ,  Raman, u l t r a v i o l e t ,  opt ica l  rotatory  dispersion)  

and d i f f r a c t io n  measurements (X-ray, e lectron,  neutron).  The time scale 

of physical separation studies is f a i r l y  long, so they are not applicable  

fo r  examining rapid s i ly la t io n  reactions. N.m.r.  spectroscopy provides a

suitable time scale,  allowing detai led studies of s i l y la t i o n  reactions  

which take place on a time scale ranging from 10”  ̂ to 10”  ̂ second. I t  

also enables the individual  exchanging species to be detected.

Another s ign i f ican t  advantage of n .m.r .  spectroscopy is i t s  e f f icacy  for  

studying the stereochemistry of nucleophil ic displacement of o p t ic a l ly  

act ive si lanes, without having to resolve a racemic mixture in to  i t s  

constituent enantiomers by physical separation. Furthermore, unl ike the 

other techniques such as opt ica l  rotatory dispersion and polar imetry,  

n.m.r .  of fers  direct  information on the chemical environments of the 

nuclei under study. Thus the s t ructura l  changes induced in both si lanes 

and nucleophiles during the in teract ion  can be examined in d e t a i l  by
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n.m.r .  spectroscopy in a non-intrusive manner. This technique is also 

frequently employed for  determining the opt ical  pur i ty  of mixtures of 

o p t ica l ly  act ive s p e c i e s . T h i s  is complementary to the 

polar imetr ic  method which does not always give accurate values for  

opt ica l  pu r i t ies  because of the very low specif ic rotations exhibited by 

some mixtures of enantiomers.

In achira l  media, enantiomers are indistinguishable because they are 

isochronous and have superimposed chemical s h i f ts .  In contrast ,  

diastereomers show d i f fe ren t  chemical and physical propert ies,  for  

example melting point ,  s o l u b i l i t y ,  in frared and n.m.r .  spectra,  and 

consequently are usually dist inguishable even in achira l  

s u r r o u n d i n g s . I t  is therefore not surprising that enantiomers are 

usually converted into diastereomers for  opt ical  r e s o l u t i o n . T h e  

resolution of racemates normally involves the inte raction with an excess 

of a resolving agent,  for instance an o p t ic a l ly  pure ch ira l  compound, to 

produce a mixture of diastereomers. Based on a s imilar  p r in c ip le ,  the 

interactions between o p t ic a l ly  act ive halophenylmethylsilanes, PhMeHSiX 

(X=Cl, OSO2CF2) /  and nucleophiles were examined in an o p t ic a l ly  pure 

chira l  solvent such as R-(+)- limonene.

The influence of c h i r a l i t y  on n .m.r .  spectra is not l imited to the 

o p t ic a l ly  active centres. For instance, when a group of the general 

structure R'RSiX2,  where Si is a prochiral  atom, is in the neighbourhood 

of a moiety that lacks symmetry (R')  the environments of the X 

substituents become non-equivalent or diastereotopic .  A pair  of 

diastereomers are produced i f  these two diastereotopic groups are 

replaced separately by a ligand d i f f e r e n t  from any of those attached to 

the prochira l  centre.  For example, two diastereomers are formed when the 

two diastereotopic hydrogen atoms of 2-methyIbutanol, EtCH(Me)CH2OH, are 

substituted in d iv idu a l ly .  Diastereotopic groups are not interchangeable 

by any symmetry operations and possess d i f fe re n t  chemical as wel l  as 

physical properties . Their anisochrony is re f lected in th e i r  d i f f e r e n t  

chemical sh i f ts  in e i ther  ach ira l  or ch ira l  solvents.
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CH

CH,OH
CH,

Figure 2 .1 .1  Diastereotopic 2-methyLbutanoL

The major factor  a f fect ing  the magnitude of the difference in chemical
FAns h i f ts  of two diastereotopic groups is based on the specif ic  

differences in the environments of the two groups- These include the 

type and the anisotropy of the other parts of the molecule, the spat ia l  

distances between the two groups as well as conformational e f fe c ts .

Changes in the magnitude of chemical s h i f t  non-equivalence can also be 

induced by a l te r ing  the temperature, the solvent or the concentration,  

together with the population of each conformer. The e f fects  result ing  

from changes in concentration are related to those induced by changes in 

solvent,  simply because a change in concentration can a l t e r  the 

properties of the medium.

The magnitude of the chemical s h i f t  non-equivalence diminishes with 

increasing distance between the prochira l  centre and the asymmetric 

moiety in the molecule- This is due to the conformational interact ions  

between the centres and the anisotropic e f fects  of substituents become 

less important at long distance, however this concept is not applicable  

to the diastereotopic system, RCHMeSiMe2X, studied in th is  p ro jec t .  A 

more detai led analysis of these factors w i l l  be provided in the fol lowing  

discussion section.

Interconversion between the environments of stereochemically non­

equivalent groups is observed as a consequence of conformational changes
re ©I

or tautomérisation. However, the chemical s h i f t  non-equivalence is

cancelled and an average signal results i f  the exchange is f a s t .  As



—4o—

explained e a r l i e r ,  the time scale of observation re la t ive  to the rate of 

interchange is v i t a l  in determining whether the stereochemical non­

equivalence is maintained. I f  the exchange is rapid compared with the 

time scale of observation the two groups w i l l  be indis t inguishable ,  

whereas the reverse is observed i f  the exchange is slow. An energy 

barr ie r  to interconversion of about 50 kJmol is su f f ic ie n t  for
rcon

detection by n.m.r .  spectroscopy at ambient temperature.

I t  is desirable to choose a simple system which enables easy observation 

of the deta i led s tructura l  changes in both donor and acceptor. Extensive 

studies have been performed on halotr imethylsi lanes,  Me^SiX (X=Cl, Br,  I ,  

0S02CF2), [B'9 /62/63/64,65] g^nce they are widely used in organic 

synthesis.  However the k inet ic  behaviour of these si lanes is d i f f i c u l t  

to monitor,  therefore an a l te rn a t ive  system was designed.

A series of carbon funct ionalized halosilanes with diastereotopic methyl 

groups attached to the s i l icon  atom, RCHMeSiMe2X (R=Et, ^Bu, Ph; X=Cl,

Br,  OSO2CF2) ,  were synthesised. The s im i la r i t i e s  between th is  system and 

the halotrimethylsi lanes w i l l  be outl ined in a la te r  section. The n .m.r .  

chemical s h i f t  t i t r a t i o n  studies, at both ambient and var iable  

temperatures, concentrate upon the interactions of the diastereotopic  

si lanes as well  as the ch ira l  chloromethyIphenyIsilane with two strong 

nucleophiles; hexamethyIphosphoramide (an oxygen donor) and N-methyl- 

imidazole (a nitrogen donor). The nuclei adjacent to the s i l ic o n  atom 

are most af fected as a consequence of s i l y la t i o n .  Therefore the analysis  

of the chemical s h i f t  t i t r a t i o n  results mainly focuses on the var ia t ion  

in the chemical sh i f ts  and the observed l ine shapes of the SiMe peaks in 

the proton, carbon-13 and s i l icon-29  spectra for both diastereotopic and 

o p t ic a l ly  active si lanes. In several cases, solid si lane-nucleophi le 

adducts were isolated and characterized by n.m.r .  and in frared  

spectroscopies together with elemental microanalysis.
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2.2  Studies on halomethylphenylsilanes PhMeHSiX (X=Cl,  OSOgCFj)

As a result  of in teract ion  with an o p t ic a l ly  pure ch ira l  medium, each 

optica l  isomer of a ch ira l  si lane should, in p r in c ip le ,  be anisochronous 

leading to two resonances with appreciably d i f fe re n t  chemical sh i f ts  in 

the s i l icon-29  n.m.r .  spectrum. The introduction of a nucleophile w i l l  

lead to var ia t ion  in the chemical s h i f t s ,  owing to changes in the 

configuration at s i l i c o n ,  thus valuable information concerning the 

stereochemistry of nucleophil ic displacement may be obtained.

Nevertheless the results were rather disappointing; when 

methyIphenyIsi lyI  tri fluoromethanesulphonate ( t r i f l a t e )  was added to an 

o p t ica l ly  pure ch ira l  solvent,  R-(+)- l imonene, the colour of the mixture 

became red and an exothermic reaction with vigorous effervescence 

occurred. Hydrosily lation of the ch ira l  solvent by the si lane could 

account for th is  observation. This reaction may be catalysed by 

tri fluoromethanesulphonic ( t r i f l i c )  acid which may be present as a trace 

impurity in the s i l y l  t r i f l a t e .  Addit ion of a strong base, 

t r ie thy lam ine,  solved th is  problem by removing the t r i f l i c  acid.

Nonetheless neither the opt ica l  isomers of the chlorosilane, PhMeHSiCl, 

nor the s i l y l  t r i f l a t e ,  PhMeHSi0S02CFg, could be resolved in the n .m.r .  

spectrum with the o p t ica l ly  pure ch ira l  solvent employed. The i n a b i l i t y  

of the ch ira l  solvent to separate the enantiomers of each si lane may be 

due to weak solute-solvent interact ions;  fur ther  attempts at resolving  

these si lanes were abandoned since i t  was d i f f i c u l t  to select a sui table  

resolving agent without creating unwanted side reactions. For example, 

the commercially available  ch ira l  lanthanide s h i f t  reagent.  Europium 

( I l l ) - t r i s ( l , 1 , 1 ,2 ,2 ,3 ,3 ) -h ep ta f luoro -7 ,7 -d im ethy l -4 ,6 -oc tad iona te  

Eu(FOD)g, is l iab le  to be s i ly la t e d .
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2.3 Diastereotopic si Lanes RCHMeSiMe2X (X=Cl, Br, OSO2CF5 )

2 .3 .1  Structural effects

Chlorination of 2-hydroxy-3,3-dimethyIbutane, ^BuCH(OH)Me, into i t s  

chloride de r iva t iv e ,  ^BuCH(Cl)Me, the precursor for  ^BuCHMeSiMe2H, was 

complicated by the accompanying rearrangement reaction yie ld ing 2-ch lo ro -  

2 , 3-methyIbutane, Me2CHCClMe2,  as shown in Scheme 2 .3 .1 .  These two 

isomers have very s imilar  propert ies,  for example boi l ing point and 

retention time on a gas chromatogram, th e i r  separation was therefore  

extremely d i f f i c u l t  and hence the preparative work on this butyl 

der ivat ive  was not continued.

^BuCH(OH)Me + SOCI2 -------->  ^BuCH(Cl)Me + Me2CHCClMe2

Scheme 2.3.1

D i f f i c u l t i e s  were not encountered in the syntheses of sec-butyIdimethyI-  

halosilanes,  EtCHMeSiMe2X (X=Cl, 0S02CFg), and methyIbenzyldimethyl-  

halosilanes,  PhCHMeSiMe2X (X=Cl, Br,  OSO^CFg). However, in both the 

proton and the carbon-13 n.m.r .  spectra,  chemical s h i f t  non-equivalence 

of the two diastereotopic SiMe signals of the sec-butyIdimethyIhalo-  

silanes was not observed; th is  phenomenon is often known as accidental  

isochrony.^67]

In contrast ,  two individual  resonances were observed for the SiMe groups 

of the PhCHMeSiMe^X (X=Cl, Br ,  OSO2CF3) systems. Nevertheless, the 

chemical s h i f t  separations of these two diastereotopic peaks in the 

chloro- and bromosilanes were very small in the proton spectra,  and only 

a broad singlet  was recorded for the t r i f l a t e .  The chemical s h i f t  

separations are d i f fe ren t  in the proton and carbon-13 n .m.r .  spectra,  

which may be due to the greater chemical s h i f t  range for  the carbon-13 

nucleus. The intermolecular nucleophil ic attack of the sulphonyl oxygen 

atom at the s i l icon  atom of a neighbouring s i l y l  t r i f l a t e  molecule is too 

fast to be monitored on the proton time scale,  hence an average, broad 

singlet  results for the s i l y l  t r i f l a t e .  A summary of the n .m.r .  data of
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the two diastereotopic SiMe groups in both systems is given below. The 

n.m.r .  data were recorded in chloroform-d^ and referenced to an external  

standard.

R,Si

c
R,Si— ÔSO2CF3

R 3 S i _ 0 , ^ ^ ^ C F 3 l  

R,Si O'^
OSO2CF,

I
R^SIOSOgCF, + R,SiOSO,CF

Scheme 2 .3 .2  Intermolecular exchange between s i l y l  t r i f l a t e s

Si lane

EtCHMeSiMegH

EtCHMeSiMegCl

EtCHMeSiMeOSOgCFg

PhCHMeSiMegH

PhCHMeSiMegCl

PhCHMeSiMegOSOgCFg

PhCHMeSiMegBr

(PhCHMeSiMe2>20

SiMe n.m.r .  signals 5(ppm) (peak separation Hz)

Proton
0.10d, 3.7Hz 
0.09d, 3.7Hz

0.37

0.39 sbr
0.11d, 3.7Hz 
0.07d, 3.7Hz
0 .40 ,  0.42 (1.8Hz) 

0.47 sbr 

0 .54 ,  0.56 (1.8Hz) 

-0 .16

Carbon-13 

- 5 . 9 ,  - 6 .3  (9.1Hz)  

0.06  

-3 .33  

- 5 . 2 ,  - 5 . 4  (3.9Hz)  

0 . 8 ,  - 0 .3  (23.3Hz) 

- 2 . 8 ,  - 3 .8  (24.6Hz) 

0 . 5 ,  1.8 (29.8Hz)  

- 1 . 0 ,  -1 .1  (2.6Hz)

Table 2 .3 .1  N.M.R. data of the diastereotopic si lanes

The in te rp re ta t ion  of the results demonstrates that the magnitude of 

chemical s h i f t  non-equivalence depends upon the anisotropy of the R 

g r o u p , s i n c e  the only dif ference between the two systems l ies  in 

the nature of the R group. In the sec-butyl subst ituent ,  EtCHMe, both 

the ethyl and the methyl groups are very s imilar  in size and are 

essent ia l ly  isochronous. Therefore i t  is not surprising that the 

magnitude of the observed non-equivalence is very small ,  in fact  the 

chemical s h i f t  separation was not detectable in e i ther  the carbon-13 or 

the proton n.m.r .  spectrum. Conversely, the phenyl group is very
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d i f fe r e n t  both in size and in magnetic anisotropy compared with the 

methyl group in the methyIbenzyl subst ituent ,  PhCHMe. Thus the chemical 

s h i f t  non-equivalence is expected to be f a i r l y  large which is indeed 

observed. ,

Apart from the anisotropic ef fects  of the substituents attached to the 

asymmetric moiety adjacent to the prochiral  centre,  another method of 

inducing a larger separation of the diastereotopic peaks is to use a 

n.m.r .  spectrometer with a higher magnetic f i e l d  strength. Thus two 

separate signals may be observed for the sec-butyIdimethylhalosilanes  

with more powerful n .m.r .  spectrometers.

Because a reasonable chemical s h i f t  d ifference between the diastereotopic  

resonance is essential  for k inet ic  and thermodynamic studies, a l l  the 

t i t r a t i o n  studies concentrated upon the methyIbenzyIdimethylhalosilanes,  

PhCHMeSiMe2X (X=Cl, Br,  OSO^CF^), so as to compare with the k ine t ic  and 

thermodynamic results .

As mentioned before, the diastereotopic systems, RCHMeSiMe^X, bear a 

close resemblance to and can be regarded as a t r im ethy lha los i lane ,  Me^SiX 

(X=Cl, Br, OSO2CF2) ,  with one of the methyl groups being replaced by the 

chira l  RCHMe moiety. The major difference between the RCHMe substituent  

and the methyl e n t i ty  is the s ter ic  bulk on the ch ira l  group. Their  

resemblance is i l l u s t r a te d  by th e i r  s imilar  s i l icon-29  n .m .r .  chemical 

sh i f ts  in chloroform-d^, when PhCHMeSiMe2X (X=Cl, Br,  OSO2CF3) are 

compared with the corresponding Me^SiX.

Table 2 .3 .2  Comparison of PhCHMeSiMe2 X with Me^SiX

PhCHMeSiMe2X Si l icon-29 n .m.r .  (ppm) Me^SiX Si l icon-29 n .m .r .  (ppm) 

X=Cl 32.4 X=Cl 31.0

X=Br 30.8 X=Br 27.6*

X=0S02CF3 40.4 X=OTf 43.4

*  recorded in dichloromethane-d2
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2 .3 .2  The effects of conformation and temperature

For the methylbenzyLdimethylhalosilanes, PhCHMeSiMe2X, there are three 

possible staggered conformations around the Si— C(Me) bond, as depicted 

by the Newman projections in Figure 2 . 3 .1 .  Owing to the free rotation of 

the Si— C(Me) bond, each rotamer has a s imilar  population. Nevertheless,  

the residual chemical s h i f t  non-equivalence of the diastereotopic SiMe 

groups is preserved as required by the symmetry rules,  th is is known as 

the " in t r in s ic  non-equivalence" or the " in t r in s ic  anisochronism".^^®'^^^

Me Ph
Me Me Me MeMe Me

Me Me PhPh

Figure 2-3.1 Three conformers of PhCHMeSiMe2X

Generally,  temperature af fects  the magnitude of the chemical s h i f t  

difference by a l te r ing  e i ther  the re la t iv e  conformer populations or the 

indiv idual  chemical s h i f ts .  With the degeneracy of rotat ion about the 

Si— C(Me) bond, varying the temperature w i l l  not s ig n i f ic a n t ly  a l t e r  the 

populations of the three rotamers. The variable temperature studies on

the samples of PhCHMeSiMe2X (X=Cl, Br or a mixture of Cl and Br) in 

benzene-d^ prove that the chemical s h i f t  difference between the two 

diastereotopic SiMe groups is independent of temperature. No changes in 

the chemical s h i f t  separations were recorded, when the samples were 

subjected to a var ia t ion  in temperature spanning between 330K and 280K.

2 .3 .3  Ef fects of solvent and concentration

The magnitude of the chemical s h i f t  non-equivalence is often 

s ig n i f ic a n t ly  solvent dependent, owing to the medium ef fects  on the 

re la t iv e  population of the conformers and the indiv idual chemical sh i f ts
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Aromatic solvents normally have a more marked e f fec t  on the magnitude of 

the chemical s h i f t  separation, for instance non-equivalence can be 

observed under conditions where diastereotopic signals are accidenta lly  

degenerate in a l ip ha t ic  solvents.

The solvent and the related concentration ef fects  on the chemical s h i f t  

difference of the methylbenzylchlorodimethylsi lane, PhCH(Me)SiMe2Cl ,  were 

examined. From the in te rp re ta t ion  of the data, as given in the following  

tab les ,  i t  seems that solvent e f fects  are not pronounced in th is  

diastereotopic system. Only a change of 5Hz in the chemical s h i f t  

di fference is observed on d i lu t ing  the si lane with polar dichloromethane- 

d2,  whereas the separation remains unaltered on d i lu t io n  with benzene-d^.

Table 2 .3 .3  Solvent e ffec t on chemical s h ift difference of the 

diastereotopic signals of PhCHMeSiMe2 Cl

Solvent D ie lec t r ic  constant Po lar i ty  Chemical s h i f t  d if ference of

(e) (Ey) diastereotopic signals (Hz)

C6»6
C^Ds-CDs

CDCI3

CD2CI2

CD3NO2

2.3

2.4

4.8

8.9 

35.9

34.5

33.9

39.1

41.1 

46.3

25.9

25.9

23.3 

24.6

23.3

Table 2 .3 .4  Concentration e ffec t on chemical s h ift  difference of 

diastereotopic peaks of PhCHMeSiMe2 Cl

^6^6 (v /v  %) Separation (Hz) CD2CI2 (v/v %) Separation (Hz)

91%

45%

18%

9%

25.9

25.9

25.9

25.9

91%

45%

18%

9%

24.6

20.7

19.4

19.4
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2.4  Interactions of PhCHMeSiMe2X (X=Cl, Br,  OSO2CF3) with 

N-methylimidazole (NMI)

The interact ions between the donor (NMI) and acceptors were examined by 

adding successive al iquots of NMI to a solution of si lane PhCHMeSiMe2X 

(X=Cl, Br, OSO2CF3) .  The spectral  data recorded during the chemical 

s h i f t  t i t r a t i o n s  are provided in the tables in the experimental chapter; 

some of the data are presented in the accompanying graphs. N-Methyl-  

imidazole is a powerful nitrogen donor and is capable of forming stable 

four coordinate ionic adducts with s i  l a n e s . jhe proton signals 

attached to the and C3 atoms of 1-methylimidazole were obscured by the 

phenyl resonances of the si lane, therefore information concerning the 

structura l  changes in NMI is based on the Cg— H and N— Me signals.

In each case, the spectral  results were accompanied by two d is t in c t  

features,  namely, l ine broadening and upf ie ld  sh i f ts  of the n .m.r .  peaks. 

The degree of l ine broadening depends upon the nature of the counterion 

or the leaving group, and provides useful information on the r e la t iv e  

rate of exchange as well  as the extent of the dynamic equil ibr ium,  

established between the si lane and i ts  imidazolium adduct.

In comparison with the uncomplexed NMI, the Cg— H signal sh if ted  

downfield due to complexation of the nucleophile with si lane. Addition 

of excess NMI induced upf ie ld  sh i f ts  of the NMI resonances which may be 

a t t r ibu tab le  to medium ef fects  and chemical exchange. The general 

upf ie ld  sh i f ts  of the si lane signals can be ra t ional ized  in terms of the 

changes in the electron d is t r ibu t io n  in the si lane molecule on 

complexation with NMI. The u t i l i z a t i o n  of the lone pair  on the nitrogen  

atom of NMI in forming the dative Si-—N bond destroys the magnetic 

anisotropy of nitrogen,  and causes an increased shielding of the adjacent  

s i l icon  atom as well  as i ts  neighbouring moieties. The imidazolium 

cation becomes less deshielded owing to an increase in the electron  

density ,  which is most pronounced at the C2 posit ion as demonstrated by 

the following resonance structures.
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y  H H

H,C— N ^ N — sC„„-«— ► H,C— N ^ N — ► H^C— N ^ N — SU,,,, 
\= J  \  \= J  \  \z=J \

Figure 2 .4 .1  Resonance structures of NMI on complexation

In a l l  three cases (X=Cl, Br, OSO2CF3) ,  the changes in the chemical 

sh i f ts  of NMI in both proton and carbon-13 n.m.r .  spectra fol low the 

analogous trends observed by Pugmire and Grant as well as Barl in  and 

Batterham^**^ for the protonation of imidazole by hydrogen chlor ide.  

However, the p o s s ib i l i t y  of protonation in these cases can be e n t i re ly  

ruled out based upon the evidence from si l icon-29 n .m.r .  spectra and the 

absence of any peaks due to hydrolysed products in the spectra of the 

three nucle i .

2 .4 .1  In teract ion  of PhCHMeSiMegCl with NMI

The iso la t ion  and id e n t i f ic a t io n  of the four coordinate adduct, readi ly  

formed between PhCHMeSiMe2Cl and NMI with a 1:1 stoicheiometry, strongly 

suggest that a penta- or a hexacoordinate s i l icon  intermediate is not the 

dominant species in solut ion. The n.m.r .  spectral  data of the sol id  

adduct in solution were s imilar  to those of the mixture of the indiv idual  

components in solut ion. For example, the chlorosilane gave a s i l icon-29  

chemical s h i f t  of 32.4 ppm whereas a s l ig h t ly  broadened signal at 30.1 

ppm was recorded for the adduct. Furthermore, l ine broadening of the NMI 

peaks was observed in both proton and carbon-13 spectra.  These 

observations are consistent with a rapid dissociation of the complex in 

solut ion,  as a consequence of nucleophil ic attack of the chloride  

counterion at the s i l icon  atom of the adduct, regenerating the 

chlorosilane and free NMI. Thus the dynamic exchange between the free  

and the complexed NMI molecules is responsible for the s l igh t  l ine  

broadening of the NMI resonances.
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Except for some of the NMI signals,  the observed l ine shapes in the 

chemical s h i f t  t i t r a t i o n  study did not display s ign i f ican t  broadening, 

ind icat ive  of e i ther  a very fast or a very slow exchange. Moreover, the 

peaks ar is ing from the two exchanging species, the chlorosilane and i ts  

imidazolium complex, were indistinguishable in the proton, carbon-13 and 

si l icon-29  spectra.  This is compatible with a fast dynamic process.

Besides af fect ing the nature of the medium, increasing the proportion of 

NMI also drives the equil ibrium further  towards the adduct and causes 

upfie ld  sh i f ts  of the resonances. This is manifested by the low 

frequency s h i f t  of 6 ppm in the s i l icon-29  spectra,  from 32.4 to 26.1 ppm 

with a f ive  molar excess of NMI.

2 .4 .2  In teract ion  of PhCHMeSiMegBr with NMI

PhCHMeSiMe2Br also forms a solid adduct with 1-methylimidazole,  though 

unlike i t s  chloride analogue, examination of the spectral  data reveals 

that no substantial  dissociation of the solid in solution takes place,  

re f lec t ing  the greater s t a b i l i t y  of the adduct. Apart from the elemental 

microanalytical  resu l ts ,  fur ther  evidence for the existence of the four 

coordinate ionic complex was based on the proton, carbon-13 and s i l i c o n -  

29 n.m.r .  spectra.  The upf ie ld  s h i f t  of the s i l icon-29  peak to 23.5 ppm 

for  the adduct, together with the increased deshielding of the NMI 

resonances, p a r t ic u la r ly  at the C2 posit ion ,  confirm the formation of the 

dative Si— N bond, leading to increasing shielding in the si lane and 

increasing deshielding in the NMI molecules on complexation.

In contrast to the chlorosi lane,  the results from the t i t r a t i o n  of 

PhCHMeSiMe2Br exhibited s l ig h t ly  d i f fe re n t  behaviour, both the var ia t ion  

in the chemical sh i f ts  and the broadening of the observed l ine shapes 

were more pronounced. These trends are f u l l y  consistent with a slower 

exchange accompanied by a larger equil ibrium constant for adduct 

formation, corresponding to the observed s t a b i l i t y  of the bromosilane-NMI 

complex. This is c lear ly  demonstrated by the extremely broad nature of
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the singlet  for the diastereotopic SiMe groups, the two exchanging CH 

quartets and the NMI peaks in the proton spectrum of a 2:1 mixture of 

si lane to NMI.

The faster  time scale of the carbon-13 and s i l icon-29  spectra enables the 

two exchanging s i l icon  e n t i t i e s  to be distinguished. The s i l icon-29  

spectrum of a mixture of the two species in s imilar  proportion produced 

two broad resonances, which are a t t r ib u tab le  to the uncomplexed 

bromosilane at 30.8 ppm and i t s  adduct at 25.2 ppm. The successive 

increase in the concentration of NMI drives the equil ibrium in favour of 

the complex, the dynamic process accelerates and eventually the normal 

l ine shapes are reproduced.

2 .4 .3  In teraction of PhCHMëSiMegOSOgCFg with NMI

The general chemical s h i f t  trends, especia l ly  in the carbon-13 and 

s i l icon-29  spectra,  result ing from the t i t r a t i o n  of the s i l y l  t r i f l a t e  

are in accord with those observed in the t i t r a t i o n  of the corresponding 

bromosilane described in the previous section. Nevertheless, intense 

broadening was not observed as a consequence of the much slower exchange 

between the two s i l y l  species. Furthermore, when the si lane to NMI ra t io  

was at 2:1 the two s i l icon  compounds existed in r e la t i v e ly  equal ra t io s ,  

separate signals in the spectra of a l l  three nuclei were recorded for  

moieties adjacent to s i l i c o n ,  such as the SiMe, CH and groups. The 

deshielded NMI resonances in the proton spectra provide important 

evidence for the formation of a four coordinate ionic si lane-NMI complex, 

resembling that  observed for the t r im e th y Is i ly I  systems.

More in te re s t in g ly ,  the two exchanging s i l icon  species produced three 

resonances for the diastereotopic SiMe moieties in both proton and 

carbon-13 n.m.r .  spectra.  Owing to the slow dynamic process and the 

comparatively long l i fe t im e of the t r i f l a t e - N M I  complex, the two 

diastereotopic SiMe e n t i t ie s  in the adduct were detected.
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PhCHMeSlMegOSOgCFg + ^ PhCHMeSiMegN^NMe + "OSOgCFg

Scheme 2.4.1

The th i rd  SiMe resonance is undoubtedly due to the uncomplexed s i l y l  

t r i f l a t e .  The averaging of the two diastereotopic signals cannot be 

accounted for by the intermolecular exchange of the free s i l y l  t r i f l a t e  

molecules, since coalescence is observed in the carbon-13 as well  as 

proton n.m.r .  spectra.  Nucleophilic attack by the t r i f l a t e  anion of the 

adduct at the s i l icon  atom of the unreacted t r i f l a t e  is probably the 

major contributing fac to r .  By undergoing fast  exchange, the two 

diastereotopic SiMe e n t i t i e s  of the t r i f l a t e  are indistinguishable from 

those of the inverted isomer, therefore an average singlet  results .

Ph c r   Ph

.S i OSO.CFj + 'OSOzCFj ^  CFjOjSO Si„„ + 'OSO^CF,
7H jC 'V  \  ^ " 3
CH, CM,'3

Scheme 2 .4 .2

As more NMI is introduced to convert the s i l y l  t r i f l a t e  into i t s  

imidazolium s a l t ,  the stable ionic adduct becomes the dominant species in 

solut ion,  thus the in te n s i t ies  of the si lane signals diminish whi ls t  

those of the ionic complex increase. Nucleophilic attack of excess 

uncomplexed NMI at the s i l icon  atom of the ionic adduct causes an 

inversion of configuration at s i l i c o n ,  hence coalescence of the two 

diastereotopic SiMe peaks results giving an average signal.
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Figure 2.4.3
Probon n.m.r. bibration sbudies of PhCHMeSiMezX (X=Ci, Br, OTf;
agoinsb NMI.
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Fîgure 2.4.3
Carbon-13 n.m.r. titration studies oF PhCHMeSiMeEX
(X=Cl, Br, OTF) against NMI.
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Figure 2.4.4
Silicon-29 n.m.r. titration studies of PhCHMeSiMe2X
(X=Ci, Br, OTf) against NMI.
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2 .4 .4  Comparison of the three systems

The dominant species in solution are believed to be the 1:1 four 

coordinate ionic s i lane-nucleophile adducts. This conclusion is based 

upon the results from the chemical s h i f t  t i t r a t i o n ,  together with the 

iso la t ion  and character izat ion of the solid adducts. Furthermore, no 

evidence for  expansion of coordination at s i l icon was noted. The 

s im i la r i t y  between the s i l icon-29  chemical sh i f ts  of the four coordinate 

adducts for  d i f fe re n t  counterions (X=Cl, Br, OSO2CF3) indicates that the 

same type of complex, PhCHMeSiMegN^NMe X" (X=Cl, Br, OSOgCFg), is 

present in each case.

The equil ibrium constants for the exothermic adduct formation with NMI 

were found to increase in the following order with d i f fe re n t  counterions 

Cl «  Br < OSOgCFg. The re la t ive  rates of exchange between the si lane 

and i t s  imidazolium complex deduced from the observed l ine shapes of 

n.m.r .  resonances produced an e n t i re ly  d i f fe re n t  t rend. The exchange 

accelerates with counterions in the sequence X=0S02CFg < Br < Cl. These 

two opposing trends are consistent with the order of nuc leophi l ic i ty  and

the solvation of each counterion involved.

The concentration of a s i lane-nucleophile adduct in a s i l y la t i o n  mixture 

depends p ar t ly  upon the re la t iv e  difference between the bond energies of 

the Si— X and Si— Nu bonds. Thus more energy is required for the 

cleavage of the strong S i— Cl bond. As a resu l t ,  the equil ibrium l ies  

towards the uncomplexed si lane and free nucleophile in the case of 

chlorosilane with poor donor species.

The intramolecular nucleophil ic attack of the counterion at the s i l icon  

atom of the ionic complex re l ies  upon the nuc leoph i l ic i ty  of the 

counterion. Thus, being a bet ter  nucleophile,  the chloride ion attacks  

the s i l icon  atom readi ly  result ing in the dissociat ion of the complex 

into i t s  individual  components. In contrast ,  the s t a b i l i t y  of the 

complex is enhanced when the counterion is a large,  d i ffuse and
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poLarizabLe species. The t r i f l a t e  anion can be solvated easily  and is a 

poor nucleophile,  which leads to a larger equil ibrium constant.

Another inte resting feature is the increase in the magnitude of the 

deshielding e f fec t  in the imidazolium cation with d i f f e re n t  counterions,

which increases in the following order: X=Cl «  OSO2CF3 < Br.

Deshielding is not observed for  the chlorosilane due to the low 

equil ibrium constant for  the imidazolium complex. In the remaining two 

systems, solvation of the counterion in the adduct is a decisive fac to r .  

In the absence of s t a b i l i z a t io n  by solvent,  the anion produced by the 

cleavage of the Si— X bond has to be solvated by the cat ionic charge. On 

the contrary to the large and polar izable  t r i f l a t e  anion, the bromide ion 

is a r e la t iv e ly  small,  hard species and is less well  solvated, therefore  

t igh t  ion pairing is observed for the bromide ion with the imidazolium 

species acting as the solvent.

The in te rp re ta t ion  of the spectral  results of the in teract ion  of 

PhCHMeSiMe20S02CF3 with NMI also yields a very important f ind ing .  Being 

a potent ia l  nucleophile, the counterion of a stable complex can induce 

nucleophil ic attack on the uncomplexed si lane in the absence of added, 

more powerful nucleophile.  This w i l l  be discussed in more d e ta i l  l a te r .

2.5  Interactions of PhCHMeSiMe2X (X=Cl, Br) with 

hexamethylphosphoramide (HHPA)

The chemical s h i f t  data for the in teract ion  of PhCHMeSiMe2X (X=Cl, Br) 

with HMPA are tabulated in the experimental section; the proton, carbon- 

13 and s i l icon-29  spectral  data of the diastereotopic SiMe moieties are 

i l l u s t r a te d  graphically  in accompanying f igures.  The chemical s h i f t  

changes of these si lanes with HMPA was s imilar  to that found with NMI.

In both cases, the CH peak of the si lane molecule was obscured by the NMe 

doublet of HMPA in the proton spectra.
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2.5.1 In teraction of PhCHMeSiMegCl with HMPA

Although broadening of the observed l ine shapes was in s ig n i f ic a n t ,  a 

gradual but small upf ie ld  s h i f t  of the n.m.r .  resonances was recorded as 

the concentration of HMPA increased, indicating that the equil ibrium was 

pushed towards the side of complex formation. The absence of any 

coupling between the phosphorus atom of HMPA and si lane, together with 

the small lower frequency s h i f t  from 32.4 to 30.8 ppm in the s i l icon-29  

spectra,  are e n t i re ly  consistent with the i n s t a b i l i t y  of the silane-HMPA 

complex. As a consequence of the rapid dissociation of the adduct 

i n i t i a t e d  by the nucleophil ic attack of the chloride counterion, as well  

as the fast  forward reassociation reaction, a fast exchange was 

established between the two s i l icon  species, which is in accord with the 

sharpness of the l inewidths. Furthermore, the s i l icon-29  chemical sh i f ts  

were character is t ic  of four coordinate s i l i c o n ,  implying that the 

presence of any penta- or hexacoordinate complex was not measurable.

At ambient temperature, the equil ibrium constant for  the formation of the 

four coordinate chlorosilane-HMPA adduct was very low, since a three 

molar excess of HMPA only induced a 2 ppm low frequency s h i f t  in the 

s i l icon-29  n .m.r .  spectra.  Therefore a var iable  temperature s i l icon-29  

n.m.r .  study was undertaken for a 1:1 .5  mixture of chlorosilane and HMPA. 

Prior  to the addit ion of HMPA, the chlorosilane solution was cooled from 

300K to 180K to check for  any changes in i t s  chemical s h i f t  on lowering 

of temperatures. As expected, the chemical s h i f t  remained constant on 

cooling, the increase in the viscosity  of the solution at low 

temperatures may account for the neg l ig ib le  1 ppm downfield s h i f t .

Cooling the mixture of chlorosilane and HMPA down to 200K, the s i l icon-29  

signal moves 7 ppm upf ie ld  from an i n i t i a l  value of 30 .1 ,  which can be 

at t r ibu ted  to a trend towards the four coordinate ionic chloride sa l t  

formation at low temperatures. The intense broadening and the reduction 

in in tens i ty  of the s i l icon-29  peak around 200K provided strong evidence 

that  the si lane was undergoing an intermediate chemical exchange with the 

s a l t .  On warming back to ambient temperature, a very s imilar  spectrum
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was recorded to that found i n i t i a l l y ,  proving that the process of complex 

formation was revers ib le .

2 .5 .2  In te rac tion  of PhCHMeSiMegBr with HMPA

Complexes of HMPA with ha lo tr im ethy Is ilanes, Me^SiX (X=Br, I ) ,  have been 

iso lated and characterized by Chojnowski using microanalysis, phosphorus- 

31 n .m .r . spectroscopy and conductiometry.^^'^^^ Therefore i t  is  l ik e ly  

that the s i ly la t io n  of HMPA by PhCHMeSiMegBr may proceed via an analogous 

route forming a s im ilar  interm ediate. This is confirmed by the n .m .r.  

data of the four coordinate [PhCHMeSiMe2-HMPA]*Br" solid  complex 

iso la te d , which is also in accord with the observations from the ambient 

and variab le  temperature t i t r a t io n s  with the chlorosilane.

Complex formation is re flec ted  by the small higher f ie ld  s h i f t  of the 

si lane resonances, as well as the deshielding of the proton atoms of HMPA 

on s i ly la t io n .  Such shielding decrease is not experienced by the methyl 

carbon nuclei of HMPA. Analysis of the spectral data of the adduct in 

solution shows that the complex is largely  undissociated in so lu tion .

For instance, the solid  adduct produced a s il ico n -29  peak at 24.3 ppm, an 

upfie ld  change of 6 ppm compared with the uncomplexed si lane.

The t i t r a t io n  of bromosilane with HMPA followed the same chemical s h i f t  

trends as that for the chlorosilane. However the progressive low 

frequency s h if t  and the broadening of the signals were more pronounced, 

ind ica tive  of a larger equilibrium constant for complex formation in the 

case of the bromosilane. The slow exchange of an equimolar mixture of 

si lane and i ts  HMPA complex, on the carbon-13 and s il ico n -29  n .m .r .  time 

scale, allows the two e n t i t ie s  to be detected separately in these two 

nucle i.  Further addition of HMPA to th is  mixture disturbs and drives the 

equilibrium  towards the formation of the stable bromosilane-HMPA complex. 

Thus in the presence of excess HMPA, the spectral data were 

charac te r is t ic  of the dominant four coordinate adduct. The s l ig h t  

increase in the proton-phosphorus and carbon-phosphorus coupling
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Figure 2.5.1
Proton n.m.r. titration studies of PhCHMeSiMezX (X=C1, Br)
against HMPA,
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Figure 2.5.2
Carbon-13 n.m.r. titration studies of PhCHMeSiMezX (X=Ci, Br)
against HMPA.
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Figure 2.5.3
Silicon-29 n.m.r. titration studies oF PhCHMeSiMe2X (X=Cl, Br)
against HMPA.

X  (Q (D
g

o

% o  
x: 
a.
oJL>
<  
a.

5:
Lw 
O
o _l
_L>
a:

0
A

_ 26^ 24'

S i I i c o n - 2 9  n . m . r .  c h e m i c a l  s h i f t  6 ( p p m )



- 62-

Figure 2.5.4
Variable temperature n.m.r. studies of PhCHMeSiMe2CI and a 
1 : 1.5 m ixture of PhCHMeSiM.e2CI and HMPA.
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constants also serve as an indicator  for the deshielding e f fec t  in the 

HMPA moiety on s i l y la t i o n .

2 .5 .3  Analysis of results

The in te rp re ta t io n  of the chemical s h i f t  resu lts ,  the variab le  

temperature s il icon -29  t i t r a t io n  of the chlorosilane and HMPA mixture, 

together with the id e n t i f ic a t io n  of the bromosilane-HMPA adduct, are 

f u l ly  consistent with a four coordinate ionic complex CPhCHMeSiMe2*" 

HMPA]*X" (X=Cl, Br) being the dominant species in so lu tion .

The ease of iso la tio n  of the solid CPhCHMeSiMe2” HMPA!l^Br adduct may 

re f le c t  the greater f a c i l i t y  of bromosilane for complex formation, in 

contrast to that of the ch lorosilane, although the la t t ic e  energies of 

each adduct may also be important. Therefore i t  is predictable that the 

equilibrium  constant for adduct formation increases with the counterions 

in the order X=Cl < Br- Moreover, the chlorosilane undergoes fas ter  

exchange with i t s  HMPA complex compared with the corresponding 

bromosilane, due to the increased n u c leo p h il ic ity  of the chloride ion 

over the bromide anion.

These findings are comparable to those observed in the analogous 

s i ly la t io n  of NMI, which are mainly a t tr ib u ted  to two determining 

fac to rs , namely, the nu c leo p h il ic ity  and the solvating a b i l i t y  of the 

counterion. The chloride ion is small, hard and a good nucleophile,  

hence dissociation of the complex via attack of the chloride ion at 

s il ic o n  f a c i l i t a t e s  the exchange process. In contrast, the la rg e r ,  

diffuse bromide anion is comparatively well solvated and less 

nucleophilic which s ta b i l iz e  the adduct.

The re la t ive  rate of exchange between the si lane and i t s  adduct, deduced 

from the n.m.r .  l ine shapes, increases with nucleophile in the order 

Nu=NMI < HMPA. This implies that e i ther  NMI is not as e f f i c i e n t  as HMPA 

in nucleophil ic attack at the s i l icon  atom of a given s i lane ,  or the
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counterion in the siLane-nucleophile adduct is more t ig h t ly  bound in the 

case of NMI. Therefore NMI is a poorer cata lyst than HMPA for promoting 

chemical exchange between the silane and i ts  adduct. Furthermore, the 

unsuccessful preparation of the CPhCHMeSiMe2“HMPA3^Cl adduct provides 

some evidence that PhCHMeSiMe2Cl forms a more stable complex with the 

nitrogen donor. However, no such preference is detected in the case of 

the corresponding bromosilane, since stable CPhCHMeSiMe2“NuIl^Br (Nu=NMI, 

HMPA) adducts have been iso lated  and id e n t i f ie d .

2 .6  The [PhCHMeSiMe2-NMP0]*B r"  adduct

The po ten tia l  of PhCHMeSiMe2Br for complex formation is fu rther  

manifested by the synthesis of the solid PhCHMeSiMe2Br-NMP0 adduct. The 

n.m .r. spectral data of the adduct in solution are presented in the 

experimental chapter. N-MethyIpyridone (NMPO) can ex is t in two 

tautomeric forms as described in the following scheme, however the oxo 

tautomer is  the predominant species.

— )►

I I
CH, CH,

0 X 0

Scheme 2 .6 .1  Tautomers of NMPO

The analysis of the spectral data of the solid adduct in solution agrees

well with the hypothesis that s i ly la t io n  takes place on the oxygen atom

of NMPO. Only a small var ia t ion  is detected in the chemical s h if ts  of 

the silane in a l l  three spectra, however the proton and carbon-13 n .m .r .  

chemical s h i f t  changes occur in NMPO on complexation are rather  

complicated.

Apart from the carbonyl carbon and C^, deshielding is apparent in the 

proton and carbon-13 resonances of NMPO. The substantial higher f ie ld  

s h i f t  of the carbonyl carbon in the adduct indicates a reduction of
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double bond character of the carbonyl group, which is consistent with 

s i ly la t io n  on oxygen. The enhanced deshielding of the N— Me and Cj— H 

m oieties, adjacent to the carbonyl group, is also a consequence of 0-  

s i ly la t io n .  The mesomeric and inductive de loca liza tion  of the positive  

charge into the ring system is the ra tionale  behind the chemical s h i f t  

varia t ions in the other carbon atoms. The — H and — H groups are 

closer to the amide moiety, therefore experience more pronounced 

inductive e f fe c t  and hence s h i f t  fu rther  downfield.

Based upon the spectral data of the NMPO signals as well as the silane  

resonances in the carbon-13 spectrum, evidence for 0 -s i ly la t io n  is very 

strong and dissociation of the complex in solution seems to be 

in s ig n if ic a n t .  Therefore, the unexpected s im ila r i ty  between the s i l ic o n -  

29 chemical sh if ts  of the uncomplexed silane and the adduct may be merely 

coincidenta l.

2 .7  Variable temperature t i t r a t i o n  studies of PhCHMeSiMe2Br with 

nucleophiles (NMI, HMPA)

In order to gain a more comprehensive knowledge of the exchange between 

the silane and i t s  adduct, and also to ascertain that the chemical s h i f t  

changes were reve rs ib le , variab le  temperature s il ico n -29  and carbon-13

n .m .r .  studies were undertaken for 2:1 mixtures of PhCHMeSiMe2Br and 

nucleophiles (NMI, HMPA) in dichloromethane-d2 . A ll  the recorded 

spectral data are shown in the appropriate tables in the experimental 

section. The plots of the s il ico n -29  and carbon-13 diastereotopic SiMe 

chemical sh if ts  with temperatures are also provided in the f igu res .

PhCHMeSiMe2Br undergoes complexation read ily  with these two strong 

nucleophiles, producing stable four coordinate ionic adducts, therefore  

i t  is assumed that the 2:1 mixtures of PhCHMeSiMe2Br and nucleophiles  

essen tia lly  consist of equimolar quantit ies  of the bromosilane and i t s  

complex.
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Figure 2.7.1
Variable temperature carbon-13 n.m.r. t itra t io n  studies of 
2 : I mixtures of PhCHMeSlMe2Br and nucleophile (NMI, HMPA).
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Figure 2.7.2
Variable temperature silicon-29 n.m.r. titration studies of
2 : 1 mixtures of PhCHMeSiAle2Br and nucleophile (NMI, HMPA).
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2.7.1 Variable temperature study of PhCHMeSlMe2Br with NMI

Prior to Lowering the temperature of the probe, the mixture displayed 

s ilico n -29  and carbon-13 chemical s h if ts  ch aracter is t ic  of signals 

resulting from the averaging of the s ilane and i ts  complex. The 

extremely broad l ine  shapes observed for groups d ire c t ly  attached to the 

s il ico n  atom are in accord with a slow exchange established between the 

two s i l ic o n  species.

As the temperature descended progressively from 300K to 185K, broadening 

became more s ig n if ic a n t .  On reaching 260K, the two s i l ico n  e n t i t ie s  were 

detected separately in the carbon-13 spectrum. The deta iled  examination 

of the diastereotopic SiMe resonances reveals a s tr ik in g  and somewhat 

unexpected find ing .

On cooling to 280K, the very broad, average sing let s p l i t  to produce two 

peaks with considerable l inewidths, corresponding to the exchange between 

the uncomplexed silane and i ts  imidazolium adduct. In te re s t in g ly ,  as the 

temperature continues to decrease, the adduct peak collapses to a doublet 

but the uncomplexed silane remains as an extremely broad s in g le t .  The 

rate of exchange between these two s i l ic o n  e n t i t ie s  decelerates on 

cooling, and allows the anisochrony of the two diastereotopic SiMe groups 

in the complex to be detected, thus two SiMe peaks re s u lt .

However, the intense broadening of the s ing le t  of the uncomplexed silane  

implies that the s ilane is undergoing chemical exchange. Since NMI is  

ess en tia l ly  associated with the s ilane in forming the imidazolium. adduct, 

i t  is  u n lik e ly  that th is  exchange reaction is induced by NMI, th is  is  in 

accord with the sharpness of the resonances for the silane-NMI complex. 

This also proves that the adduct is  not involved in the racemization of 

the s ilane under these conditions.

The nucleophilic  attack of the bromide anion of the imidazolium adduct at

the s i l ic o n  atom of the uncomplexed silane is a possible a l te rn a t iv e
C71 ]ra t io n a liz a t io n  for such behaviour. On continuous cooling to 240K,
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the rate of th is  exchange reaction decreases further  al lowing both 

diastereotopic SiMe signals of the si lane to be recorded. The increase 

in the v iscosity of the medium at low temperatures may cause l ine  

broadening, leading to averaging of the phenyl resonances.

The s il ico n -29  n .m .r. spectra of the mixture were taken as the sample was 

gradually warmed back to ambient temperature; th is  also confirmed that 

the chemical s h i f t  changes were f u l ly  reve rs ib le . At low temperatures, 

the s il icon -29  spectra consisted of two peaks due to the bromosilane and 

i t s  imidazolium adduct respective ly . On approaching ambient 

temperatures, the rate of exchange between these two s i l ico n  compounds 

increases, as indicated by the extreme broadening of the two signals.  

Eventually at 300K, coalescence occurs giving an average, broad sing let  

at 26.2 ppm.

2.7.2 Variable temperature study of PhCHMeSiMe2Br with HMPA

The general chemical s h i f t  trends produced by t i t r a t in g  PhCHMeSiMe2Br 

with HMPA are consistent with those observed with NMI. Nevertheless, 

compared with the NMI system, broadening and the subsequent separation  

in to  two d is t in c t  sets of silane and adduct peaks occurred at lower 

temperatures.

Deshielding of the methyl carbon nuclei of HMPA in the s i ly la te d  species 

is  in s ig n if ic a n t ,  although there is a s l ig h t increase in the carbon- 

phosphorus coupling constant. The magnitude of the coupling constant 

decreases with increasing distance of carbon atom from the phosphorus 

atom. Therefore i t  is not surprising that carbon-phosphorus coupling is  

not detected in the diastereotopic methyl carbon peaks of the silane-HMPA 

complex even at low temperatures. Nonetheless, a small coupling is  

registered in the benzylic carbon signal of the adduct, th is  is  possibly  

due to the presence of the electron releasing substituents on the 

benzylic carbon centre enhancing the spin-spin coupling. S im ila r ly ,  

silicon-phosphorus coupling can account for the doublet assigned to the
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HMPA adduct in the s il ico n -29  spectra, th is  fu rther  supports the 

existence of the silane-HMPA complex in the mixture.

The d ifference between these two variab le  temperature studies is  

manifested by the diastereotopic SiMe resonances. On cooling to 250K, 

the two anisochronous, diastereotopic SiMe moieties of the HMPA adduct 

become v is ib le  whereas those of the uncomplexed silane remain as a 

sing le t u n t i l  20ÜK. However with the NMI system, the two SiMe signals of 

the NMI adduct as well as those of the free silane are already observable 

at 260K and 240K respective ly . These results can be ra t io n a lized  by 

assuming a more rapid nucleophilic attack of the bromide anion at the 

s il ic o n  atom of the free  silane in the HMPA system. Nevertheless, the 

previous comparison of the in teractions of PhCHMeSiMe2Br with 

nucleophiles (NMI, HMPA) at ambient temperature has demonstrated that  

both nucleophiles are capable of forming stable complexes with the 

bromosilane. The d ifference in the rate of th is  exchange reaction may 

therefore be governed by the s ta b i l iz a t io n  of the bromide anion by each 

nucleophile, which is in accord with the observations from the 

conductivity studies of nucleophilic substitu tion  of ha lo tr im ethy l-

s i la n e s . [9 /70 ]

The conductivity of an equimolar solution of bromotrimethyIsi lane,  

MegSiBr, and HMPA is greater than an analogous solution of Me^SiBr with 

N-tr im ethy Is i ly l im idazo le .  This can be a t t r ibu ted  to t ig h te r  ion pairing  

of the bromide ion in the bromosilane-imidazole complex, compared with 

the bromosilane-HMPA adduct. Thus the higher concentration of the free  

bromide anion in the HMPA complex enhances the attack at the 

e lec t ro p h i l ic  s i l icon  atom.

The attack of bromide ion at the s i l ic o n  atom of the s ilane-nucleophile 

complex leads to dissociation of the complex, y ie ld ing free nucleophile  

and silane with no net change of stereochemistry. Coalescence of the 

diastereotopic SiMe peaks in the s ilane-nucleophile complex can only be 

induced by the attack of a second molecule of nucleophile on the adduct, 

thus the diastereotopic SiMe signals for the PhCHMeSiMe2Bi HMPA are
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anisochronous at Low temperatures- However, the bromide ion attack at 

the s i l ico n  atom of an uncomplexed bromosilane molecule results in 

bromide exchange, accompanied by inversion of configuration at s i l ic o n .  

This helps to explain the collapse of the diastereotopic SiMe peaks of 

the bromosilane.

2 .8  In teractions of PhCHMeSiMegBr with tetra-n-butylammonium

bromide (^Bu^NBr)

In order to demonstrate that the exchange is induced by the nucleophilic  

bromide anion of the s ilane-nucleophile adduct, tetrabutylammonium 

bromide was used as an a lte rn a t iv e  source of bromide ion complementary to 

the nucleophile. The chemical s h i f t  t i t r a t io n s  of tetrabutylammonium 

bromide with PhCHMeSiMegBr were carried out at various concentrations and 

under d i f fe re n t  conditions. The investigations were i n i t i a l l y  performed 

by introducing successive aliquots of PhCHMeSiMegBr as well as a mixture 

of PhCHMeSiMegBr and HMPA into solutions of tetrabutylammonium bromide. 

The e f fe c t  of tetrabutylammonium bromide was fu rther  examined by 

dissolving i t  in a coalesced mixture of PhCHMeSiMe2Br and DMPU, and also 

by syringing DMPU to a solution of PhCHMeSiMe2Br containing a small 

quantity of tetrabutylammonium bromide. A ll  the spectral data are 

tabulated in the experimental section. Apart from the diastereotopic  

SiMe s ignals , there were no apparent varia tions in the chemical s h if ts  in 

the s i l ic o n -2 9 ,  proton and carbon-13 spectra for a l l  the systems 

investigated. However, the s i l ico n -29  resonances gradually moved up fie ld  

when HMPA was present in the system due to complexation.

2 .8 .1  In te rac tion  of "^Bu^NBr with PhCHMeSiMe2Br

Immediate coalescence of the two diastereotopic SiMe peaks of 

PhCHMeSiMe2Br occurred as the s ilane was added to a ten molar excess of 

^Bu^NBr so lution . Further additions of PhCHMeSiMe2Br led to an equimolar 

mixture of PhCHMeSiMe2Br and *^Bu^NBr, however the SiMe signal remained as
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a sharp s ing le t .  These observations are consistent with the involvement 

of the bromide ion of tetrabutylammonium bromide, causing the collapse of 

the two SiMe resonances into a sharp singlet  by attacking the 

e lec t ro p h i l ic  s i l i c o n .

2 .8 .2  In te rac tion  of "Bu^NBr with the [PhCHMeSiMe2-HMPA]*Br 

adduct

As a consequence of the common ion e f fe c t ,  the dissociation of the stable  

four coordinate [PhCHMeSiMe2-HMPA]*Br" ionic complex should be favoured 

in the presence of tetrabutylammonium bromide. With a ten fo ld  excess of 

tetrabutylammonium bromide, the extensive broadening of the s i l ico n -29  

n.m .r. signal at 28.4 ppm corresponds to the chemical exchange between 

the uncomplexed bromosilane and the silane-HMPA adduct. In comparison 

with the chemical sh if ts  of the uncomplexed silane at 29.2 ppm and i ts

HMPA sa lt  at 24.3 ppm, the peak at 28.4 ppm indicates that the 

equilibrium  lies  towards the uncomplexed PhCHMeSiMe2Br. This is  

consistent with the operation of a common ion e f fe c t  enhancing the

dissociation of the silane-HMPA adduct. Apart from exchanging with i ts

HMPA complex, the uncomplexed silane also undergoes exchange with the 

bromide ion of tetrabutylammonium bromide, however th is  is a degenerate 

exchange and w i l l  not cause line  broadening.

Nevertheless as the proportion of the silane-HMPA adduct increased, only 

a s l ig h t ly  broadened s inglet at 24.2 ppm was recorded. Tetrabuty l­

ammonium bromide can act as a common ion as well as a polar solvent. As 

the dominant species in so lu tion , “̂ Bu^NBr pushes the equilibrium  towards 

the side of the uncomplexed silane and free HMPA by f a c i l i t a t in g  the 

dissociation of the complex. Nonetheless, when the silane-HMPA adduct is  

present in a s im ilar  r a t io ,  the re la t iv e  proportion of bromide ion from 

tetrabutylammonium bromide decreases. Furthermore *̂Bu^NBr may behave as 

a polar solvent s ta b i l iz in g  the ionic complex; these two factors drive

the equilibrium towards the adduct formation.
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2 .8 .3  In te rac tio n  of PhCHMeSiMe2Br with an equimolar quantit ies  

of tetrabutylammonium bromide and DMPU

Since the bromide ion is responsible for the coalescence of the two 

diastereotopic SiMe peaks of PhCHMeSiMe2Br, fu rther studies were 

undertaken to compare the nucleophilic strength of the bromide ion with 

that of a good nucleophile such as dimethyIpropyleneurea (DMPU). The 

addition of “̂ Bu^NBr to a bromosilane solution causes immediate collapse 

of the SiMe peaks y ie ld ing  a very sharp s in g le t .  However an extremely 

broad, coalesced resonance results when the same concentration of DMPU 

was added to an analogous bromosilane so lution .

Furthermore, the introduction of an equimolar ra t io  of *^Bu^NBr to a 

coalesced mixture of bromosilane and DMPU leads to instantaneous

sharpening of the broadened SiMe peak. These findings are also in accord

with the results obtained from the in te rac tion  of a mixture of 

PhCHMeSiMe2Br and “̂ Bu^NBr with DMPU. The two diastereotopic SiMe

resonances of the silane collapsed to a sharp sing let when only a small

amount of '̂Bu^NBr was used. The observed line shapes and the chemical 

sh ifts  are unaffected by the addition of a small quantity of DMPU. These 

results imply that the bromide ion is a more e f fe c t iv e  nucleophile than 

DMPU since i t  induces fas ter coalescence of the SiMe peaks.

2 .8 .4  Summary

The halide counterion of a four coordinate s ilane-nucleophile ionic  

complex is proved to be in tim ate ly  involved in the racemization of 

halosilane. The concentration of the halide ion depends upon the 

s t a b i l i t y  of the four coordinate ionic adduct. PhCHMeSiMe2Br forms 

stable 1:1 ionic complexes with NMI and HMPA, however the CPhCHMeSiMe2“ 

NMI]*Br" adduct is found to be more t ig h t ly  ion paired in contrast to the 

HMPA counterpart. Thus in the NMI system, a smaller proportion of la b i le  

bromide ion is ava ilab le  for nucleophilic  attack at the s i l ic o n  atom of 

PhCHMeSiMe2Br, resulting in a slower rate of exchange. The observations
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from the t i t r a t io n  studies of tetrabutyLammonium bromide not only 

demonstrate the c a ta ly t ic  promotion of the bromide exchange of 

bromosilane by bromide ion, they also show that the common ion e ffec t  

only becomes important when a large excess of free bromide ion is present 

in the system.

2 .9  In teractions of a mixture of PhCHMeSiMe2Cl and PhCHMeSiMe2Br 

with nucleophiles (NMI, HMPA)

From the preceding discussion, i t  can be concluded that the s t a b i l i t y  of 

a four coordinate ionic silane-nucleophile  complex is dependent upon the 

nature of the counterion. Furthermore, the magnitude of the equilibrium  

constant for complex formation for a given counterion is controlled by 

the attacking nucleophile. Comparisons of the PhCHMeSiMe2Br and 

PhCHMeSiMe2Cl t i t r a t io n s  with nucleophiles (NMI, HMPA) indicate that the 

chlorosilane forms less stable ionic complexes and undergoes much fas te r  

chemical exchange with i ts  adduct. In add it ion , the bromide ion of the 

adduct is well solvated and induces a rapid racemization of the 

bromosilane.

These findings are fu rther v e r i f ie d  by t i t r a t in g  an equimolar mixture of 

PhCHMeSiMe2Cl and PhCHMeSiMe2Br with nucleophiles (NMI, HMPA) at ambient 

and variab le  temperatures. The spectral data are provided in the 

appropriate tables in Chapter 6 . Again, the proton, carbon-13 and 

s ilico n -29  chemical sh if ts  of the diastereotopic SiMe groups are 

presented in the accompanying figu res .

2 .9 .1  In te rac tio n  of the mixture of PhCHMeSiMe2Cl and 

PhCHMeSiMe2Br with HMPA

Coalescence of diastereotopic SiMe peaks was not observed in the variab le  

temperature study on a 1:1 mixture of PhCHMeSiMe2Cl and PhCHMeSiMe2Br, 

th is  is ind ica tive  of the absence of exchange between these two s i l ic o n
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species. As a consequence of t i t r a t in g  the mixture with HMPA, both the 

proton and s il icon -29  signals shifted s l ig h t ly  u p f ie ld ,  however such 

changes are not apparent in the carbon-13 spectra apart from the SiMe 

peaks. Only the s il icon -29  signals as well as those resonances for  

moieties attached to the s i l ico n  atom in the proton and carbon-13 n .m .r.  

spectra show intense line  broadening. With increasing concentration of 

HMPA, the CH resonance in the proton spectra became obscured by the HMPA 

doublet, therefore i t  is not possible to assign th is  s ignal. Although 

the proton atoms and the methyl carbon nuclei of HMPA are not deshielded 

s ig n if ic a n t ly  as would be expected on s i ly la t io n ,  there is a s l ig h t  

increase in the proton-phosphorus and carbon-phosphorus coupling 

constant.

The changes in the proton chemical s h if ts  follow a s im ila r  pattern to 

that observed in the carbon-13 spectra. Deductions from the proton, 

carbon-13 and s il icon -29  spectral data are consistent with the operation  

of several dynamic processes. The addition of a 0.1 molar equivalent of 

HMPA to the mixture of si lanes leads to an immediate coalescence of the 

two diastereotopic SiMe signals of PhCHMeSiMe2Br y ie ld ing  a s in g le t ,  

whereas those of the chlorosilane remain unchanged u n t i l  more HMPA is  

introduced. This is in accord with the expected behaviour, since the 

bromosilane has a greater tendency in forming a stable complex with HMPA 

than i ts  chloride counterpart. Thus nucleophilic attack by HMPA is  

mainly at the s i l ico n  atom of the bromosilane with the generation of 

bromide ion , which in turn promotes rapid halide exchanges of the chloro-  

and bromosilanes. S im ila r ly ,  the small chloride ion produced by the 

attack of bromide ion at the chlorosilane can also induce halide  

exchanges of the two si lanes.

The t ra n s ie n t ,  unstable CPhCHMeSiMeg-HMPAD+Cl" adduct dissociates read ily  

releasing uncomplexed HMPA, which then complexes with PhCHMeSiMe2Br or 

undergoes exchange with CPhCHMeSiMe2“HMPA3^Br . The attack of HMPA at 

the s i l ico n  atom of the [PhCHMeSiMe2~HMPA]*Br complex is f a c i l i t a t e d  

with respect to the isolated bromosilane, since HMPA is an e x c e lle n t ,  

neutral leaving group compared with the bromide ion. Thus the exchange
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Figure 2.9.1
Proton n.m.r. titration study of a 1 : l mixture oF PhCHMeSiMezX
(X=CI, Br) against HMPA.
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Figure 2.9.2
Carbon-13 n.m.r. titration study of a l ; l mixture of
PhCHMeSiMe2X (X=C1, Br) against HMPA.
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Figure 2.9.3
Silicon-29 n.m.r. titration study of a I ; l mixture of
PhCHMeSiMe2X (X=C1, Br) against HMPA.
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between PhCHMeSiMe2Br and i ts  HMPA sa lt  is g reatly  enhanced in the 

presence of the chlorosilane.

The formation of the bromosilane-HMPA ionic complex is favoured with 

increasing concentration of nucleophile. Hence PhCHMeSiMe2Cl and 

[PhCHMeSiMe2-HMPA]*Br~ adduct become the major species present at high 

proportion of HMPA. Consequently, a dynamic equilibrium is also 

established between these two s i l ic o n  species and averaging of the SiMe 

signals of PhCHMeSiMe2Cl resu lts . This finding agrees well with the 

observation by Cartledge^^^'^^ on HMPA catalysed halide exchange between 

bromo- and chlorosilanes, which also take place via ionic intermediates.

2 .9 .2  In teraction of the mixture of PhCHMeSiMe2 Cl and

PhCHMeSiMe2 Br with NMI

By analogy with the HMPA system, the chemical s h i f t  t i t r a t io n  with NMI 

exh ib its  s im ila r  behaviour except for the proton spectra, where anomalous 

downfield sh if ts  of the SiMe and CH signals are recorded. Furthermore, 

contrary to the HMPA t i t r a t i o n ,  l ine  broadening is more pronounced in the 

resonances of the groups adjacent to s i l ic o n ,  in d ica t ive  of a slower 

exchange. Deshielding and broadening of the NMI peaks are s ig n if ic a n t  

p a r t ic u la r ly  at the C2 pos it ion , which strongly support the formation of 

an ionic imidazolium complex on s i ly la t io n .

2 .9 .3  Variable temperature study on the mixture with HMPA

A variab le  temperature proton n .m .r .  chemical s h i f t  study was performed 

on a mixture consisting of an equimolar ra t io  of PhCHMeSiMe2Cl and 

PhCHMeSiMe2Br, together with a 0.45 molar equivalent of HMPA. Prior to 

varying the temperature of the probe, the proton n .m .r . spectrum of the 

sample and the very broad, average SiMe resonance were consistent with  

chemical exchanges taking place in the system. Apart from the SiMe and.
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Figure 2.9.4
Proton n.m.r. titration study of o 1 ; I mixture of PhCHiHeSiMe2X
(X=Cl, Br) against NMI.
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Figure 2.9.5
Carbon-13 n.m.r. titration study of a I : l mixture of
PhCHMeSlMe2X (X=C1, Br) against NMI.
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Figure 2.9.6
Silicon-29 n.m.r. titration study of a 1
PhCHMeSiMe2X (X=C1, Br) against NMI.
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to a Lesser degree, the Me s ignals, there is no apparent change in the 

remaining chemical sh if ts  on progressive lowering of temperature.

On cooling to 290K, the SiMe s ing le t s p l i t  to give two peaks at 0-33 and 

0.37 ppm a ttr ib u ta b le  to PhCHMeSiMe2Cl and the two exchanging s i l y l  

bromide species respective ly . As the temperature continues to decrease, 

a shoulder gradually develops on the SiMe s ing le t of the chlorosilane.  

Eventually two symmetrical peaks at 0.31 and 0.28 ppm are observed, 

corresponding to the two diastereotopic groups in PhCHMeSiMe2C l. Such 

behaviour is in accord with the deceleration of the rate of exchange 

between the chlorosilane and the silane-HMPA adduct with decreasing 

temperatures.

In add it ion , rate retardation of the exchange between the bromosilane and 

i ts  HMPA adduct results upon fu rther  cooling, accompanied by progressive 

l ine  broadening of the coalesced s ing le t for these two exchanging s i l ico n  

species. F in a l ly  at 250K, the proton spectrum gives two separate 

resonances for the diastereotopic SiMe groups of the HMPA adduct and a 

s l ig h t ly  broadened s ing le t for those of the bromosilane. Again, the 

collapse of the two SiMe signals in the bromosilane can be ra t io n a lized  

by rapid nucleophilic attack of the bromide ion , causing inversion at 

s il ico n  of the bromosilane.

Thus the in te rp re ta t io n  of the spectral data produces an order for the 

r e la t iv e  rate of the three dynamic processes, compared with the proton 

n .m .r. time scale. The exchange between PhCHMeSiMe2Cl and the 

CPhCHMeSiMe2~HMPA3‘̂ Br“ complex is slower than the exchange of 

PhCHMeSiMe2Br with i ts  HMPA adduct, which is in turn slower than the 

racemization of the bromosilane.
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Figure 2.9.7
Variable temperature proton n.m.r. titration study of a
1 : 1 :  0.45 mixture of PhCHMeSiMe2X (X=C1, Br) and HMPA.
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2.10 Interactions of chloromethylphenylsiLane (PhMeHSiCL) with 

nucleophiles (NMI, HMPA, DMF)

In contrast to the diastereotopic s i l y l  systems, evidence for f iv e  

coordination has been provided by the chemical s h i f t  trends of the

in te rac tion  between methyIphenyIsilyI t r i f l a t e  (PhMeHSi0S02CF2> with N- 

methylimidazole.^74] Therefore i t  is in te res ting  to investigate  whether 

an analogous pentacoordinate complex is produced by varying the leaving 

group from t r i f l a t e  to ch loride. The t i t r a t io n s  of nucleophiles (NMI, 

HMPA, DMF) with PhMeHSiCl were monitored by proton, carbon-13 and 

s ilicon -29  n .m .r . spectroscopy. A ll  the spectral results are shown in 

the experimental section. The chemical s h i f t  changes in the SiMe moiety 

are i l lu s t r a te d  in the accompanying f igures .

2.10.1 In teraction of PhMeHSiCl with 1-methylimidazole (NMI)

Successive additions of aliquots of NMI to PhMeHSiCl, u n t i l  a 1:3 ra t io  

of PhMeHSiCl to NMI was reached, resulted in a steady and marked low 

frequency s h i f t  of 88 ppm in the s il ico n -29  spectra, from an i n i t i a l  

value of 5.2 ppm. This behaviour is accompanied by a s l ig h t  broadening 

of the s i l ico n  line  shapes, ind icating  that the s i l ic o n  species are 

exchanging with each other. Thus the shape of the t i t r a t i o n  curve and 

the exchange behaviour at Low ra tios  of PhMeHSiCl to NMI are consistent 

with the formation of a pentacoordinate PhMeHSiCl-(NMI)2 complex, which 

is  undergoing fast exchange with the four coordinate 1:1 PhMeHSiCl-NMI 

complex. This four coordinate adduct in turn exchanges re la t iv e ly  

slowly, on the s il icon -29  n .m .r . time scale, with the uncomplexed 

PhMeHSiCl as evidenced by the broad s ignals , u n t i l  a 2 molar excess of 

NMI was present.

The si lane resonances experience a small down frequency change in the 

proton and carbon-13 n .m .r . spectra, except for the carbon-13 SiMe signal 

which moves downfield with increasing concentration of NMI. On 

s i ly la t io n ,  deshielding of the NMI resonances results which is manifested
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by the high frequency chemical s h i f t  changes, p a r t ic u la r ly  at the 

imidazolium Cg-H proton.

The chemical s h i f t  trends in the s il icon -29  n .m .r. spectra of PhMeHSiCl 

are s im ilar  to those of PhMeHSi0S02CF3,  ind icating  that an analogous 

complex is formed irrespective  of counterion. Thus the observations are 

in accord with a comparable reaction scheme. ,

He y

PhMeHSiCl + NMI [NMI-SiHMePh]*Cl" < ' " [NMI-Si-NMI]+Cl"

Ph

Scheme 2-10.1

The f iv e  coordinate solid adduct, hydridomethylphenyl-bis-(3-methy1-1- 

imidazolium) s il ico n  (IV ) chloride [PhMeHSi-(NMI)2]*C l  ,  has been 

synthesed. I t s  n .m .r. spectral data in so lu tion , especia lly  the 

broadened s il ico n -29  chemical s h i f t  at -50 ppm, strongly imply the 

presence of a f iv e  coordinate complex and that dissociation of the adduct 

in to  i t s  components is not substan tia l.

2.10.2  In teraction of PhMeHSiCl with N,N-dimethylformamide (DMF)

The proton and carbon-13 chemical s h i f t  t i t r a t io n  of PhMeHSiCl with DMF 

fa i le d  to show any s ig n if ican t changes a t tr ib u ta b le  to adduct formation, 

since the spectral data remained essen tia lly  the same even in a four 

molar excess of DMF. However, the 2 ppm upfie ld  s h i f t  of the s i l ic o n -2 9  

signal was accompanied by intense broadening, which was in d ica t ive  of a 

very slow exchange.

Furthermore, an in teresting  feature was noted in the proton NMe 

resonances of DMF. The chemical s h i f t  separation between the two NMe 

peaks reduced by 5Hz from an i n i t i a l  value of 7 . 8Hz, when the ra t io  of 

PhMeHSiCl to DMF reached 1 :0 .8 .  A gradual increase in the chemical s h i f t
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difference between these two signals was observed upon fu rthe r  addition  

of DMF. This anomalous behaviour was also exhibited in the s i ly la t io n  of 

DMF by chlorodimethyIphenyIsilane, PhMegSiCl. Thus these two systems 

were fu rther investigated and a deta iled  ra t io n a liz a t io n  of the results  

w i l l  be discussed in the following section.

The in s ig n if ic a n t  adduct formation may be due to a very small equilibrium  

constant for complexation at ambient temperatures, therefore a low 

temperature s il icon -29  n .m .r. study was undertaken for 1:3 mixture of 

PhMeHSiCl and DMF. Cooling the solution mixture down to 200K induced a 

low frequency s h if t  of 3 ppm from a value of 3 ppm for the uncomplexed 

PhMeHSiCl, and a pronounced reduction in peak in te n s ity  due to exchange 

broadening. Enhanced complex formation is not apparent even at low 

temperatures. Nevertheless, these two trends are f u l ly  consistent with a 

s lig h t s h i f t  towards complex formation.

2.10.3  In teraction of PhMeHSiCl with hexamethylphosphoramide 

(HMPA)

HMPA is a more e f f ic ie n t  oxygen donor than DMF therefore i t  is expected 

to behave d i f fe r e n t ly  with PhMeHSiCl. T i t ra t io n  of HMPA against 

PhMeHSiCl caused the n .m .r. resonances of a l l  three nuclei to move 

s tead ily  u p f ie ld .  The shape of the proton t i t r a t io n  curve fo r the SiMe 

signal is analogous to that observed in the NMI system. This c le a r ly  

implies that the in te rac tion  with HMPA follows a s im ila r  reaction pathway 

to that with NMI. When the si lane and HMPA mixture reached a 1:1 

stoicheiometry, sharp points of in f lex io n  occurred in both the proton and 

carbon-13 t i t r a t io n  curves, which can be ra t io n a lized  by the formation of 

a second type of complex.

Nevertheless, such adduct formation is not re flec ted  to a great extent in 

the s il ico n -29  spectra. Furthermore, the s il ico n -29  t i t r a t io n  curve 

exhib its  completely d if fe re n t  behaviour to that observed for the 

t i t r a t io n  of NMI. With a f iv e  fo ld  excess of HMPA, the s i l ic o n -2 9  signal
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Figure 2.10.1
Proton n.m.r. titration studies of PhMeHSiCl against
nucleophiles (NMI, HMPA, DMF).
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Figure 2.10.2
Carbon-13 n.m.r. titration studies of PhMeHSiCl against
nucleophiles (NMI, HMPA, DMF).
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Figure 2.10.3
Silicon-29 n.m.r. titration studies of PhMeHSiCl against
nucleophiles (NMI, HMPA, DMF).
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only sh ifted  8 ppm upfie ld  from a value of 5-3 ppm for the uncomplexed 

si lane. A low equilibrium constant for complex formation at ambient 

temperature may be responsible for th is  observation and the unsuccessful 

synthesis of the solid  f iv e  coordinate CPhrieHSi-(HMPA)23^01” adduct.

To c la r i f y  the d ifference in the results found in the s il icon -29  spectra, 

a variab le  temperature s il ico n -29  n .m .r . study was performed on a 1:3 

mixture of PhMeHSiCl and HMPA. Lowering the temperature to 200K caused a 

down frequency s h i f t  to -59 .5  ppm together with intense broadening of the 

resonance, character is t ic  of f iv e  coordinate s il ico n  and chemical 

exchange.

2 .10 .4  Summary

I t  can be concluded that both HMPA and NMI in te rac t with PhMeHSiCl via a 

sim ilar  route forming pentacoordinate ionic CPhMeHSi-(Nu)23’̂ Cl“ 

complexes, as described by the following scheme. However the s i la n e -  

oxygen donor adduct can only be observed read ily  at low temperatures, 

owing to the low equilibrium constant for such complex formation. The 

ease of pentacoordination at s i l ic o n  for PhMeHSiCl increases with 

nucleophiles in the sequence Nu=DMF < HMPA < NMI.

PhMeHSiCl + Nu [PhMeHSi-Nu]+Cl" [PhMeHSi-(Nu)2]+C l"

Scheme 2 .10 .2

2.11 In te rac tion  of PhMeRSiCl (R=H, Me) with DMF

N,N-DimethyIformamide (DMF) and amides in general possess two p o ten t ia l  

donor s i te s ,  the oxygen and the nitrogen atoms. This dual nature of the 

amides is often referred to as ambidentate nuc leo ph il ic i ty .  Extensive 

studies have been carried out concerning the s i te  of protonation in these 

species, which has been the subject of considerable controversy. A
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deta iled  account of the arguments regarding the s i te  of protonation has
f75Tbeen presented by Homer and Johnson.

The greater b as ic ity  of nitrogen nucleophiles suggests in tu i t iv e ly  that 

th is  is the preferred donor s i te .  However n .m .r. studies in concentrated 

acids provide convincing evidence that the oxygen atom is the 

predominant s i te  of protonation. This can be ra t ion a lized  by the extra  

s t a b i l i t y  conferred on the 0-protonated species by resonance, as depicted 

in the following scheme. Delocalization  of the resu lting  pos itive  charge 

on the oxygen, carbon and p a r t ic u la r ly  nitrogen is not possible with 

protonation on nitrogen.

n ^  H +
HC— NIVIeg HC— NMe,

H '

OH OHo ' "
I II I

HC— NMe, < — ► HC— NMe, <  ' > H C =N M e,
+

Scheme 2.11.1 Resonance structures of DMF

The magnetic non-equivalence of the two methyl groups attached to the 

nitrogen atom can be p a rt ly  accounted for by d i f f e r e n t ia l  shielding of 

the adjacent carbonyl group. Total line shape analysis of variab le  

temperature n .m .r . data provides an estimate fo r the b a rr ie r  to ro ta tion  

for the (0)C— N bond in DMF, which is approximately 80 kJmol a

consequence of the hindered rotation  about th is  bond, two singlets  for  

the N-methyl proton and carbon atoms are observed in the proton and 

carbon-13 n .m .r . spectra respective ly . This is a ttr ib u te d  to p a r t ia l  

double bond character derived from the de loca liza tion  of electron density  

over the three atoms, oxygen, carbon and n itrogen, which also results  

from the s i ly la t io n  or protonation on the oxygen atom.
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Restricted ro tation  due to the add itional s te r ic  bulk created on nitrogen  

as a result of s i ly la t io n  has been disputed by Yoder and Hausman.^^^ 

Their studies on the structure and dynamics of N-methyl and N - te r t -b u ty l -  

d im eth y ls ily l  amides provided evidence that the barr ie rs  to rotation  

about the ( 0) C— N bond are lower in those species with highly hindered 

nitrogen, compared with the analogous N - t r im e th y Is i ly l  d e r iva t ives . Free 

ro ta tion  of the ( 0)C— N bond results when protonation or s i ly la t io n  takes 

place at the nitrogen atom, destroying the anisochrony of the two N- 

methyl resonances.

2.11.1 In te rac tio n  of PhMeHSiCl with DMF

In the preceding discussion on the in te rac tion  of PhMeHSiCl with DMF, a 

b r ie f  account was provided on the in te res ting  changes in the chemical 

s h i f t  separation of the two N-methyl peaks of DMF. The va r ia t io n  in the 

chemical s h i f t  d ifference between the two proton N-methyl signals depends 

upon the concentration of DMF in the system.

The re la t iv e  shieldings of these two methyl groups are greatly  affected  

by solvent. The solvent e ffec t  was investigated by repeating the 

experiment in the absence of the si lane; successive aliquots of DMF were 

added to a s im ilar  quantity of chloroform-d^. The separation between the 

two methyl peaks remained essen tia lly  constant except at very high 

concentrations of DMF, in which cases the solution behaved v i r tu a l ly  as 

neat DMF. Therefore, solvent e ffe c t  is un like ly  to be responsible for  

such a change in the chemical s h i f t  d iffe ren ce .

The merging of the two methyl resonances implies that the nitrogen atom 

may be protonated or s i ly la te d .  In order to d istinguish between these 

two processes, the reaction was fu rther studied in the presence of a base 

to remove the acid im purity , hydrogen ch loride. Pyridine and 

tr iethylam ine were used as acid scavengers in the prelim inary studies,  

however the same feature was s t i l l  observed as the PhMeHSiCl was t i t r a t e d  

against DMF.
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To confirm that th is  var ia t io n  in the peak separation was not induced by 

protonation, the t i t r a t io n  was performed with equimolar quantit ies  of 

PhMeHSiCl and the s te r ic a l ly  hindered 2 ,6 -d i- te r t -b u ty Ip y r id in e  (2,6DBP), 

which has a very large pKa value. A l l  the n .m .r. data for the 

in teractions of PhMeRSiCl (R=H, Me) with DMF are l is ted  in the tables  

provided in the experimental chapter. The changes in the chemical s h i f t  

of the two N-methyl signals are presented in the accompanying f igures .

No apparent changes in the chemical s h if ts  of the si lane were detected in 

the proton, carbon-13 and s il ico n -29  n .m .r . spectra, implying that adduct 

formation was in s ig n if ic a n t .  However l ine  broadening of the proton and 

s ilico n -29  SiMe peaks was observed, which was ind ica t ive  of a slow 

exchange between the uncomplexed si lane and i ts  DMF adduct. The two 

carbon-13 N-methyl resonances of DMF remained unaltered even with a f iv e  

molar equivalence of DMF. Nevertheless, only a s ing le t at 2.80 ppm was 

recorded in the proton spectra for the two N-methyl e n t i t ie s ,  u n t i l  a 

1 :0 .6  ra t io  of PhMeHSiCl to DMF was reached. The chemical s h i f t  

separation between these two proton signals then increased gradually from

1.1 to 7 .7  Hz, when DMF was in f iv e  fo ld  excess.

This anomalous behaviour can be taken as evidence for N -s i ly la t io n  at low

concentrations of DMF since d i f f e r e n t ia l  deshielding of the N-methyls is

not observed under th is  condition. Furthermore, the small u p fie ld  s h i f t

of the proton N-Me resonances is consistent with the studies of Pugmire 
FARTand Grant. They reported that d irec t protonation on nitrogen caused

low frequency s h if ts  in the attached methyl groups. This feature is  not 

exhibited in the s i ly la t io n s  of DMF by halotrim ethyIsilanes (Me^SiX;

X=Cl, B r ) ,  bromomethyldiphenyIsilane (Ph2MeSiBr) or the d iastereotopic  

PhCHMeSiMe2C l, but, su rp r is ing ly , i t  is observed with chlorodimethyl- 

phenylsilane (PhMe2S iC l) .
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2 .11 .2  In teraction of PhMe2SiCl with DMF

As with PhMeHSiCl, the t i t r a t io n  studies were carried out in the presence 

and the absence of 2,6DBP. In both cases, the results are comparable to 

those observed in the corresponding s i ly la t io n  by PhMeHSiCl. Changes in 

the chemical s h if ts  and the line  shapes of the si lane resonances were not 

noted in the proton, carbon-13 and s il ico n -29  n .m .r . spectra, ind icating  

that adduct formation between PhMe2SiCl and DMF was in s ig n if ic a n t .  The 

collapse and the subsequent divergence of the two proton N-methyl peaks 

of DMF occur at a s im ila r  si lane to DMF ra t io  and share the same trend as 

in the case of PhMeHSiCl. The magnitude of the chemical s h i f t  d ifference  

between these two signals also varies in an analogous pattern re la t iv e  to 

that of PhMeHSiCl, with increasing proportion of DMF.

Based upon the ra t io n a liz a t io n  for the PhMeHSiCl system, the collapse of 

these two peaks can also be explained by N -s i ly la t io n  of DMF by 

PhMe2S iC l. However, s i ly la t io n  at the oxygen atom of DMF is generally  

the much preferred and dominant route. In order to c la r i f y  the 

s itu a t io n ,  the in te rac tion  of PhMe2SiCl with DMF was fu rther  investigated  

using oxygen-17 n .m .r . spectroscopy.

In comparison with the s il ico n -29  nucleus, oxygen-17 nucleus is more

d i f f i c u l t  to observe owing to i ts  low re c e p t iv i ty ,  although the

re laxation  time is normally very fa s t .  Using water as the reference

standard, the range of chemical sh if ts  for the m ajority of oxygen-17

species spans from +900 to -50 ppm, with the highly deshielded species at
r78Thigher frequencies. The carbonyl group (C==0) is considerably

deshielded with respect to C— 0- ,  thus an upfie ld  s h i f t  is expected on 0-  

s i ly la t io n  due to an increase in shielding induced by s i l ic o n .

In the oxygen-17 n .m .r. chemical s h i f t  t i t r a t io n  of PhMe2SiCl against 

DMF, no pronounced changes in the oxygen-17 signal of the carbonyl group 

of DMF were noted. This indicates e ith er  the absence of 0 -s i ly la t io n  of 

DMF by PhMe2$iCl o r ,  more l ik e ly ,  a low equilibrium  constant fo r adduct 

formation.
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Figure 2.11.1
Proton n.m.r. titration studies of PhMeRSiCl (R=H, Me) against
DMF in the presence of 2,6DBP.
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Figure 2.11.2
Separation between N-Me peaks of DMF in proton n.m.r. titration
studies of PhMeRSiCl (R=H/ Me) against DMF.
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2.11.3  In terpreta tion  of results

The t i t r a t io n  studies on these two s i l y l  systems (PhMeRSiCl; R=H, Me) 

provide some evidence for N -s i ly la t io n  of DMF, However fu rther  deta iled  

investigations on these systems are required for d e f in i te  conclusions to 

be drawn and to explain why th is  phenomenon only occurs under certa in  

conditions. The collapse is not detected in the carbon-13 n .m .r .  spectra 

owing to the d i f fe re n t  time scale of the carbon-13 nuclei compared with 

the proton n u c le i .

At low concentrations of DMF, s i ly la t io n  at nitrogen of DMF may take 

place leading to free and rapid ro ta tion  of the ( 0)C— N bond, giving an 

average N-methyl signal on the proton n .m .r . time scale. With increasing  

proportion of DMF, 0 -s i ly la t io n  may be more favourable and dominates. 

Delocalization of the positive charge on the three n u c le i : -  oxygen, 

carbon and nitrogen, re s tr ic ts  the ro ta tion  of the bond by ra is ing the 

energy b a r r ie r ,  thus two separate methyl resonances re s u lt .

H— C
IVIe;

"Mei

R,SIX

H— C.\ . ^ M e a

I ""Me,
SIR,

RgSiX ^ p — SIRa
-  H— _  X 

“̂ M e b
/

-  H— C ^ O ^ S IR ,  X

/  \  
MeyMea

Scheme 2 .11 .2  0- and N -s ily la tio n s  of DMF
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2.12 General summary

The conclusion in ferred  from the accumulated results strongly indicate  

that Csilane-nucleophileD^X” ionic adducts are formed as a consequence of 

the interactions between nucleophiles and highly e le c tro p h i l ic  s i l ico n  

species. For the diastereotopic s i l y l  systems, PhCHMeSiMe2X (X=Cl, Br, 

OSO2CF3) ,  the four coordinate [PhCHMeSiMe2-nucleophile]*X~ ionic  

complexes with a 1:1 stoicheiometry are the dominant species present in  

the s i ly la t in g  mixture in so lu tion . Conversely with PhMeHSiCl, the four

coordinate ionic salts  are susceptible to further attack by a second 

molecule of nucli 

ionic complexes.

molecule of nucleophile, y ie ld ing f iv e  coordinate [PhMeHSi-(Nu)2]*C l

The s t a b i l i t y  of silane-nucleophile adducts is controlled by a 

combination of s tructu ra l and e lectron ic  fac tors . For a given si lane, 

the equilibrium constant for the formation of such complexes depends upon 

the electron donating a b i l i t y  of the attacking nucleophile. Thus 

stronger donors, for instance N-methylimidazole and hexamethyl- 

phosphoramide, should be more e f f ic ie n t  at forming stable complexes 

accompanied by a higher equilibrium  constant.

Furthermore, the s ilane-nucleophile complexes undergo chemical exchanges 

with other nucleophiles and with th e ir  parent si lanes at a rate  

controlled by the i n i t i a l  d issociation of the complex into  i t s  ind iv idual  

components. The rate of th is  dissociation is governed by the 

n u c leo p h il ic ity  and the solvation of the counterion, as well as the ion 

pairing of the complex, which decreases in the following sequence X=Cl > 

Br > OSO2CF3 -

More importantly, the halide counterion of the adduct is found to induce 

rapid racemization of halosilane, which supports the finding by 

Prince^^^^ on the chloride exchange reaction of tr ipheny lch lo ro s ilane ,  

PhgSiCl, with radioactive labelled tetrabutylammonium chloride. In  

add it ion , the fa c i le  exchange between the four and f iv e  coordinate

PhMeHSiCl-nucleophile adducts i l lu s t r a te s  that racemization of th is
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si Lane by nucleophiles can take place without involving a six coordinate 

s il ico n  intermediate.
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chapter 3 K inetic  studies on the racemization of

diastereotopic si lanes
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3.1 Introduction

Having established the nature of the major species present in s i ly la t io n  

reactions, the mechanism of nucleophilie  substitu tion  at s i l ico n  can be 

fu rther elucidated by investigating  the k ine t ic  aspects of the 

in teractions of si lanes with nucleophiles. An advantage of u t i l i z in g  the 

diastereotopic si lanes, PhCHMeSiMe2X (X=Cl, Br, OSO2CF3) ,  for k ine tic  

studies is the anisochrony of the two diastereotopic SiMe n .m .r. peaks. 

This approach is very common and has been widely exploited in other areas 

of chemistry, such as the evaluation of the ac tiva tion  energy barr ie rs  to 

hindered ro ta tio n .

Nucleophilie attack at the diastereotopic si lanes, PhCHMeSiMe2X (X=Cl,

Br) may induce inversion of configuration at s i l ic o n .  Consequently, a 

dynamic equilibrium is established between the s i l ico n  species and i ts  

inverted isomer. I f  the exchange is fast on the n .m .r .  time scale, 

chemical s h i f t  non-equivalence is destroyed and coalescence of the two 

diastereotopic SiMe signals resu lts . The rate of exchange at coalescence 

re f le c ts  the rate of racemization of the si lane under in ves tig a t io n .  

Therefore, k ine t ic  information on the racemization processes at s i l ico n  

can be assessed by monitoring the changes in the line  shape of the 

diastereotopic SiMe resonances using n .m .r . spectroscopy. This technique 

is  known as dynamic n .m .r. spectroscopy (DNMR); i t  requires an 

appreciable chemical s h i f t  separation between the two diastereotopic  

peaks for accurate rate constants to be evaluated. Only the carbon-13 

diastereotopic SiMe resonances of PhCHMeSiMe2X (X=Cl, Br, OSO2CF3 ) show 

s u ff ic ie n t  chemical s h i f t  d iffe rences , thus the k in e t ic  studies were 

performed solely on these systems.

The racemization processes of the diastereotopic si lanes, PhCHMeSiMe2X 

(X=Cl, Br) were examined in d e ta i l  with a diverse range of nucleophiles,  

in various solvents and at d i f fe re n t  concentrations. Successive a liquots  

of a nucleophi le were syringed into  a si lane solution; the two carbon-13 

diastereotopic SiMe resonances were recorded a f te r  each addition of
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nucLeophiLe u n t i l  the two peaks coalesced. Complete l ine  shape analysis  

was carried out for each s ilane-nucleophile in te rac tion  using a modified 

version of the DNMR4 program from the Quantum Chemistry Program 

E x c h a n g e . I t  is essential to have good q ua lity  spectra for l ine  

shape comparison. Thus the n .m .r .  spectra were recorded with optimal 

reso lu tion , correct phase setting  and a reasonably long scanning period 

to maximise the s ignal-to -no ise  r a t io .  The rate constants calculated by 

computer simulation, the reaction conditions and the variations in the 

concentrations of both si lane and nucleophile are tabulated in the 

experimental section for each reaction.

3 .2  Mechanistic proposals

By inference from the findings in the preceding chapter, two mechanisms 

for the racemization of halosilanes can be postulated to accommodate 

d if fe re n t  equilibrium constants (K^g) fo r adduct formation, which are 

governed by the nature of the counterion and the donor strength of the 

attacking nucleophile.

3 .2 .1  The f i r s t  mechanism

In the cases where low equilibrium constants are observed, for instance 

when X=Cl with most nucleophiles or X=Br with weak nucleophiles, the 

racemization of halosilanes may proceed via the following pathway. Salt 

formation between the si lane and nucleophile is assumed to be minimal, 

possibly with NMI and HMPA as the only exceptions. Hence the 

concentration of the counterion, CX~I1, w i l l  be extremely small and the 

proportion of free nucleophile in so lu tion , CNu^D, w i l l  be ess en tia l ly  

equal to the quantity added, CNu^].
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PhCHMeSiMegX + Nu — PhCHMeSiMegNu+X"

PhCHMeSlMe2Nu+X" + Nu* PhCHMeSlMe2Nu**X~ + Nu

Rate determining step

Scheme 3 .2 .2

Assuming that the attack of a second molecule of nucleophile at a s i la n e -  

nucleophi le adduct is  the rate determining step, the s ilane-nucleophile 

complex is ion-paired and the equilibrium constant fo r ion -pa ir  

dissociation (K^) is zero, the rate of racemization can be expressed by 

equation 3 .2 .1 .

Rate = k2[PhCHMeSiMe2Nu* X"][Nu*] Equation 3 .2 .1

However the equilibrium constant for complex formation (K_ ) is  relatedeq
to [PhCHMeSiMe2Nu* X~] by the following equation.

k̂  [PhCHMeSiMe2Nu+ X”D
K-_ =   =    Equation 3 .2 .2

Gq k_  ̂ [PhCHMeSiMe2X] CNu]

Therefore [PhCHMeSiMe2Nu* X”] = Kgq[PhCHMeSiMe2X][Nu] and since Nu is the 

same as Nu*, the overa ll racemization rate law can be rew ritten  as 

fo llo w s :-

Rate = k2Kgq[PhCHMeSiMe2X][NuQ]2  Equation 3 .2 .3

Nevertheless, i f  the silane-nucleophile adduct is not completely ion-  

paired , the [PhCHMeSiMe2Nu* X ] term in equation 3.2 .1  is replaced by 

[PhCHMeSiMe2Nu*] and the rate of racemization becomes

Rate = k2[PhCHMeSiMe2Nu*][Nu*] Equation 3 .2 .4
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The concentration of PhCHMeSiMegNu* depends upon the extent of 

dissociation of the complex which can be described by the following  

scheme.

Ky
PhCHMeSiMegNu* X" PhCHMeSiMegNu* + X"

Scheme 3 .2 .3

[PhCHMeSiMegNu*] CX"]
Ky =    Equation 3 .2 .5

[PhCHMeSiMegNu* X"]

[PhCHMeSiMegNu+DCX"] = KyCPhCHMeSiMegNu* X"]

In the absence of added X ,  the concentration of X” is equal to that of 

PhCHMeSiMe2Nu* (CX”H = [PhCHMeSiMe2N u *]) ,  therefore

CPhCHMeSiMepNu*: = KjO"5[phCHMeSiMe?Nu+ X” 3 ° ’  ̂ Equation 3 -2 .6

The rate equation can be modified to

Rate = k2Ky^"^[PhCHMeSiMe2Nu* X"]^"5[Nu*] Equation 3 .2 .7

However, [PhCHMeSiMe2Nu* X~] = K^g [PhCHMeSiMe2X] [Nu], thus substitu ting  

th is  into  equation 3 .2 .7  y ields the overa ll  racemization rate law which 

can be expressed as

Rate = k2Kgg0 "5Ky0 - 5[Nu*][PhCHMeSiMe2X]0 - 5[Nu]0"5 Equation 3 .2 .8

The above equation can be s im plif ied  to give the following equation. 

Rate = k2K2g0 "5Ky0 "5[phCHMeSiMe2X]0 "5[NUo]1"5 Equation 3 .2 .9
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The presence of the Ky term indicates that the rate of racemization is  

governed by the extent of ion -pa ir  d issociation (Ky) in th is  s itu a tio n .  

However the overa ll rate equation is d i f fe re n t  from equation 3 .2 .3 .  

Furthermore, d irec t  substitu tion  of equation 3 .2 .2  into  equation 3 .2 .5  

also produces the same result (equation 3 .2 .9 ) .

To account for a l l  p o s s ib i l i t ie s ,  the overa ll  rate equation fo r th is  

mechanism can be expressed in the following form.

Rate = PAfkzKeqCPhCHMeSiMegXDCNUoOZ} +

PB{k2'Keq°"^Kd°"^[PhC"MeSiMe2X]0"5[NUo]1"5 Equation 3.2 .10

where and Pg are the propo rtiona lity  factors

3 .2 .2  The second mechanism

When X=Br with strong nucleophiles or when X=0SÛ2CF3 with moderately 

strong donor species, the s ilane-nucleophile complexes are formed read ily  

and are more stable with larger equilibrium constants for adduct 

formation. Under these conditions, the following mechanism may hold and 

the concentration of free  nucleophile, CNu^], in solution w i l l  be 

in s ig n if ic a n t .  Assuming that PhCHMeSiMe^X is present in excess and the 

adduct is not ion-paired i . e .  d issociated, the concentrations of X“ w i l l  

be re la t iv e ly  high. In extreme cases, i t  can be assumed that sa lt  

formation may account for almost a l l  the added nucleophile, which is 

f u l ly  supported by the n .m .r. chemical s h i f t  t i t r a t io n  results in the 

previous chapter. I f  th is  is the case, the concentration of nucleophile  

added (CNUqU) should be approximately equal to the concentration of X 

(CX~]) as i l lu s t r a te d  by the following equations.

[PhCHMeSiMe2Nu+] CX“]
K = ------------------------------------------- Equation 3.2.11

[PhCHMeSiM62X] [Nu]
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[PhCHMeSiMe2Nu*] = [X ] ,  therefore the above equation can be rew ritten

as :-

[X"]2 = Kgq [PhCHMeSiMe2X] CNUf] Equation 3 -2 .12

[NUg] = [X ] + CNû D Equation 3 .2 .13

CX“] = {Kgq (CNUq3 -  CX"]) llPhCHMeSiMe2X]>°-^ Equation 3 .2 .14

[ X ~ ] 2  = Kgq CNUq] [PhCH M eSiM e2 X ] -  Kg C X"] [PhCH M eSiM e2 X]

Equation 3 .2 .15

[X"]2 + Kgq[NUo][PhCHMeSiMe2X] - Kgq[X"][PhCHMeSiMe2X] = 0
Equation 3 .2 .16

I f  Kgq is very large the second and th ird  term w i l l  dominate, then the 

rate expression becomes

Kgq [PhCHMeSiMe2X] CX'D -  Kg [PhCHMeSiMe2X] [Nu^] = 0

Equation 3 .2 .1 7

Thus ex’"] is  equal to [Nu^] under th is  condition.

I f  the formation of the s ilane-nucleophile adduct is the rate determining 

step, then the rate law for the racemization rate is

Rate = k^CPhCHMeSiMe2X]CNUg] Equation 3 .2 .18

However i f  the halide exchange is the rate l im it in g  process, the rate

expression becomes

Rate = k2[PhCHMeSiMe2X]CX"] Equation 3 .2 .1 9
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The concentration of free X” depends upon the equilibrium constant for

io n -p a ir  dissociation (Ky), which is related to the equilibrium constant

for complex formation (K^g). As i l lu s t r a te d  in the last section, the

equilibrium  constants for adduct formation (K ) and ion -pa ireq
dissociation (K y )  can be described by the following equations.

[PhCHMeSiMegNu* X"] [PhCHMeSiMegNu*] CX"]
K = ' and Kj

Gq r P h r H M e S i M A - Y i  F N i i i  qCPhCHHeSinejX] CNU] /  [PhCHMeSiMezNu+ X"]

These two equations can be rearranged to give 

[PhCHMeSiMegNu* X"] = K^g [PhCHMeSiMegX] [Nu]

[X“ ] = [PhCHMeSiMegNu*] = Ky°"^ [PhCHMeSiMe2Nu* X " ] ° ’ ^

From equation 3 .2 .1 9 ,  the rate of racemization can be expressed as 

Rate = l<2 [PhCHMeSiMe2X] [X” ]

However [X~] is governed by Ky which is related to K^g, the rate equation 

can therefore be modified.

Rate = l<2 [PhCHMeSiMe2X] Ky°'^ [PhCHMeSiMe2Nu* X” ] ° “^

Rate = l<2 [PhCHMeSiMe2X] Ky°-^ KggO'5 [PhCHMeSiHe2X]°-^  IN u ]° -^

Thus the overa ll racemization rate expression can be rew ritten  as 

Rate = k2Kgq0 "5Ky0 "5[PhCHMeSiMe2X]1 "5[NUf]0"5 Equation 3 .2 .2 0

A . small Kgq and small Ky

I f  Kgg and Ky both l ie  towards the l e f t ,  the concentration of free  

nucleophile in so lu tion , [Nu^], w i l l  be s im ilar  to the quantity of added 

nucleophile, [Nu^]. The rate equation for racemization becomes
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[NUf] = [NUg]

Rate = kg KgqO'S KyO'S CPhCHMeSiHegX]''CNu^d'’ -® Equation 3.2.21

B. Large Kg  ̂ and small Ky

I f  Kgg l ie s  towards sa lt  formation and Ky l ies  towards the io n -p a ir ,  the 

concentration of the io n -p a ir ,  PhCHMeSiMe2Nu* X” ,  w i l l  be approximately 

equal to that of the added nucleophile, [Nu^]. The rate law can be 

expressed in the following form.

[PhCHMeSiMe2Nu+ X"] = CNUg]

Rate = l<2 [PhCHMeSiMe2X] Ky°’  ̂ [PhCHMeSiMe2Nu* X"]°"^

Rate = k2  Ky°"^ llPhCHMeSiMe2 X] CNUgD ’̂  ̂ Equation 3 .2 .22

C. large Kg  ̂ and large Ky

I f  the equilibrium constant l ies  towards the formation of the adduct, 

which dissociates read ily  into  i t s  separate ions, the concentration of 

free  X” w i l l  be essen tia lly  the same as that of the added nucleophile, 

CNUqD. The rate equation can be modified to

[ X T ]  = [N U g]

Rate = k2  [PhCHMeSiMe2 X] ENUg] Equation 3 .2 .23

A charged halide ion is ,  in p r in c ip le ,  more nucleophilie  than a neutral 

nucleophile molecule. Thus, for a given halosilane, the attack by a 

halide ion at the halosilane should take place more read ily  than that by 

a neutral nucleophile molecule. Furthermore, owing to a lesser degree of 

s te r ic  hindrance and greater nucleophiLi c i ty  of the halide anion over the 

uncharged donor molecule, the pentavalent t ra n s it io n  state  formed as a 

consequence of the attack by the halide ion at the halosilane should be 

more stable compared with that produced by the corresponding attack of
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the nucleophiLe molecule. Therefore, on the basis of these k inetic  and 

thermodynamic fa c to rs ,  i t  is  more l ik e ly  for the i n i t i a l  formation of the 

silane-nucleophile complex to be the rate determining process in th is

mechanism u n t i l  the system is in dynamic equ ilibrium . Once the

equilibrium is reached and a steady state is established, then the 

concentration of free X" depends only on the equilibrium constant (K^g) 

and not on the rate of adduct formation. Thus the halide exchange may

become the rate l im it in g  step under these conditions.

Disregarding the mechanistic pathway chosen and the various conditions 

imposed, the rate expression for the nucleophile catalysed racemization 

of PhCHMeSiMe2X (X=Cl or Br) can be generalized by the following  

sim plif ied  equation.

dCPhCHMeSiMegiX*]
Rate = ------   = k[PhCHMeSiMe?X]^[Nu]n Equation 3 -2 .24

dt

where k is an overa ll rate constant including the term for the 

equilibrium constant for adduct formation (K^g). The [Nu] term in the 

above expression (equation 3 .2 .2 4 )  is regarded as the concentration of 

added nucleophile, which is  the basic assumption for the in te rp re ta tions  

of the results from the k ine tic  and variab le  temperature t i t r a t io n  

studies.

P a t e  d[PhCHMeSiMe2X*]

[PhCHMeSiMe2X] dt [PhCHMeSiMe2X] °bs

where t  is the l i f e  time of activated PhCHMeSiMe2X, PhCHMeSilie2X*, and 

kobs is a pseudo-first order rate constant at a p a r t ic u la r  concentration  

of nucleophile calculated using the DNMR4 program. Therefore equation 

3 .2 .24  can be modified to

kobs = = k [PhCHMeSiMe2X]^"1 [Nu]^
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Assuming that the concentration of free  si Lane remains v i r tu a l ly  

unaltered throughout the experiment on addition of nucleophile or m 

equals to 1,  the observed rate constant (kg^g) depends mainly upon the k 

[Nu]" term. The th eo re t ic a l  l ine  shape at a p a r t ic u la r  observed rate  

constant is simulated and compared with the experimentally measured 

result using to ta l  l ine  shape analysis as i l lu s t r a te d  in Figure 3 .2 .1 .  

Taking the natural logarithm of the above equation y ie lds the following  

expression.

In kgbg = n In [Nu] + In k + (m-1) In [PhCHMeSiMe2X] Equation 3 .2 .25

Therefore by p lo tt in g  the observed pseudo-first order rate constants ( In  

kgbg) against the corresponding concentration of the added nucleophile  

( In  [N u ]) ,  the order with respect to the nucleophile (n) can be obtained 

from the gradient of the s tra ig h t l ine  k in e t ic  p lo t .  The order in  

nucleophile can be used to v e r i fy  the various rate laws and the v a l id i t y  

of the assumptions as well as serving as an useful tool in the 

elucidation of reaction mechanism. Hence i t  may be possible to 

distinguish between the two postulated mechanisms for the racemization of 

a given si lane and nucleophile.

Kinetic plots for each s ilane-nucleophile in te rac tion  are shown in the 

accompanying f igu res . The rate of racemization of halosilanes is  

controlled by the nature of the leaving group of the si lane, the strength  

of the nucleophile, the solvent and the concentration. A deta iled  

in te rp re ta t io n  of the results is therefore based on these governing 

factors and is provided in the subsequent sections.

3 .3  The e f fe c t  of leaving group

With a concentrated si lane so lu tion , a smaller amount of nucleophile is  

required to induce racemization, thus s ig n if ican t medium e f fe c t  due to 

the presence of large quantit ies  of nucleophile can be minimised. 

Furthermore, a high concentration of si lane is compatible with the
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necessary signaL-to-noise r a t io .  Thus the nucleophile assisted 

racemization reactions of PhCHMeSiMe2X (X=H, Cl,  Br, OSO2CF3) were 

normally studied in the presence of 9% (0 .2  ml) benzene-d^ to make 

meaningful comparisons of the results .

3.3 .1  Racemization of PhCHMeSiMe2 H

With a four fold excess of HMPA, the observed l ine shapes of the two 

carbon-13 diastereotopic SiMe peaks for PhCHMeSiMe2H remained unchanged. 

However the chemical s h i f t  separation reduced s l ig h t ly  from 6 to 4 Hz, 

which could be a t t r ibu tab le  to a medium e f fe c t .  This implies that e i ther  

the racemization of PhCHMeSiMe2H is extremely slow and cannot be 

registered by the n.m.r .  spectrometer, or the nucleophil ie attack of HMPA 

at the si lane occurs with retent ion of configuration at s i l i c o n .

Poor leaving groups such as the hydride atom almost always undergo 

nucleophil ie substitut ion with re tent ion ,  which should not result  in 

racemization. Nevertheless i f  the si lane does exchange slowly with the 

inverted isomer, i t  is very unl ike ly  for the racemization process to 

proceed via e i ther  of the two proposed mechanistic pathways described 

above. This is simply because the formation of the hydride counterion is 

highly unfavourable. Therefore, for si lanes with very poor leaving 

groups undergoing racemization, an a l te rn a t ive  mechanism may be in 

operation involving molecular intermediates with expansion of
roT

coordination at s i l i c o n ,  as suggested by Corr iu.  However no evidence

for  the operation of such a mechanism was found in th is  study.

RgSiX + Nu ; ^ = = ^  R^SiNuX R3SiNU2X

5 coordinate 6 coordinate 

(X = poor leaving group)

Scheme 3 .3 .4
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3 .3 .2  Racemization of PhCHMeSiMegX (X=Cl, Br, OSO2CF3)

Pyridine is  considered to be a comparatively weak nucleophile,  though 

surpr is ingly only a 0.008 molar equivalent of pyridine is su f f ic ien t  to 

induce coalescence of the two diastereotopic SiMe resonances of 

PhCHMeSiMe20S02CF3,  giving a sharp singlet with a normal l inewidth.  The 

reaction rate is much too rapid to be measured accurately with such a 

concentrated si lane solut ion,  however the higher the proportion of 

solvent the more pronounced the solvent e f fe c t .  Under ident ica l  reaction  

condit ions, an equimolar quantity of pyridine was required for  the 

collapse of the two SiMe peaks for PhCHMeSiMe2Br, whereas those for  the 

analogous chlorosilane were only near the point of coalescence with a ten 

fold excess of pyr id ine.

Therefore i t  can be generalized that for a given nucleophile at ambient 

temperature, the re la t iv e  rate of racemization of PhCHMeSiMe2X (X=Cl, Br,  

OSO2CF3) decreases with counterion in the following sequence X=0S02CF3 > 

Br > Cl.  The results obtained for a series of interactions between 

PhCHHeSiMe2X (X=Cl, Br) and a wide range of nucleophiles are also in 

accordance with th is  trend.

The rat ionale  behind these observations l ies  in the nature of the 

counterion, which can be categorized by i t s  leaving group a b i l i t y ,  i t s  

nucleophi l ic i ty  and i t s  f a c i l i t y  to be solvated. In comparisons with the 

bromide and t r i f l a t e  anion, the chloride ion is  a r e la t i v e ly  poor leaving 

group and is less easily  solvated but i t  is a good nucleophile.  These 

combining factors contribute to the unfavourable formation of the 

[PhCHMeSiMe2Nu]*Cl" ionic complex, and consequently the slower 

racemization of PhCHMeSiMe2Cl.  This is because the si lane-nucleophi le 

sal t  plays a determining role in the reaction pathway, as indicated in 

the der ivat ion of the rate expressions.

Because the t r i f l a t e  anion is a comparatively poor nucleophile,  the 

attack by the t r i f l a t e  anion at the s i l icon  atom of PhCHMeSiMegOSOgCF^
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Figure 3.3.1
A kinetic plot For the racemization oF PhCHMeSiMezCl
catalysed by HMPA,
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- 0 .  92. e
In  tH M P A l

In kobs z 2.329 (s.d. 0.044) in [HMPAl 4 6.436 (s.d. 0.054) 

solvent: 9Z Benzene-d6 (0.2 ml)
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Figure 3.3.2
The eFFect oF leaving group on the racemization oF PhCHMeSiMezX
(X=C1, Br) catoiysed by NMI.
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Figure 3.3.3
The effect of leaving group on the racemization of PhCHMeSiMezX
(X=C1, Br) catalysed by DttPU.
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Figure 3.3.4
The eFFect of leaving group on the racemization oF PhCHMeSiMezX
(X=C1, Br) catalysed by DMEU.
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Figure 3.3.5

The effect of leaving group on the racemization of PhCHMeSiMezX
(X=CI, Br) catalysed by TMU.

4. 25

4. 00

3. 75

c 3. 50

3. 25

2. 75

2. 50

2. 25 A. X=CI, 9% Benzene-d6
B. X=Br, 9% Benzene-d6

- 1 . 0. 5
In  [T M U ]

A. In kobs = 4.692 (s.d. 0.20) In [TMU] -  1.337 (s.d. 0.22)

B. In kobs = 1.649 Cs.d. 0.07) In [TMUl 4 4.273 (s.d. 0.04)



-121-

Figure 3.3.6
The eFFect oF leaving group on the racemization oF PhCHMeSiMezX
(X=C1, Br) catalysed by NMPO.
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Figure 3.3.7
The effect of leaving group on the racemization of PhCHMeSiMeZX
(X=C1, Br) catalysed by NMP.
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Figure 3.3.8
The effect of leaving group on the racemization of PhCHMeSiMezX
(X=Ci, Br) catalysed by BMP.
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Figure 3.3.9
The effect of leaving group on the racemizotion of PhCHMeSiMezX
(X=C1, Br) catalysed by pyridine (py).
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Figure 3.3.10
The effect of leaving group on the racemizatlon of PhCHMeSiMezX 
(X=Cl, Br) catalysed by 3,SDMP.
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Figure 3.3.11
A kinetic plot For the racemizatlon of PhCHMeSiMezBr 
catalysed by 2,4DMP.
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shouLd be slower with respect to the analogous bromide exchange of the 

bromosilane. Therefore, i f  the attack by the counterion of a s i lane -  

nucleophile adduct at the uncomplexed si lane is rate determining, the 

re la t ive  rate of racemization should decrease with counterion in the 

following order X=Br > OSO2CF2 - Nevertheless, for a given nucleophile,  

the rate of racemization of PhCHMeSiMegOSOgCF  ̂ was immeasurably fast  

r e la t iv e  to the bromosilane. This apparent contradiction can be 

ra t ional ized by the greater leaving group a b i l i t y  of the t r i f l a t e  anion 

compared with the bromide analogue. Furthermore, the larger equil ibrium  

constant for adduct formation in the case of s i l y l  t r i f l a t e  as well as 

the greater a b i l i t y  of the counterion to be solvated lead to a higher 

concentration of t r i f l a t e  anion in solution.

3 .4  The e f fec t  of nucleophile

Owing to the i r  ca ta ly t ic  behaviour in s i ly la t io n  reactions, nucleophiles 

are frequent ly used in conjunction with s i l icon  reagents. The nature of 

nucleophile is therefore crucial  in governing the outcome of nucleophi l ic  

substitut ion at s i l i c o n .  Detai led studies were performed on the 

interact ions of PhCHMeSiMe2X (X=Cl, B r ) ,  usually in 9% (0.2 ml) benzene- 

d^, with f ive  d i f fe re n t  classes of donor species. These categories 

consisted of amides (NMPO, NMP and DMF), ureas (DMPU, DMEU and TMU), 

pyridine as well  as the substituted pyridines (2,4DMP, 3,5DMP and 

2,6DMP), amines including imidazole (Et^N and NMI) and la s t ly  the 

phosphine oxide, HMPA. Reproducibil i ty was checked by repeating the 

reaction of PhCHMeSiMe2Cl with HMPA in 9% benzene-d^.

Less concentrated PhCHMeSiMe2Br solutions in the more polar  

dichloromethane-d2 were used for the reactions with strong nucleophiles.

A f ive  fold d i lu t ion  containing 1.8 ml dichloromethane-d2 was required 

for monitoring the HMPA activated racemization of PhCHMeSiMe2Br,  

otherwise the reaction rate was too rapid to be measured accurately and 

sa l t  p rec ip i ta t ion  was also observed. Instantaneous p rec ip i ta t io n  of the 

adduct was noted when NMI or NMPO was added to a bromosilane solution in
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Table 3 .4 .1
Summary of the k inet ic  results for  the nucleophile assisted racemizations 
of PhCHMeSiMegX (X=Cl, Br)

eophile Molar ra t io  of si lane : Nu at coalescence Order in Nu
X=Cl X=Br X=Cl X=Br

HMPA 1.0 : 0.08 instant p rec ip i ta t ion 2.33 _
immeasurably fast^

1.0 : 0.02® - 1.48
1.0 : 0.01®'b - 1.34

NMI 1.0  : 0.13 instant prec ip i ta t ion  3.37 -

1.0 : O.O35G — 1.64
1.0 : 0.027^'^ - 1.55

NMPO 1.0 : 0.34 instant prec ip i ta t ion  3.74 -
1.0 : O.O2C - 1.60

DMPU 1.0 : 0.37 1.0 : 0.03 4.74 0.86
1.0 : O.O5C - 1.17

DMEU 1.0 : 0.86 1.0 : 0.10 4.38 1.70

DMF 1.0 : 1.00 1.0 : 0.07 7.58 2.33

NMP 1.0 : 1.18 1.0 : 0.09 4.40 2.02

TMU 1.0 : 1.02 1.0 : 0.22 4.69 1.65

3,5DMP 1.0 : 6.23 1.0 : 0.76 3.76 2.07

p y 1.0  : 9.8?d 1.0 : 1.31 8.98 3.42

2,4DMP 1.0 : 6.38® 1.0 : 1.68 - 1.81
2,6DMP no no — —

EtgN no no
■

Quantit ies used: si lane 2.0 ml
solvent 0.2 ml benzene-d^

 ̂ 0 .4  ml si lane in 1 .8  ml dichloromethane-d2
 ̂ in the presence of 2,6DBP

c 1.0  ml si lane in 1.2 ml dichloromethane-d2
 ̂ near coalescence

® only broadened
no not observed
The rate of exchange between PhCHMeSiMe20S02CF2 and py was very 
rapid and immeasurable.
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9% benzene-d^. Therefore the interactions with NMI, NMPO and DMPU were 

carried out with dichloromethane-d2 as the solvent; the si lane solutions  

were d i lu ted two fold with 1.0 ml of si lane dissolved in 1.2 ml of 

solvent.  DMPU was also studied in th is  solvent to enable comparison of 

the results to be made with the 9% benzene-d^ solution.

For each si lane-nucleophi le in te ra c t io n ,  the gradual broadening and the 

subsequent coalescence of the two diastereotopic carbon-13 SiMe signals 

were followed with increasing concentration of nucleophile.  The k ine t ic  

plots of In rate constant versus In [Nu] for PhCHMeSiMe2X (X=Cl, Br) with 

a p ar t icu la r  nucleophile are provided in the appropriate f igures .  A 

summary of the calculated orders in nucleophile and the rat ios of si lane 

to nucleophile at coalescence for  a given si lane is shown in Table 3 . 4 . 1 .

3 .4 .1  Nucleophile assisted racemization of PhCHMeSiMe2Cl

Inspection of the results indicates that the var iat ions in the quant ity  

of nucleophile needed for coalescence to occur share the same trend as 

the orders in nucleophile,  which re f lec ts  the nuc leophi l ic i ty  of the 

donor species. With increasing donor strength, a larger ra t io  of si lane 

to nucleophile was observed since the merging of the two peaks occurred 

more readi ly  in the presence of a reduced amount of nucleophile .  An 

approximate second order with respect to HMPA was observed for  the 

racemization of PhCHMeSiMe2CI ,  which is f u l l y  consistent with the f i r s t  

proposed mechanistic route involving two consecutive nucleophil ic attacks

as i l l u s t r a te d  in Scheme 3 . 2 . 1 .

The racemization of the chlorosilane should proceed via the same 

mechanism for a l l  nucleophiles. Surpris ingly ,  high orders in nucleophile  

were noted especia l ly  in the cases of DMF and pyr id ine ,  with orders of 

7.58 and 8.98 respect ively.  These unexpected results can be a t t r ib u te d  

to two factors .  F i r s t l y ,  the p o la r i ty  of the medium changes with 

increasing concentration of nucleophile favouring the formation of s a l t



- 130-

and secondly the aggregation of nucleophile molecules, which can be 

represented mathematically by the following scheme and rate equations.

Me

P h - C ^

n Nu +
Me /  

Me

H

n Nu

Cl

Me
H

/
C  Ph

Cl Si,
\" " M e

Me

k_i

k.i

Me
H

/
t  Ph

Nu S I

k_,

Y ' M e
Me

kg Nu*

Cl Nu n-1

Me

Ph C
H

M ë 7
Me

\  . 
..'SI Nu C'

n is the number of aggregated nucleophile molecules 

Scheme 3 .4 .1  Aggregation of Nu molecules in PhCHMeSiMe2Cl racemization

I t  is assumed that the attack of a second molecule of nucleophile at the 

si l icon  atom of the s i lane-nucleophile adduct is the rate determining 

step of the process. I f  the s i lane-nucleophile complex is ion -pa ired ,  no 

ion-pa ir  dissociation takes place and the racemization can be expressed 

by the following rate law.

Rate = k2[PhCHMeSiMe2Nu+ X” (Nu)^_,,]CNu*] Equation 3 .4 .1

However the equil ibrium constant for complex formation (K__) is  re lated  

to the concentration of the adduct.
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k,, [PhCHMeSiMe2Nu+ X‘ (Nu)^_,,]
Kg =   =    Equation 3 .4 .2

k_,j [PhCHMeSiMe2X] [Nu]"

[PhCHMeSiMe2Nu+ X'CNu)^.,,] = Kgq[PhCHMeSiMe2X][Nu]"

Subst ituting the above expression into the equation 3-4.1 y ie lds an 

overa ll  rate law for the racemization of the chlorosilane since Nu is the 

same as Nu .

Rate = k2Kgq[PhCHMeSiMe2X][Nu]"+1 Equation 3 .4 .3

Nevertheless i f  the adduct dissociates into separate ions, the rate  

expression for the racemization can be wri t ten  in the following form.

Rate = k2[PhCHMeSiMe2Nu*][Nu*] Equation 3 . 4 .4

k,| [PhCHMeSiMe2Nu+ X”(Nu)ĵ_,|]
K = --------  =    Equation 3 .4 .560

k.,, [PhCHMeSiMe2X ] [Nu]"

Kg [PhCHMeSiMe2X] [Nu]" = [PhCHMeSiMe2Nu+ X"(Nu)^ .| ]

Ky
PhCHMeSiMe2Nu+X"(Nu)n_i PhCHMeSiMe2Nu+ + X"(Nu)n_i

Scheme 3 .4 .2

The equil ibrium constant for ion-pair  dissociat ion (Ky) can be expressed 

as fo l low s:-

[PhCHMeSiMe2Nu+] [X” (Nu)^_,,] 

[PhCHMeSiMe2Nu+ X“ (Nu)p«,|]
Ky =     Equation 3 . 4 . 6
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Combining equations 3 .4 .5  and 3 -4 .6  gives the following expression.

[PhCHMeSiMegNu+DCX'CNu)̂ .̂ ] = Ky[PhCHMeSiMe2Nu+X"(Nu)n_i]
Equation 3 .4 .7

[PhCHMeSiMe2Nu*] = [X (Nu)^_^],  therefore the above equation can be 

rewri tten as

[PhCHMeSIMegNu+n = Kjj^-^CPhCHMeSiMejNu'^X'CNu)^.^]^-^

Subst itut ing th is  equation into the overa ll  rate expression produces the 

following rate law.

Rate = k2KyO"5[phCHMeSiMe2Nu+ X“ (Nu)^_,,]°-^CNu*] Equation 3 .4 .8

But from equation 3 .4 .5

CPhCHHeSiMegNu'  ̂ X"(Nu)^_^3 = K [PhCHMeSiMegX] [Nu]"

Hence the overa ll  rate equation for the racemization of chlorosilane can 

be reduced to

Rate = k2Kgq0"5Ky0"5[PhCHMeSiMe2X]0"5[Nu]("+2)/2 Equation 3 -4 .9

Furthermore, with a weak donor species for instance pyr id ine ,  a large 

quantity of nucleophile is necessary for coalescence of the two 

diastereotopic SiMe signals.  In th is  case, the nucleophile becomes the 

solvent giving rise to a pronounced medium e f fec t  s ta b i l i z in g  the s a l t .  

Apart from aggregation of molecules through hydrogen bonding, complex 

formation between DMF and aromatic solvents, such as benzene, has been 

proposed. The preferred geometrical arrangement of the DMF-benzene

complex is shown in the f igure below. The nitrogen atom, with i t s  

f rac t iona l  posit ive charge, is located above the centre of the benzene 

r ing.  The carbonyl group tends to be as far  away from the centre as
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possibLe with the amide and benzene planes remaining approximately 

p a r a l l e l .

H3C

Figure 3.4.1 DMF-benzene complex

3 .4 .2  Nucleophile promoted racemization of PhCHMeSiMe2Br

Due to p rec ip i ta t ion  of si lane-nucleophile adduct, the interactions with 

strong donors were performed in dichloromethane-d2 at d i f fe re n t  

concentrations. Therefore the results are divided into two groups 

according to the concentration of the si lane and the solvent used. Thus 

the reactions in 9% (0.2 ml) benzene-d^ are considered separately to 

those in dichloromethane-dp.

The changes in the quantity of nucleophile u t i l i z e d  for inducing 

racemization and the orders in nucleophile follow s imilar  trends to those 

observed for the corresponding racemization of PhCHMeSiMe2Cl.  However in 

contrast to the analogous chlorosi lane,  the orders in nucleophile for  the

PhCHMeSiMe2Br series are much smaller and l i e  between 1 to 3 

approximately. Furthermore, the amount of nucleophile required for the 

coalescence of the two SiMe signals was f ive  to ten fold less than that  

for the chlorosilane racemizations, hence the ratios of si lane to 

nucleophile at coalescence were considerably larger for the bromosilane.

Similar to the PhCHMeSiMegCl ser ies,  DMF and pyridine again y ie ld  the 

highest orders for the bromosilane racemization, which are 2.326 and
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3.422 respect ive ly .  No s ign i f ican t  broadening of the two diastereotopic  

SiMe resonances could be detected for e i ther  of the si lanes, PhCHMeSiMegX 

(X=Cl, B r ) ,  even in f ive  to seven fold excess of 2,6-dimethyIpyr idine  

(2,6DMP) or tr iethylamine (Et^N).  With successive addit ions of 2 ,4 -  

dimethyIpyridine (2,4DMP) to the PhCHMeSiMe2Cl solut ion ,  s l ight  changes 

in the l ine  shapes of the two peaks were noted, though merging of the 

signals were not observed even with a six molar excess of the 

nucleophile .

The lack of r e a c t iv i t y  in these two substituted pyr idines,  p a r t ic u la r ly  

2,6DMP, is quite surprising in view of the 3,5DMP resu l ts .  The 

s im i la r i t y  between the donor properties of the three methyl substituted  

pyridines (pKa = 6 .77 ,  6.72 and 6.14;  T a f t 's  scale of nuc leophi l ic i ty^^^^ 

or Beta = 0 .76 ,  0.74 and 0.70 for 2,6DMP, 2,4DMP and 3,5DMP respect ively)  

strongly implies that the e f fec t  is largely s ter ic  in or ig in  for  2,6DMP. 

Nevertheless the extremely hindered nature of  2 , 6 - d i - t e r t - b u t y 1-4-  

methylpyridine did not prevent i t s  in teract ion  with te r t -bu ty Id im ethy l -
ropn

s i l y l  perchlorate as reported by Barton and T u l ly ,  although no 

supporting data for complex formation was provided. Such adduct 

formation is not e n t i re ly  unexpected since s i l y l  perchlorates are more 

e f fe c t ive  complexing agents than the commonly employed s i ly la t in g  

species, for example t r im e th y ls i ly l  t r i f l a t e .  This s ter ic  explanation  

can also be advanced to account for  the resul ts with Et^N. However the 

major contributing factor  is more l i k e ly  to be i t s  comparatively weak 

donor strength.

With increasing nuc leophi l ic i ty  of the donor, the gradual reduction in 

the orders with respect to nucleophile strongly indicates a change in the 

reaction pathway. Second orders are observed with nucleophiles, such as 

NMP and 3,5DMP, which are in accord with the mechanism in section 3 . 2 . 1 ,  

where two molecules of nucleophile attack consecutively at s i l i c o n .  The 

observation of an approximately f i r s t  order with respect to DMPU, a 

r e la t i v e ly  powerful nucleophile,  implies that the mechanism postulated in 

section 3 .2 .2  is operating. Fractional orders between 1 and 2 for  

nucleophiles with intermediate strength, for instance DMEU and TMU, can
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Fîgure 3.4.2
The effect of nucleophile on the racemization of PhCHMeSlMezCl 
In the presence of 2,6DBP In dlchloromethane-dz.

0>
C
o
o

Cu
c

2. 8

A. Nu = HMPA

- 0. 6
I n  E N u l

A. In kobs = 1.569 (s.d. 0.05) In IHMPA) + 5.748 (s.d. 0.08)

B. In kobs = 1.277 (s.d. 0.06) In ENMIl 4 4.392 (s.d. 0.05)
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be ra t ionalized e i ther  by the operation of the f i r s t  mechanism (Scheme 

3 .2 .1 )  under the conditions of ion-pa ir  dissociation or a l te rn a t iv e ly  by 

a combination of the two mechanistic routes.

The formation of a s i lane-nucleophile adduct was c lear ly  demonstrated by 

the p rec ip i ta t ion  of s a l ts ,  when strong donor species (HMPA, NMI or NMPO) 

were added to PhCHMeSiMegBr solutions in the r e la t i v e ly  non-polar 

benzene-d^. HMPA proved to be an extremely e f f i c ie n t  nucleophile since 

the racemization of PhCHMeSiMe2Br was very rapid even with a f iv e  times 

less concentrated si lane solution in 1.8 ml dichloromethane-dg. Hence, 

only three data points were recorded but they produced a l inear  

regression l ine  without appreciable sca t te r .  The orders in these 

nucleophiles (HMPA, NMI, NMPO and DMPU) are s imilar  to that observed by 

Cartledge^^^'^^^ on halide exchanges and the order of  1.6 in chloride ion 

reported by Prince^^^^ on halide exchange of Ph^SiCl. However, for  

( -) l-NpPhMeSiCl,  orders of 0.5 and 1.5 were observed for racémisation and 

exchange respect ive ly .  These d i f f e r e n t  orders resulted from a combination 

of retent ion and inversion at s i l i c o n .

3.5  The e f fe c t  of solvent

The nature of solvent is expected to play a key role in governing the 

rate of racemization since ionic intermediates are involved in the two 

postulated mechanisms. Changes in the medium w i l l  a f fe c t  the 

s t a b i l i z a t io n  of the ionic charges and hence a l t e r  the reaction ra te .

The influence of solvent on the rate of racemization of a halosilane was 

examined in d e ta i l  by studying the interactions of PhCHMeSiMe2Cl with 

nucleophiles (NMI, HMPA) in 9% (0 .2  ml) in d i f f e r e n t  solvents. The 

results together with the physical constants of the various solvents used 

are outl ined in the following tab le .
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TabLe 3 .5 .1  Solvent e ffec t on the racemization of PhCHMeSiMegCl

catalysed by nucleophiles (NMI, HMPA)

Solvent Po lar i ty D ie lec t r ic  constant Ratio silane:Nu Order in, Nu

(Et ) (O HMPA NMI HMPA NMI .

C6D6 -CD3 33.9 2.4 1 :0.080 1:0.129 2.995 2.557

34.5 2.3 1:0.075 1:0.126 2.329 3.367

CD2CI2 41.1 8.9 1 :0.052 1:0.077 1.745 1.921

CD3NO2 46.3 35.9 1 :0.012 1:0.031 1.256 1.141

The quantity of nucleophile required for  coalescence follows a s imilar  

trend to the order with respect to the nucleophile,  which is d i r e c t ly  

related to the observed rate of racemization of the si lane. The resul ts  

above can be rat ional ized in terms of the physical properties of the 

solvent.  Generally,  in solvents with analogous propert ies ,  the two 

diastereotopic SiMe resonances collapse at a s imi lar  rate for a 

par t icu la r  si lane and nucleophile.  The comparatively non-polar solvents,  

toluene-dg and benzene-dg, require a higher proportion of nucleophile to 

induce coalescence. The orders in the nucleophile for the racemization 

reaction are between 2 to 3.  With more polar solvents, such as 

nitromethane-dg, the order . is  closer to uni ty and a smaller quantity of 

nucleophile is needed for racemization.

This strongly suggests that d i f f e r e n t  mechanisms are adopted for solvents 

with d i f f e r e n t  p o la r i t ie s  and d ie le c t r i c  constants. The higher orders 

with respect to nucleophile in r e l a t i v e l y  non-polar solvents are 

consistent with the f i r s t  mechanistic route in Scheme 3 . 2 . 1 ,  where two 

molecules of nucleophiles are involved, corresponding to a second order  

in nucleophile.  S im i la r ly ,  when the racemization takes place in polar  

media, i t  probably follows the second pathway as depicted in Scheme 

3 . 2 . 1 ,  resul t ing in an approximate f i r s t  order in the nucleophile .

The s ta b i l i z a t io n  of the counterion Cl" offered by the solvent can 

account for  such a change-over in the reaction mechanism. The formation
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Figure 3.5.1
The effect of solvent on the racemizotion of PhCHMeSliHezCl
catalysed by HMPA.

J L >

2. 0

A. Benzene-diB
B. Toluene-d8
C. Dichloromethane-da
D. Nltromethane-d3

- A -

- 2. 5 - 1 .  O

A. In kobs = 2,329 (s.d. 0.04) in (HMPAl + 6.436 (s.d. 0.05)

B. In kobs = 2.995 (s.d. 0.09) In (HMPAl + 7.076 (s.d. 0.11)

C. In kobs = 1.745 (s.d. 0.03) In (HMPAl + 6.440 (s.d. 0.05)

D. In kobs = 1.256 (s.d. 0.03) In (HMPAl 4 7.547 (s.d. O.Ol)
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Figure 3.5.2
The effect of solvent on the racemization of PhCHMeSiMezCl
catalysed by NMI.

-li
c
(O
Coo

2. 0

A. Benzene-d6
B. Toluene-d8
C. DlchIoromethttne-d2
D. NitromeLhane-d3

-0 . 5>- 2 . 0 - 1 . 0
In  t N M Il

A. in kobs
B. In  kobs
C. in kobs
D. in  kobs

3.367 (s.d. 0.13) in (NMI) 4 5.730 (S .d .  0.07)
2.557 (S .d .  0.93) in tNM Il 4 5.323 (S.d .  0.72)
1.921 (S .d .  0.06) In  iN M Il 4 5.911 (s.d. 0.08)
1.141 (s.d. 0.03) in [NMIl 4 6.042 (S .d .  0.07)
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and the subsequent ion dissociation of the ionic s a l t ,  

[PhCHMeSiMe2Nu]*Cl" ,  are favoured as the medium becomes more polar .  

Solvents with large p o la r i t ie s  and d ie le c t r ic  constants s ta b i l i z e  ionic 

charges and enhance dissociation of the [PhCHMeSiMe2Nu]^Cl complex into  

i t s  separate ions by solvation. As concluded in the preceding chapter,  

the counterion. Cl” ,  may attack the s i l icon  atom of PhCHMeSiMe2Cl 

inducing racemization of the si lane.

3 .6  The e ffec t of concentration

An i n i t i a l  qu a l i ta t iv e  study on the e f fec t  of d i lu t io n  on the rate of 

racemization of a halosilane was carr ied out by syringing successive 

al iquots of dichloromethane-d2 into a coalesced mixture of PhCHMeSiMe2X 

(X=Cl or Br) and HMPA. The changes in the l ine shape of the coalesced 

broad SiMe peak were examined as the concentrations of si lane and HMPA 

were a l te red .

Di lution with dichloromethane-d2 causes an i n i t i a l  sharpening of the 

broad SiMe resonance of PhCHMeSiMe2Cl ,  indicat ing an increase in the 

racemization ra te .  Rate retardat ion was observed a f te r  a cer tain l im i t  

was reached, accompanied by l ine broadening of the sharp s ignal .  However

additions of dichloromethane-d2 to the reaction mixture of the 

corresponding bromosilane and HMPA only induced deceleration of the

racemization ra te .

The above ra t ion a l iza t ion  for the acceleration of the racemization rate  

with increasing p o la r i t ie s  and d ie le c t r i c  constants of solvents can also 

be applied to explain the i n i t i a l  r ise in the racemization rate of 

PhCHMeSiMe2Cl in th is  case. The rate expressions in section 3 .2  c lea r ly  

demonstrate that the rate of racemization of PhCHMeSiMe2X (X=Cl, Br) is 

d i re c t ly  proportional to and controlled by the equil ibrium constant for  

adduct formation (K^g) as well  as the concentrations of the si lane and 

nucleophile,  i . e .  rate a Kgq[PhCHMeSiMe2X][Nu].  Variations in K^g or the 

concentrations of the reacting species w i l l  lead to changes in the
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reaction ra te .  Thus the racemization rate is governed by a del icate  

balance between the equil ibrium constant and the concentrations of the 

substrates.

Owing to the introduction of dichloromethane-d2,  the medium becomes more 

polar ,  f a c i l i t a t i n g  the solvation and hence s t a b i l i z a t io n  of the ionic  

CPhCHMeSiMe2“HMPA]’*’Cl" intermediate,  thus a larger equil ibrium constant 

for such adduct formation results .  Nevertheless, an increasing 

proportion of solvent reduces the concentrations of the si lane and 

nucleophile.  The increase in the equil ibrium constant probably of fsets  

the decrease in the concentrations yie ld ing an overa l l  acceleration in 

the racemization rate of PhCHMeSiMe2Cl at the beginning of the d i lu t io n  

process.

As the additions of dichloromethane-d2 continue, the d i lu t io n  e f fec t  

dominates leading to rate decelera tion. This explanation can also be 

responsible for the decrease in the racemization rate of the analogous 

bromosilane. The [PhCHMeSiMe2-HMPA]*Br” sa l t  is formed readi ly  and is 

more eas i ly  solvated than i t s  chloride counterpart.  Therefore increasing  

the p o la r i ty  of the medium w i l l  o f fe r  a comparatively small s t a b i l i z in g  

ef fec t  on the adduct; the equil ibrium constant w i l l  not be af fected  

s ig n i f i c a n t ly .  Thus the decrease in the rate of racemization of 

PhCHMeSiMe2Br is mainly due to the lowering of concentrations of the 

reactants.

The influence of concentration on the rate of HMPA catalysed racemization 

was investigated in d e ta i l  by following the rate at which the two 

diastereotopic SiMe peaks of PhCHMeSiMe2Cl coalesce, at four d i f f e r e n t  

si lane concentrations in e i ther  benzene-d^ or dichloromethane-d2 as 

l is ted  below. The experimental results are summarized in the fol lowing  

table and are presented in the f igures provided.

A. 2.0 ml of si lane in 0.2 ml solvent (standard 9%)

B. 1.0  ml of si lane in 1.2  ml solvent (two fold d i lu t io n )

C. 0.4 ml of si lane in 1.8 ml solvent ( f ive  fold d i lu t io n )

D. 0 .2  ml of si lane in 2 .0  ml solvent (ten fold d i lu t io n )
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Table 3.6.1 Concentration effect of on the racemization

of PhCHMeSiMegCl

Concentration Ratio of PhCHMeSiMe2Cl: HMPA Order in Nu 

at coalescence

9% benzene-d^ (0-2 ml)

Two fo ld (1.2 ml)

Five fold C^D  ̂ (1.8 ml) 

Ten fold C^D  ̂ (2.0 ml)

9% CD2CI2 (0 .2 ml)

Two fold CD2CI2 (1.2 ml) 

Five fold CD2CI2 (1 .8 ml) 

Ten fold CD2CI2 (2.0 ml)

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.075

0.248

0.984

2.559

0.052

0.038

0.079

0.153

2.329 

4.210

7.664  

3.504 (53.127)

1.745

1.244 

0.961

1.282

In each d i lu t io n  ser ies ,  the re la t ive  quantity of HMPA required to induce 

coalescence of the two diastereotopic SiMe peaks is inversely  

proportional to the si lane concentration. The higher the proportion of 

solvent the more d i lu te  the si lane solut ion,  and the larger the r e la t iv e  

amount of HMPA needed to promote racemization of PhCHMeSiMe2Cl.  However, 

d i lu t io n  with the r e la t iv e ly  non-polar benzene-d^ produces an opposite 

trend to that observed with dichloromethane-d2 for the order with respect 

to HMPA.

The order in HMPA tends towards unity as the si lane solution in the polar  

dichloromethane-d2 becomes increasingly d i lu t e .  In  the presence of 9% 

(0.2 ml) dichloromethane-d2,  an order of 1.74 in HMPA was evaluated for  

the PhCHMeSiMe2Cl racemization. However, on f ive  fo ld d i lu t io n  with 0.4  

ml of chlorosilane in 1.8 ml dichloromethane-d2,  an approximate f i r s t  

order in the nucleophile was recorded. The small but s ign i f ican t  

reduction in the order with respect to HMPA is consistent with a change 

in the reaction mechanism, from one involving two molecules of 

nucleophile to a pathway consisting of only one molecule of HMPA as 

described in section 3 .2 .  Again, the s ta b i l i z a t io n  of the ionic
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[PhCHMeSlMe2-HMPA]*CL~ sal t  by solvation plays a determining role in the 

choice of mechanism.

Owing to the rapid dissociation of the ionic complex into i ts  indiv idual  

components, the CPhCHMeSiMe2~HMPA3'^Cl” species is rather short - l ived in 

the absence of solvent s t a b i l i z a t io n .  As a consequence of increasing 

solvation of the small ,  hard chloride ion in a more polar medium, the 

equil ibrium is pushed towards complex formation and dissociat ion of the 

adduct becomes in s ig n i f ic a n t .  Thus the racemization of PhCHMeSiMe2CI ,  

catalysed by nucleophil ic attack of the counterion at the si lane, w i l l  be 

more favourable under these conditions.

In te re s t in g ly ,  with the r e la t i v e ly  non-polar benzene-d^ as the solvent,  

the analogous racemization of PhCHMeSiMe2Cl exhibited completely 

d i f fe re n t  behaviour regarding the order with respect to the nucleophile.  

The second order in HMPA observed for the racemization in 9% (0 .2  ml) 

benzene-d^ strongly implies that the reaction proceeds via the mechanism 

involving two consecutive nucleophil ic attacks at s i l i c o n .  This is in 

good agreement with the results obtained from the preceding sections.

The unexpected increase in the orders with respect to HMPA, in d i lu te  

si lane solutions in benzene-d^, can be accounted for by aggregation of 

polar molecules of nucleophile in the comparatively non-polar medium. In 

a ten fold d i lu ted  si lane so lut ion ,  only 0 .2  ml of PhCHMeSiMe2Cl is 

present in 2.0 ml benzene-d^. The large medium e f fec t  is manifested by 

the scatter of the data points around the l inear  regression l in e .  Thus 

the order of 3.504 in HMPA calculated for  th is  system may not be v a l id .  

When only the last  four data points at high concentrations of HMPA are 

considered, the k inet ic  plot  yie lds an order in HMPA of 53.127 which is 

extremely un l ike ly .
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Figure 3.6.1
The effect of concentration on the racemization of PhCHMeSiMezCl
catalysed by HMPA in benzene-d6.
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Figurc 3,6.2
The effect of concentration on the racemization of PhCHMeSiMezCl
cataiysed by HAiPA in dichloromcthane-d2.

3. 5

_L>
c
(0
co
o

-L>au

2. 0

A. 9% Dichloromethane-d2
B. Two fold dilution
C. Five fo ld  d ilu tio n
D. Ten fold dilution

-4 . 0* -3 . ot -2 . 5 I -2 . 0* 
In  [HM PA]

-3 . 5

A. in k o b s

B. In  k o b s

C. in  k o b s

D. in k o b s

1.745 (s .d .  0.03) in [HMPA] + 6.440 ( s .d .  0.05)
1.244 (s .d .  0.03) in [HMPAl 4 6.864 (S .d . 0.09)
0.961 (S .d . 0.19) In  [HMPA] 4 6.223 (s .d .  0.51)
1.282 (S .d . 0.09) In  [HMPAl 4 7.012 (S .d . 0.28)



—146—

3.7  The effect of hydrolysis

Extreme care was exercised to ensure that a l l  reactions were studied 

under comparatively moisture-free conditions, though trace amounts of 

hydrolysis cannot be ruled out. Nonetheless, in order to confirm that  

the racemization of PhCHMeSiMe2X (X=Cl, Br) was indeed promoted by the 

added nucleophile and not by the hydrolysed product HX, a s t e r ic a l l y  

bulky base was introduced to remove any traces of acid impurity.  Based 

upon the 2 , 6DMP results in section 3 .4 ,  the formation of s i lane-  

nucleophi le complexes is dependent on s te r ic  factors .  Therefore being an 

extremely weak nucleophile,  th is  base should not a f fec t  the racemization 

of si lane and merely function as an acid scavenger.

Thus the nucleophile (NMI, HMPA) enhanced racemizations of PhCHMeSiMe2X 

(X=Cl, Br) were examined in the presence of 8% (0.2 ml) of the s t e r ic a l l y  

hindered 2 , 6- d i - t e r t - b u t y lp y r id in e  (2,6DBP) in 84%, two and f ive  fo ld  

di lu ted si lane solutions in dichloromethane-d2 - The results are out l ined  

in Table 3.7.1 and are presented in the accompanying graphs.

Analogous orders with respect to a given nucleophile are obtained for  a 

given si lane except in the case of PhCHMeSiMe2Cl with NMI, which implies 

that the percentage of hydrolysis in the reaction mixtures is indeed 

insubstant ia l .  Nevertheless, the quantity of nucleophile required for  

racemization is affected by the presence of 2,6DBP. In the absence of 

the strong base, the added nucleophile w i l l  f i r s t  remove the acid 

impurity by complexation yie ld ing NuH^X” adduct, pr ior  to attacking the 

s i l icon  species. No such complexation takes place i f  the hydrolysed 

impurity is already consumed by the base before the introduct ion of 

nucleophile. Thus for  a given si lane, when a strong base is u t i l i z e d  as 

an acid acceptor, racemization should occur with a reduced amount of 

added donor species as is indeed observed for  the racemization of 

PhCHMeSiMe2Br. Surprisingly ,  a greater quantity of nucleophile is needed 

to cause racemization of the chloride counterpart.  Medium e f fec ts  may be 

a contributing factor  to this unexpected f ind ing.



-147-

Figure 3.7.1
The effect of hydrolysis on the racemization of PhCHMeSiMczBr 
w ith f iv e  fold dilu tion in dichloromethane-d2.
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Table 3 .7 .1  The e f fec t  of hydrolysis on the nucleophile (NMI, HMPA) 

assisted racemization of PhCHMeSiMe2X (X=Cl, Br)

Nucleophile Ratio of PhCHMeSiMegX : Nu at coalescence Order in Nu

(Nu) X=Cl3 X=Br X=Cl X=Br

HMPA 1.0 : 0.052 1 .0 : 0 . 017b 1.74 1.48

1.0 : 0.076^ 1.0 : 0.009b'C 1.57 1.34

NMI 1.0 : 0.077 1.0 : 0.035^ 1.92 1.64

1.0 : O . I 74C 1.0 : O.OZyC'd 1.28 1.55

a 9% dichloromethane-d2 (0 .2  ml)
b Five fold d i lu t io n  with 0 .4  ml si lane in 1 .8 ml CD2CI2
c in the presence of 2,6DBP

Two fold d i lu t io n  with 1.0 ml in 1.2 ml CD2CI2

3 .8  Correlations between observed rate  constant and the

parameters: n u c l e o p h i l i c i t y , r e l a t i v e  equil ibrium

constant^^^] and rate of alcoholysis^^?]

The resul ts  described above manifest that racemization of si lanes occurs 

as a consequence of nucleophil ic attacks at s i l i c o n .  Thus the 

nuc leoph i l ic i ty  of a donor species should be an important factor  

governing the order of reaction with respect to nucleophile,  and hence 

the reaction ra te .  This hypothesis can be v e r i f i e d  by correlat ing the 

kinet ic  results with the Beta scale of nuc leoph i l ic i ty  derived by T a f t .  

I t  is also inte resting to compare the results for  the diastereotopic  

PhCHMeSiMe2X (X=Cl, Br) system with those found for the interact ions  

between other si lanes and the analogous nucleophiles.

The product of the order in nucleophile (n) and the natural logarithm of 

the concentration of nucleophile at coalescence ( In  [Nu]) was used for  

these corre lat ions.  One reason for select ing this n In [Nu] term is 

because i t  depends on the nature of nucleophi le .  Furthermore, i t  is the
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major var iable  control l ing the magnitude of the observed rate constant 

(kobs^^ which in turn governs the rate of racemization as shown in 

section 3 .2 .  For a pa r t ic u la r  nucleophile at the point of coalescence, 

th is  term can be evaluated from the fol lowing expression (equation 

3 . 2 . 2 5 ) ,  which can be determined experimentally from the k inet ic  p lots .

In k^yg = n In CNuU + constant Equation 3.8.1

The observed rate constant at coalescence cannot be extrapolated

experimentally in a l l  cases. Therefore i t  is  calculated using the

expression for coalescence based on the peak separation (5v) of the two
7t6v

exchanging e n t i t i e s ,  k = . Substituting these calculated values of
V 2

kobs into the above regression equation gives the values of n In [Nu] for  

the racemizations of PhCHMeSiMegX (X=Cl, Br) for indiv idual  nucleophiles,  

which are subsequently used for the corre lat ions.  The n In [Nu] ,  Beta,

In together with Frye's In k̂  values are shown in the table below.

The correlat ions of n In [Nu] with the various parameters are presented 

in the appropriate graphs.
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Table 3.8.1

Correlation of the kinetic results with Taft 's  Beta, In and Frye's

In k̂  values

Nucleophile Order in Nu x In CNu] at coalescence^ Beta In In k̂

(Nu) PhCHMeSiMegCl PhCHMeSiMegBr

HMPA -2.384 - 1.05 9.2 6.908

NMI -1.679 , - 0.82 10.4 -

NMPO 1.446 - 0.78 5.2 -

DMPU 1.943 -1 .678 0.79 2.2 -

DMEU 4.760 -1.410 0.75 -2 .2 -

DMF ’ 9.658 -2 .542 0.69 -0 .2 -

NMP 5.681 -1.832 0.77 0.0 -

TMU 5.389 -0 .039 0.78 - -

3,5DMP 7.595 1.996 0.70 - 0 .6 5.703

py 20.208 4.858 0.64 - 4.605

2,4DMP - 2.631 0.74 - -

 ̂ Calculated from the plot of In k^bs versus In [Nu] by imputing the

theore t ica l  k^y^ at coalescence into the equation

I" kobs = order in Nu x In [Nu] + constant

3.8.1 Correlat ion of n In [Nu] with Taf t ' s Beta values

The plot  of n In [Nu] for the nucleophile catalysed racemization of 

PhCHMeSiMegCl in 9% benzene-d^ against T a f t 's  Beta values, for each 

nucleophile used in th is  study, shows a good corre lat ion between the rate  

of racemization and the nuc leophi l ic i ty  of the donor species, although 

the point for HMPA deviates from the main trend.  The corre lat ion  with 

the analogous bromosilane series is not as sat is factory  as with the 

chloride counterpart,  however a general trend is s t i l l  s ign i f ican t  

although the point for DMF l ies  s l ig h t l y  outside the main trend.
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Figure 3.8.1
Correlation oF n In iNul with Beta values for the
racemization of PhCHMeSiMe2X (X=Cl, Br).
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3.8 .2  Correlation of n In [Nu] with In values

Sil icon-29 n .m.r .  chemical sh i f ts  of si lane-nucleophi le adducts were the 

basis for the determination of the re la t iv e  equil ibrium constants

Choosing NMP as the a rb i t ra ry  reference po in t ,  the ra t io  of 

the s i l icon-29  chemical s h i f t  of a par t icu la r  s i lane-nucleophi le adduct 

to that of the [Me3Si-NMP]*0S02CF3" complex produces a Kpg  ̂ value for the 

nucleophile under study, as i l l u s t r a te d  by the following reaction schemes 

and equations.

K
NMP + MezSiOSOoCF

NMP
(Me3$i-NMP)‘̂ 0S02CF3* Scheme 3.8.1

'NMP
[(Me3Si-NMP)+0S02CF3"] 

CMe3Si0S02CF3] CNMP]
Equation 3.8 .1

Nu + Me3Si0S02CF3
'Nu

TT (Me3Si-Nu)*0S02CF3" Scheme 3 .8 .2

'Nu

C(Me3Si-Nu)+0S02CF3"] 

[M63Si0S02CF3] CNu]
Equation 3 .8 .2

Krei is related to the two equil ibrium constants, and by the

following expression.

C(Me3SiNu)+0S02CF3"][Me3Si0S02CF3][NMP]

re l
'NMP [Me3Si0S02CF3][Nu][(Me3SiNMP)+0S02CF3"]

Equation 3 .8 .3

The equation can be s impli f ied to

re l
C(M63Si Nu)+OSO2CF3"]CNMP] 

[ (M03Si NMP)+0S02CF3"]CNu]
Equation 3 .8 .4
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Thus the Kpg  ̂ values are a measure of the equil ibrium constants for the 

interactions of the (Me3$i-NMP)+0S02CF3" sal t  with d i f fe re n t  

nucleophiles.

Krel X
Nu + (Me3Si-NMP)+0S02CF3" v -  (Me^Si-Nu) OSO2CF3 + NMP

Scheme 3 .8 .3

The above k inet ic  data provide evidence that the attack of a second 

molecule of nucleophile at the s i l icon  atom of the s i lane-nucleophi le 

complex is the crucial  process in the racemizations of PhCHMeSiMe2Cl and, 

in cer tain cases, PhCHMeSiMe2Br.

Kgq
Nu + PhCHMeSiMe2X \  CPhCHMeSiMe2“Nu] X

l<2
Nu + [PhCHMeSiMe2-Nu]*X" [PhCHMeSiMe2“Nu] X" + Nu

k-2

In the detai led discussion in section 3 . 2 . 1 ,  two rate equations were 

derived for th is  mechanistic pathway, depending upon the degree of ion-  

pair dissociation of the s i lane-nucleophi le adduct.

Rate = k2Kgq[PhCHMeSiMe2X][Nu]2  no dissociat ion

Rate = k2Kgq°"5[PhCHMeSiMe2X]0 "5[Nu]1"5 ion-pa ir  dissociat ion

These two rate expressions can be generalized by the following equation.

Rate = k [PhCHMeSiMe2X]m [Nu]" Equation 3 .8 .5

= k [PhCHMeSiMe2X]m-1 [Nu]"
[PhCHMeSiMenX]
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where k is an overa ll  constant, m can be e i ther  1 or 0-5 and n is the 

order in nucleophile with a value of e i ther  2 or 1 .5 .

Taking the natural logarithm of the above expression produces the 

following equation.

Rate
In (-----------------------------) = In k + (m-1) In [PhCHMeSiMe.X] + n In [Nu]

[PhCHMeSiMegX] Z

This expression can be s impli f ied to give the equation below.

In k = -n In [Nu] + c

Rate
where c = In ( -----------------------------) + (m-1) In [PhCHMeSiMe^X]

[PhCHMeSiMegX] Z

The plot of n In [Nu] versus essent ia l ly  re f lec ts  a plot  of In k

against The correlations of the In Kpg  ̂ values with n In [Nu] for

the racemizations of PhCHMeSiMe2X (X=Cl, Br) are not sat is factory  with 

considerable sca t te r ,  p a r t ic u la r ly  in the case of the bromosilane; 

although they each produce a noticeable general trend.  The discrepancy 

is par t ly  due to systematic errors; d i f f e r e n t  si lanes and unrelated  

techniques are used for the generation and the evaluation of the In Kpg  ̂

and n In [Nu] values. A Kpg  ̂ value e f fe c t iv e ly  describes the 

thermodynamic equil ibrium of a nucleophil ie  attack at the s i l icon  atom of 

a si lane-nucleophi le complex, which may not apply to the racemizations of 

PhCHMeSiMe2Br promoted by strong nucleophiles such as DMPU and DMEU.

This could account for the poor correlat ion observed for the racemization 

of PhCHMeSiMe2Br.

Furthermore the quantity of nucleophile used varies in each case, 

therefore changes in the po la r i ty  of the medium induced by the presence 

of polar nucleophile w i l l  be d i f fe re n t  in each system. Hence, i t  may not 

be va l id  to assume that the concentration of PhCHMeSiMe2X remains
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Figure 3.8.2
Correlation of n In [Nul w ith In Krel values fo r  the 
racemization of PhOHMeSiMeZX (X=Cl, Br).
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appreciably unchanged throughout the experiment when Large quanti t ies of 

nucleophile are added. The rate of reaction is a function of both the 

equil ibrium constant for sa l t  formation (K^g) and the rate constant ( k ) ,  

which is related to the nuc leophi l ic i ty  of the donor species; k is

therefore d i f fe re n t  for d i f fe re n t  nucleophiles. The assumption that k,

and hence the ra te ,  is a constant for a l l  cases w i l l  inev i tab ly  lead to

some scatter in the corre lat ion p lo t .

3 .8 .3  Correlation of n In [Nu] with Frye's In k̂  values

In a recent pub l icat ion ,  Frye et a l .  reported a deta i led k inet ic  

study on the nucleophile enhanced t e r t i a r y  alcoholysis of d ichloro-  

diphenyIsi lane (Ph2SiCl2) .  On the basis of the k inet ic  resu l ts ,  they 

supported the mechanism postulated by C h o j n o w s k i A  four coordinate 

ionic s i lane-nucleophile adduct was formed in the i n i t i a l ,  rapid pre­

equil ibrium step, which is followed by the rate determining alcoholysis  

as shown in the scheme below. The overa ll  rate (k^) of the process was 

monitored in the presence of a range of nucleophiles.

Nu + Ph2SiCl2 [Ph2ClSi-Nu]+Cl~ - - - - - >  Ph2ClSiOR + HCl

Scheme 3 .8 .4

A plot of n In [Nu] for the racemization of PhCHMeSiMe2Cl versus the In 

k-j values yields an excellent co rre la t ion ,  though i t  only consists of 

three data points.  I t  is not possible to perform a s imilar  comparison 

for  the corresponding PhCHMeSiMe2Br due to in s u f f ic ie n t  data.  The 

implications of th is correlat ion are very important.  The n In CNu] 

values represent the observed rate constants for the racemization of 

PhCHMeSiMe2Cl at par t icu la r  concentrations of a nucleophile,  whereas the 

In k̂  measurements are the re la t ive  rates for the alcoholysis of 

Ph2SiCl2.



-157-

Figure 3.8.3
Correlation oF n In [Nul with Frye's In kl values for the
racemization of PhCHMeSlMe2X (X=C1, Br).
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The i n i t i a l  step in the racemization process proposed in section 3.2 .1  is 

the same as that  in the mechanism of alcoholysis proposed by Frye.

These two pathways d i f f e r  in the nature of the second step; racemization 

occurs via the attack of a second molecule of nucleophile whereas 

alcoholysis involves nucleophil ie attack by an alcohol molecule.  

Therefore, in both mechanisms, the overa l l  rate should be proportional to 

the equil ibrium constant for  formation of the s i lane-nucleophi le adduct 

in an i n i t i a l  pre-equil ibr ium step. Thus the good corre lat ion between 

these overa ll  rates provides fur ther  support for  the hypothesis that the 

i n i t i a l  process is  common in both reactions. Furthermore, the 

essent ia l ly  zero rate increase observed by Frye for 2,6-dimethylpyr id ine  

(2,6DMP) and tr iethylamine (Et^N) is  consistent with the non-observable 

racemization of PhCHMeSiMe2Cl in the presence of these species in th is  

study.

3-9 Analysis of errors

The major sources of error in the evaluation of the order in nucleophile 

l i e  in the concentrations of added nucleophile and the computer 

simulation of the observed rate constants (kg^g), which is approximately 

±0-5 s For each experiment, the quanti t ies of si lane, solvent and 

nucleophile are measured as accurately as possible using gas-t ight  

syringes and are weighed to four decimal places, with an error  l im i t  of  

±0-0005 g- Therefore the to ta l  percentage error  in each data point is  

estimated to be 2%-

The evaluation of the orders in nucleophile is based upon an important 

assumption that the concentration of f ree  nucleophile in solution is  

approximately equal to the concentration of added nucleophile- This can 

p ar t ly  account for the discrepancy between the calculated orders in 

nucleophile and the theoret ica l  values according to the rate expressions.
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3.10 General summary

The evidence provided in th is  chapter has been interpreted in terms of 

two mechanisms. The choice of mechanistic route for  a par t icu la r  set of 

reaction condition depends mainly on the s t a b i l i t y  of the s i lane-  

nucleophi le adduct. Further support for th is  hypothesis comes from the 

good correlat ion between the results presented above and those of Frye on 

the alcoholysis of Ph2SiCl2 -

Racemization involving less stable s i lane-nucleophi le complexes is more 

l i k e ly  to proceed via the mechanism in section 3 . 2 . 1 ,  where two molecules 

of nucleophile are u t i l i z e d  result ing in e i ther  a second order or an 

order of 1.5 in nucleophile. Conversely, i f  the sa l t  is s tab le ,  the 

halide exchange pathway depicted in section 3 .2 .2  w i l l  be responsible for  

the racemization process, which only requires one molecule of nucleophile 

corresponding to a f i r s t  or a hal f  order with respect to nucleophile.

On the basis of the k inet ic  data,  i t  is not feasible  to determine whether 

the s i lane-nucleophile adduct is ion-paired.  However, the n.m.r .  

chemical s h i f t  t i t r a t i o n  results in the previous chapter and the 

in te rp re ta t ion  of the conductivity measurements^^'^O] strongly imply a 

t igh te r  ion-pair ing when the counterion is the hard and small chloride  

ion than in the case of  the bromide or t r i f l a t e  anion.

The leaving group of a si lane, the concentration of the system under 

invest iga t ion ,  the nature of nucleophile and solvent are the major 

contributing factors governing the s t a b i l i t y  of a s i lane-nucleophi le 

adduct. The re la t iv e  rate of racemization of PhCHMeSiMe2X (X=Cl, Br,  

OSO2CF2) decreases with varying leaving group or counterion in the 

following sequence OSO2CF2 > Br > Cl.  In comparison with the bromide and 

t r i f l a t e  analogues, the [PhCHMeSiMe2-Nu]*Cl"  sal ts  are thermodynamically 

less stable .  This is par t ly  due to the greater d i f f i c u l t y  encountered in 

solvating the hard and small chloride ion, in contrast to the bromide and 

t r i f l a t e  anions. Dissociation of the CPhCHMeSiMe2“ Nu3'’'Cl” adduct into
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i t s  components, the uncompLexed si Lane and nucleophile,  is also 

f a c i l i t a t e d  by the greater nuc leophi l ic i ty  of the chloride ion.

The e f fec t  of solvent is fundamentally related to that of concentration,  

enhancement of s ta b i l i z a t io n  results as the medium becomes more polar ,  

which can be induced e i ther  by a l te r ing  the nature of the solvent or by 

d i lu t in g  a si lane solution with a polar solvent.  The order of reaction  

in nucleophile and hence the rate of racemization are shown to be 

controlled by the nuc leophi l ic i ty  of the attacking donor species. This 

f inding is evidenced by the good correlat ion of the results of 

racemizations of PhCHMeSiMe^X (X=Cl, Br) with the Beta values assigned by 

T a f t .

Analysis of these k inet ic  data enables the two proposed mechanisms to be 

distinguished for  indiv idual systems. Thus PhCHMeSiMe^X (X=Cl, Br) 

racemizes via the f i r s t  mechanism (Scheme 3 .2 .1 )  result ing in an 

approximate second order in nucleophile when X=Cl with strong 

nucleophiles or when X=Br with weak donor species. This is consistent  

with the second order in nucleophile reported by Corriu.**®'^^^ The 

halide exchange process becomes the preferred mechanistic pathway for  the 

racemization of PhCHMeSiMe2Br in the presence of strong nucleophiles,  

with an order in nucleophile close to uni ty .  The surprising f ra c t io n a l  

orders in nucleophile recorded in th is  study are in accord with the 

observations by Cart l e d g e a n d  P r i n c e . F r o m  th e i r  k ine t ic  

studies on halide exchanges, they both independently produced orders in 

nucleophile s imilar  in magnitude to those evaluated for  the 

diastereotopic bromosilane. A change-over in the reaction mechanism is 

detected, accompanied by a reduction in the order with respect to 

nucleophile,  with increasing s t a b i l i t y  of the s i lane-nucleophi le adduct.

The p o s s ib i l i t y  of acid catalysed racemization can be el iminated on the 

basis of the s im i la r i t y  between the k inet ic  results in the presence and 

absence of the s t e r ic a l l y  hindered strong base, 2,6DBP. Furthermore, the 

percentage of hydrolysis in si lane solutions was found to be 

in s ig n i f ic a n t .
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Chapter 4 Thermodynamic studies on the racemization of

diastereotopic si lanes
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4.1 Introduction

On the basis of the f indings from the n.m.r-  chemical sh i f t  t i t r a t i o n  and 

kinet ic  studies, two mechanisms for the racemizations of PhCHMeSiMe2X 

(X=Cl, Br) have been postulated and v e r i f i e d  in the preceding chapter.  

These ve r i f ica t ions  are fur ther  val idated by examining the thermodynamic 

aspects of the racemizations of the diastereotopic si lanes, PhCHMeSiMe2X 

(X=Cl, Br) .

The rate of a chemical reaction can be defined by the fol lowing  

fundamental expression.

Reaction rate = rate constant x (reactant c o n c e n t r a t io n ) ^

Varying the temperature w i l l  not a l te r  the reaction order unless there is 

a change in the mechanism, in which case the reaction is no longer the 

same. S im i la r ly ,  the reactant concentration is essent ia l ly  unaffected by 

temperature. However, the rate constant is a temperature-dependent term,  

which explains the c r i t i c a l  e f fec t  of temperature on the rate of 

reaction.  This is the underlying pr incip le  of the Arrhenius act iva t ion  

theory and the Eyring absolute rate theory for the evaluation of 

act ivat ion  parameters.

The Arrhenius act ivat ion  theory is based on the assumption that the 

reactant molecules must overcome a certain potent ia l  energy barr ie r  known 

as the act ivat ion energy (E^),  corresponding to the energy of a 

t rans i t ion  state or an activated complex, pr ior  to transforming into the 

p r o d u c t s . [83] A dynamic equil ibrium is established between the activated

and unactivated molecules. This concept can be summarized mathematically 

by the equation k = A e  ̂ ,  which is derived by applying the van ' t

Hoff isochore to the equil ibr ium.

The pre-exponential  or frequency factor  (A) has been interpreted as the 

number of e f fec t ive  col l is ions per unit  volume and unit  t ime, leading to
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product formation. The exponential term (e gives the f ract ion  of

molecules which possess the act ivat ion energy (Eg). This can be 

experimentally measured from the slope of a l inear  plot of In k versus 

1/T .  The Arrhenius parameters. Eg and A, are assumed to be temperature 

independent over the narrow range of temperature studied and are related  

to the act ivat ion parameters, the enthalpy (AH*) and entropy (AS*) of 

ac t iva t io n ,  at a given temperature.

V  ''sT
AH = Eg -  RT and AS -  R ( In  A -  In — -— - )

R is the gas constant,  h is the Planck constant and kg is the Boltzmann 

constant which is the ra t io  of the gas constant (R) to the Avogadro 

number (N).

The absolute reaction rate theory developed by Eyring is a t ra ns i t ion  

state treatment based on s t a t i s t i c a l  t h e r m o d y n a m i c s . [833 This hypothesis 

is somewhat complicated and w i l l  not be discussed in great depth, however 

a br ie f  description is outl ined below. An essential  feature of the 

Eyring formulation of reaction rate is that a l l  chemical reactions are 

assumed to proceed via a t rans i t ion  state or an activated complex, which 

is in thermodynamic equil ibrium with the reactants, even though the 

overa ll  chemical reaction may be i r re v e rs ib le .  This method of fers  an 

accurate treatment of the reaction rate especia l ly  when a dynamic 

equil ibrium is established between the reactants and products.

A + B

reactants t rans i t ion  state

The equil ibrium constant for the formation of t rans i t ion  state (K*) can 

be expressed in terms of the concentrations of A, B and C* at a 

part icu la r  time t .

K* = ------------------------------------------------  Equation 4 .1 .1
[A] [B]
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The t rans i t ion  complex (C*) is a highly strained state between bond 

forming and bond breaking. I t  can be regarded as a normal molecule 

except that one of i t s  v ib ra t iona l  modes is equivalent to a t rans la t iona l  

degree of freedom which leads to the formation of products. Treating  

th is  degree of freedom as a c lassical  v ibrat ion gives the following  

expression for i t s  frequency (v) at temperature T.

hv = kgT Equation 4 .1 .2

According to th is  model, the rate of reaction is equal to the 

concentration of the act ivated molecule (C ) mult ip l ied  by the frequency 

of v ibrat ion  (v) of the bond about to break and dissociate in to  the 

products.

Rate = V [C*] Equation 4 .1 .3

This rate equation can be modified by subst itut ing the frequency term 

with equation 4 .1 .2 .

kgT
Rate = ------------  [C ]  Equation 4 .1 .4

[C*] is governed by the law of chemical equil ibrium as i l l u s t r a t e d  by 

equation 4 . 1 . 1 .

k g T

Rate =    K [A] [B] Equation 4 .1 .5

However, by d e f in i t io n ,  the rate can be a l te rn a t iv e ly  expressed by the 

following equation.

Rate = k [A] [B] Equation 4 .1 .6
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Combining equations 4 .1 .5  and 4 .1 .6  y ields an expression for the rate 

constant ( k ) .

ksT *

k [A] [B] =   K [A] [B]

kgT
k =   K* Equation 4 .1 .7

Like any other equil ibrium constant,  K* is proportional to the standard 

free energy change of formation of the t rans i t ion  state (AG*) as 

described by the van 't  Hoff isotherm.

AG* = -R T In K* or K* = e~^^ Equation 4 .1 .8

Thus the rate of reaction is  controlled by the free energy of act ivat ion  

(AG*).

kgT *
k =   e Equation 4 .1 .9

However, AG* is related to the standard enthalpy change (AH*) and the 

standard entropy change (AS*) of formation of the act ivated complex by 

the following thermodynamic re la t ionship .

AG* = AH* -  TAS* Equation 4 .1 .10

Hence, the fundamental Eyring equation can be rewri t ten to produce 

equation 4 .1 .1 1 .

k =   e e /R Equation 4.1 .11

To al low for the p o s s ib i l i t y  that not every activated complex is 

converted into the reaction products, a transmission co e f f ic ien t  (K) is  

introduced into the above equation. This transmission coe f f ic ien t  is
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normally equal to unity for most chemical reactions, indicat ing complete 

transformation of act ivated molecules into products.

k = e -AH*/RT e AS*/R Equation 4.1 .12

Equation 4.1.11 can be rearranged to give

k
= e e^S /R Equation 4.1 .13

T h

The natural logarithm ( In )  form of the above expression yie lds the 

following equation.

k -AH* kg AS
In (— ) = --------  + In ------  + --------  Equation 4 .1 .14

T RT h R

In th is  t rans i t ion  state approach, the act ivat ion  parameters, AH* and 

AS*, are assumed to be independent of temperature. A s tra ight  l ine plot  

of In (k/T) versus 1/T produces a gradient of -AH*/R and an intercept  of 

In (kg/h) + AS*/R; the act ivat ion  parameters can therefore be evaluated.

4.2  Thermodynamic studies on the racemizations of PhCHMeSiMe2 X 

(X=Cl, Br)

The thermodynamic aspects of the nucleophile assisted racemizations of 

PhCHMeSiMe2X (X=Cl, Br) were investigated by varying the temperature of a 

mixture of si lane and nucleophile (NMI or HMPA) in dichloromethane-d2 . 

I n i t i a l l y ,  an al iquot of a nucleophile was added to a solution of si lane 

(2 .0  ml) in 9% dichloromethane-d2 u n t i l  the two carbon-13 diastereotopic  

SiMe resonances of PhCHMeSiMe2X (X=Cl, Br) coalesced, giving a broadened 

s ing le t .  However, owing to the p rec ip i ta t ion  of EPhCHMeSiMe2-NMI]*Cl  

ionic adduct at low temperatures, the reaction conditions were a l tered by
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using a less concentrated si lane solut ion, with 1.0 ml of si lane in 1.2  

ml dichloromethane-d2,  p r ior  to the addit ion of nucleophile.

In certain cases, the experiments were repeated in the presence of 8%

(0.2  ml) 2 ,6 -d i - t e r t -b u ty lp y r id in e  (2,6DBP) to examine the e f fe c t  of 

hydrolysis.  On progressive cooling, carbon-13 n.m.r .  spectra were 

recorded u n t i l  two well-separated diastereotopic SiMe resonances were 

observed. The r e v e r s ib i l i t y  was confirmed when an analogous carbon-13 

n.m.r .  spectrum was taken on warming back to ambient temperature.

Similar to the kinet ic  studies, theoret ica l  l ine shapes of the 

diastereotopic SiMe peaks at par t icu la r  rate constants were simulated and 

compared with the experimental results at various temperatures by to ta l  

l ine shape analysis.

The reaction condit ions, the spectral  data for the diastereotopic SiMe 

signals and the observed rate constants at a series of temperatures are 

tabulated in the experimental section. The act ivat ion parameters are 

calculated according to the Eyring as well as the Arrhenius equations,  

and are shown in the accompanying tables for comparison. The Eyring 

plots are ident ica l  to those of Arrhenius, therefore only the Eyring 

plots are provided here. Analysis of the results focuses on the e f fects  

of the leaving group on si lane, the nature of nucleophile,  the 

concentration of the system and hydrolysis on the thermodynamic behaviour 

of racemization at s i l ico n .

4.2 .1  Evaluation and comparisons of act ivat ion  parameters from 

the Arrhenius and Eyring plots

The detai led discussion in the preceding section has i l l u s t r a te d  two 

approaches for the evaluation of act ivat ion  parameters, AH* and AS*. In 

the f i r s t  method, the act ivat ion parameters are calculated from the 

Arrhenius parameters. Eg and A, which can be obtained from the slope and 

intercept of a l inear  plot of the observed rate constants ( In  k^yg) 

against the reciprocals of temperature ( 1 /T ) .  Conversely, the gradient
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Table 4.2.1

Evaluation of enthalpy and entropy values from Arrhenius parameters for  

nucleophile (HMPA, NMI) catalysed racemization of PhCHMeSiMegX (X=Cl, Br) 

at 20°C (293K)

System Ê  (kJmol"1) AH* (kJmol'1) A (s"^) AS* (UK'^mol'l )a

X=Br Nu=HMPA 
with 2,6DBP 
X=Br Nu=NMI 
with 2,6DBP
X=Br Nu=NMI
X=Cl Nu=HMPA 
9% solvent
X=Cl Nu=HMPA
X=Cl Nu=HMPA 
with 2,6DBP
X=Cl Nu=NMI

47.505+1.33

41.452+2.43

47.480+0.90

12.525+0.65

12.590+0.66

11.034+0.50

46.678+3.46

45.069+1.33

39.016+2.43

45.044+0.90

10.089+0.65

10.154+0.66

8.598±0.50

44.242+3.46

1.29+0.95x10' '°  

1.25+2.21x1 o’  

1.47+0.68x10' '°  

1.28+0.45x10^ 

9.21+3.34x103

4.63+1.22x10^ 

1.01 +5.18x10^2

-51.258+4.60  

-70.698+8.48  

-50.201+3.16  

-166.171+2.51  

-168.941+2.57  

-174.669+1.95  

-14.997+1.95

Table 4 .2 .2

Evaluation of enthalpy and entropy values from Eyring plots and 

comparison with the Arrhenius results

System Eyring AH* Arrhenius AH* Eyring AS* Arrhenius AS*

X=Br Nu=HMPA 
with 2,6DBP
X=Br Nu=NMI 
with 2,6DBP
X=Br Nu=NMI
X=Cl Nu=HMPA 
9 % solvent
X=Cl Nu=HMPA
X=Cl Nu=HMPA 
with 2,6DBP
X=Cl Nu=NMI

45.098+1.32

39.059+2.44

45.115±0.90

10.370+0.67

10.444+0.69

8.896+0.52

45.010+3.42

45.069+1.33

39.016+2.43

45.044+0.90

10.089+0.65

10.154+0.66

8.598+0.50

44.242±3.46

-59.418+4.57  

-78.805+8.56  

-58.211±3.15  

-173.432+2.59 

-176.177±2.67 

-181.873+2.05 

-21.158+14.88

-51.258±4.60  

-70.698+8.48  

-50.201±3.16  

-166.171 ±2.51 

-168.941+2.57  

-174.669±1.95  

-14.997+0.05
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and intercept of a Eyring plot of In (kg^g/T) versus 1/T provide d irect  

information on the act ivat ion  parameters.

The enthalpy and entropy of act ivat ion  are assumed to be independent of

temperature in the Eyring treatment, a temperature term is not involved

in calculating these act ivat ion  parameters. However, the temperature (T)

is taken to be 20°C (293K) in the evaluation of AH* and AS* from the

Arrhenius parameters. The values of AH evaluated according to the

Eyring equation are essent ia l ly  ident ica l  to that obtained from the
♦

Arrhenius act ivat ion  energy (Eg).  This indicates that AH is unaffected 

by temperature for th is  diastereotopic system. However, the two sets of 

AS* values d i f f e r  by a constant factor  of 8 JK ^mol ^. The discrepancy 

may be due to the temperature dependence of the AS* in the Arrhenius 

approach; the natural logarithm of temperature. In T, where T is 293K 

gives a value of  approximately 6 JK ^mol ^ .

4 .2 .2  The e f fec t  of hydrolysis

In the var iable  temperature study on the HMPA catalysed racemization of 

PhCHMeSiMe2Br, a 0.0048 molar equivalent (4 .17 / j I )  of HMPA was adequate 

to induce coalescence of the two diastereotopic SiMe peaks. However the

presence of a minute quantity of acid impurity ,  HBr, in the system w i l l  

be su f f ic ien t  to remove such an in s ign i f ican t  amount of HMPA, forming the 

HMPAH^Br" complex and causing the two resonances to reappear.

Thus the two diastereotopic SiMe signals observed, on lowering the 

temperature of the reaction mixture, may not be e n t i re ly  due to the 

deceleration of the rate of racemization of PhCHMeSiMe2Br. The removal 

of HMPA by HBr was confirmed by the i r r e v e r s i b i l i t y  of the coalescing 

process on returning to ambient temperature. Furthermore, when a small 

amount of 2,6DBP was introduced to the mixture at room temperature,  

coalescence of the two peaks was re-observed.
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Figure 4.2.1
Variable temperature studies on nucleophile assisted racemization
of PhCHMeSiMezX (X=Cl, Br) in the presence of 2,eDBP.

- 1. 0

- 1 .  5

-2 .  5

-3 .  0

A. X=Br, Nu=HMPA
B. X=Br, Nu=NMI
C. X=Ci, Nu=HMPA

- 3 .  5

1 /T  X  E+03

A. In (kobs/T) = -5424.1 (S.d. 1590) 1/T + 16.613 (S.d. 0.55)
B. In (kobs/T) = -4697.8 (s.d. 2930) 1/T + 14.282 (S .d .  1.03)
C. In (kobs/T) = -1070.0 (s.d. 63) 1/T + 1.885 (s.d. 0.25)
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Thus th is  experiment had to be conducted in the presence of 2,6DBP to 

eliminate undesirable side reactions with the acid impurity.  In order to 

make val id  comparisons with the other systems, the NMI assisted 

racemization of PhCHMeSiMe2Br and the HMPA catalysed racemization of  

PhCHMeSiMe2Cl were also studied under ident ica l  conditions with 8%

2,6DBP. The presence of the strong base causes a small decrease in the 

enthalpies and entropies of act ivat ion for both PhCHMeSiMe^X (X=Cl, B r ) . 

The greater negat iv i ty  of the AS* values can be explained by the 

increasing order in the system induced by 2,6DBP.

4 .2 .3  The e f fec t  of concentration

Variable temperature studies on the HMPA catalysed racemization of  

PhCHMeSiMe^Cl were performed in both 9% (0.2 ml) and 45% (1 .2  ml) of  

dichloromethane-d2- The influence of concentration was therefore  

examined by comparing the act ivat ion  parameters evaluated for both 

systems. Varying the medium causes no apparent changes in e i ther  the 

enthalpy or the entropy of ac t iva t ion ;  the AH* and AS* values remain 

essent ia l ly  the same on d i lu t io n .

4 .2 .4  The e f fec t  of nucleophile

The CPhCHMeSiMe2~NMID'*’Cl'" ionic adduct precip i ta tes out of solution much 

more readi ly  than i t s  HMPA counterpart,  as discussed e a r l i e r .  On 

lowering the temperature of the less concentrated mixture of 

PhCHMeSiMe2Cl and NMI in 1.2 ml dichloromethane-d2,  two asymmetric 

diastereotopic SiMe signals were observed with the in tens i ty  of one of 

the peaks remaining unaltered. However the racemization process was 

proved to be reversible on warming back to ambient temperature. A 

possible ra t ion a l iza t ion  for th is  peculiar observation is the 

prec ip i ta t ion  of the CPhCHMeSiMe2”NMlD‘*'Cl” complex, possibly as an 

immiscible o i ly  layer ,  with decreasing temperature.
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Figure 4.2.2
The eFfect of concentrotion on variable temperature studies of
racemization of PhCHMeSiMe2Cl catalysed by HMPA.

- 1 .  5

3. 5

A. 9% Dichloromethane-d2
B. 45% DichIoromethane-d2

3. 4 3. 8' 4. O'
1 /T  X  E+03

A, In (kobs/T) = -1247.3 (s.d. 80.7) 1/T 4 2.900 (s.d. 0.31)

B. In  (kobs/T) = -1256.1 (s.d, 83.0) 1/T 4 2.570 (s.d. 0.32)
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Owing to the asymmetry in the l ine shapes of the two SiMe s ig n a ls , i t  is 

d i f f i c u l t  to use to ta l  l ine shape analysis for the evaluation of observed 

rate constants. Complete bandshape calculations were based solely on the 

l ine shape of the SiMe resonance which was af fected by the lowering of 

temperature. Thus even i f  the results are v a l id ,  they are expected to 

bear s ign i f ican t  errors .  I t  is therefore not feasible  to compare the 

thermodynamic behaviour of NMI enhanced racemization of PhCHMeSiMe2Cl 

with that promoted by HMPA and the analogous racemization of 

PhCHMeSiMegBr.

In contrast to the PhCHMeSiMe2Cl ,  sa l t  p rec ip i ta t ion  is not encountered 

with the corresponding bromosilane under these conditions. The 

act ivat ion  parameters for  the racemization of PhCHMeSiMe2Br catalysed by 

NMI in the presence of 2,6DBP are compared with those obtained for the 

analogous HMPA enhanced process. The act ivat ion  enthalpy for  NMI is only 

6 kJmol~1 lower than that for HMPA, whereas the act ivat ion  entropy is 20 

JK'^mol"^ more negative in the case of NMI re la t iv e  to HMPA.

Nevertheless, i t  is not possible to provide a general conclusion on the 

influence of nucleophile merely on the basis of these f indings.

4 .2 .5  The effect of leaving group

Under ident ica l  reaction conditions with a given nucleophile as the

ca ta lys t ,  the act ivat ion  enthalpy for  the racemization of PhCHMeSiMe2Br 

is approximately four times greater than that of the corresponding

chlorosi lane.  S im i la r ly ,  the act ivat ion  entropy for  the PhCHMeSiMe2Br 

racemization is about three fo ld more posit ive with respect to the 

chloride analogue, indicat ing a more ordered t ra n s i t io n  state in the case 

of the chlorosilane although solvent ordering may also be important.  The 

influence of counterion on the act ivat ion  parameters w i l l  be fur ther  

discussed in the following section.



-174-

Figure 4.2.3
The effect of leaving group on variable temperature studies of
racemization of PhCHMeSiMezX (X=CI, Br) catalysed by NMI.
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- 3 .  0

- 3 .  5

B. X=Br

1 /T  X  E+03

A. In (kobs/T) = -5413.6 (s.d, 41) 1/T + 21.215 (s.d. 1.79)

B. In (kobs/T) = -5428.2 (s.d. 108) 1/T 4 16.759 (s.d. 0.38)



-175-
4.3 Analysis of results

4.3.1  Racemization of PhCHMeSiM02Br

The extremely exothermic nature of the formation of four coordinate 1:1 

ionic PhCHMeSiMegBr-nucleophile adducts demonstrates that the 

complexation process is accompanied by a large and negative enthalpy of 

reaction. Thus the s i lane-nucleophile complex w i l l  be Lower in energy 

re la t iv e  to the uncomplexed si lane. Based upon the n .m.r .  chemical sh i f t  

t i t r a t i o n  results and the n.m.r .  data for the solid adduct synthesised,  

i t  can be concluded that PhCHMeSiMe2Br forms comparatively stable four 

coordinate ionic adducts with strong nucleophiles. Therefore a 

r e la t i v e ly  high energy barr ier  is predicted for the dissociation of the 

bromosilane-nucleophile adduct into i t s  individual  components.

Furthermore, the attack by nucleophiles at the CPhCHMeSiMe2~Nu3^Br 

complex may be f a c i l i t a t e d ,  with respect to the uncomplexed si lane,

because the nucleophile in a s i lane-nucleophi le adduct is an exce l len t ,  

neutra l ,  leaving group. Hence, the act ivat ion enthalpy required for the 

nucleophil ic attack at a s i lane-nucleophi le sal t  should be less than that  

at the corresponding uncomplexed si lane. However the concentrations of 

the reacting species are also important in governing the rate of 

reaction.  In addit ion ,  the fa i lu re  to observe any evidence for f ive  

coordinate acyclic PhCHMeSiMe2Br-nucleophile adducts indicates that the 

s t a b i l i t y  of [PhCHMeSiMe2- (N u )2]*Br" intermediate is low, i f  i t  exists at  

a l l .

4 .3 .2  Racemization of PhCHMeSiMe2Cl

As a consequence of nucleophil ic attack at PhCHMeSiMe2Cl,  a dynamic 

equil ibrium is established between the uncomplexed si lane and the 

[PhCHMeSiMe2-Nu]*Cl~ adduct. The evidence from the n .m.r .  chemical sh i f t  

studies in chapter 2 shows that these two si l icon species exchange 

rapidly with each other.  This is par t ly  due to the i n s t a b i l i t y  and hence



- 176-

the ready decomposition of chLorosiLane-nucleophile complex, which is 

strongly supported by the n .m.r .  data of the solid adducts in solution.  

The formation of [PhCHMeSiMe2-Nu]*Cl~ adducts is  not so exothermic as 

that of the bromide analogue. This indicates that the energy difference  

between the uncomplexed PhCHMeSiMe2Cl and i t s  nucleophile sa l t  is not 

very large,  which is in accordance with the rapid dissociation of 

[PhCHMeSiMe2-Nu]*Cl~ complexes. Thus the energy barr ie r  for the 

formation or the dissociation of PhCHMeSiMe2Cl-nucleophile adduct should 

be r e la t i v e ly  small.

Therefore, the rate of racemization of PhCHMeSiMe2Cl is more l i k e ly  to be 

controlled by the second nucleophil ic attack at the s i l icon  atom of the 

[PhCHMeSiMe2-Nu]*Cl~ s a l t .  This is  in good agreement with the postulated 

mechanistic route depicted in Scheme 3 . 2 . 2 .  The same type of bond is 

being broken and formed in the t rans i t ion  state of th is  process, namely, 

the Si— Nu bond without the involvement of the counterion. Hence, the 

energy needed for th is  nucleophil ic substi tution step is  the same for  

both chloro- and bromosilanes, i rrespect ive  of the counterion.

The greater scatter observed in the Eyring plot for the HMPA assisted  

racemization of PhCHMeSiMe2Cl may be due to the wider temperature range 

studied leading to more s ign i f ican t  changes in the viscosity  of the 

medium. In addit ion ,  sa l t  formation is  enhanced at  lower temperatures 

which may resul t  in a change in the reaction mechanism. Thus 

racemization induced by the attack of chloride ion at the s i l icon  atom of 

the chlorosilane is f a c i l i t a t e d .

4 .3 .3  Comparison of the two racemization processes

Four coordinate 1:1 ionic [PhCHMeSiMe2-nucleophile]*X~ adducts are 

postulated to be the intermediates involved in the mechanisms for  the 

racemization at s i l ico n .  The overa ll  rate of reaction is  dependent on 

the concentration of the adduct, which is  governed by the equil ibr ium  

constant for adduct formation. Si lane-nucleophile adduct formation is
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found to be an exothermic process for both si lanes, PhCHMeSiMe2X (X=Cl, 

Br) .  Therefore, cooling a mixture of si lane and nucleophile w i l l  sh i f t  

the equil ibrium towards adduct formation with a corresponding increase in 

the overa ll  ra te .  Thus an apparent negative act ivat ion enthalpy may 

resul t  due to an increase in the overa ll  rate with decreasing 

temperature. Nevertheless, th is  trend may be offset  by the decrease in 

reaction rate as expected from the energy Maxwell-Boltzmann d is t r ib u t io n .

In the case of the bromosilane with good nucleophiles, CPhCHMeSiMe2” 

nucleophile]*Br" complexes are essent ia l ly  f u l l y  formed at ambient 

temperatures. Lowering the temperature w i l l  only induce a r e la t i v e ly  

small increase in the equil ibrium constant. In contrast ,  the 

chlorosi lane-nucleophile adduct formation is accompanied with a low 

equil ibrium constant at ambient temperatures. Thus on cooling a mixture 

of chlorosilane and nucleophile,  adduct formation is great ly  favoured and 

a comparatively larger equil ibrium constant resul ts .  Hence, the 

chlorosi lane-nucleophi le system w i l l  experience a more negative 

act ivat ion  enthalpy compared with the bromosilane analogue.

The act ivat ion  enthalpies are derived by monitoring the rate of reaction  

with var iations in the temperature of the system under invest igat ion .  

Thus, the difference in the act ivat ion  energies found for the chloro- and 

bromosilanes may be an ar te fac t  ar is ing from the method used for the 

evaluation of these values and may not re f lec t  the true energy barr iers  

between the various species involved.

The increase in the negat iv i ty  of the act ivat ion entropy of the 

chlorosilane re la t ive  to i ts  bromide analogue may be accounted for by a 

ster ic  e f fe c t .  The [PhCHMeSiMe2-Nu]*Cl~ adduct may be more s t e r i c a l l y  

hindered with respect to the uncomplexed bromosilane, therefore a greater  

degree of rearrangement may be required as a result  of nucleophil ic  

at tack.  The enthalpy and entropy values are also influenced considerably 

by solvat ion.  S tab i l iza t ion  of the ionic intermediate has a more 

pronounced ef fect  on the [PhCHMeSiMe2-Nu]*Cl~ s a l t ,  resul t ing in a 

lowering of i t s  energy barr ier  for reaction. However, solvation of the
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ionic charges by the medium induces order in the system. Thus the 

racemization of chlorosilane is accompanied by a low act ivat ion  enthalpy 

but a large and negative act ivat ion entropy.

4.4 Analysis of errors

The most s ign i f icant  sources of error in the thermochemical data,  

calculated from variable  temperature n.m.r .  studies, are the temperatures 

of the system under investigation and the observed rate constants (k^yg).  

Calibrat ion of the temperature control unit  indicates that the 

temperature accuracy is ±2°C. The computer simulation of the observed 

rate constants using to ta l  l ine shape analysis gives an error l im i t  of 

±0.5 s"1. Other contributing factors include the measurements in the 

quanti t ies of si lane, solvent and nucleophile used in each experiment,  

each of which has an accuracy of ±0.0005 g.
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Chapter 5 Conclusion
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5.1 Introduction

During the past four decades, numerous k inet ic  studies on nucleophil ic  

substitut ion reactions at s i l icon  have been performed in an attempt to 

deduce the mechanistic de ta i ls  from s t ru c tu re - re a c t iv i ty  corre la t ions,  

solvent ef fects  and dynamic stereochemical behaviour. The preliminary  

work was carried out by Al len,  Modena and Eaborn, who studied the 

solvolysis of hindered tr iorganochlorosilanes in various solvents and 

suggested an S^2 mechanism for such process. Using o p t ic a l ly  act ive  

si lanes, Sommer et a l . ^^^^ demonstrated that nucleophil ic displacements 

at s i l icon  are highly stereospecif ic and often proceed with retent ion .

More recently,  an important f inding by Corriu^®^ showed that these 

processes were enhanced substantia l ly  and the stereochemical pathways 

were completely reversed by the presence of ca ta ly t ic  quanti t ies of 

nucleophiles such as HMPA. He further  proposed the involvement of penta-  

and hexacoordinate intermediates. Based on the kinet ics of isomerization  

and ligand exchange reactions of cyclic s i l icon compounds. Cart ledge jet 

ai.C72,73Il yeL^eved that these processes took place via pseudorotation 

with an ionic pentacoordinate si liconium species as the intermediate ,  

which was similar  to that proposed by Corriu.  This argument is supported 

by M a r t i n , w h o  used the pseudorotation phenomenon to ra t io n a l i z e

the nucleophile assisted racemization of a novel spirocyclic  s i l icon  

complex.

However, C h o j n o w s k i p o s t u l a t e d  an a l te rna t ive  mechanistic route with 

four coordinate 1:1 ionic s i lane-nucleophi le adducts as intermediates.  

This pathway has received addit ional  support from Bassindale and 

Stout^SG] 35 well as Frye et a l . .C57] gy examining the k inet ic  and the 

thermodynamic behaviour of racemization reactions of PhCHMeSiMegX (X=Cl,  

B r) ,  this project provides a more thorough understanding of the nature of 

the transient  species, and hence helps to elucidate the mechanistic 

pathways involved in these processes.
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5.2 The interactions of diastereotopic si lanes with nucleophiles

As a consequence of the interact ions between the highly e lec t roph i l ie  

PhCHMeSiMe2X (X=Cl, Br,  OSO2CF3) compounds with nucleophiles (HMPA, NMI), 

four coordinate ionic [PhCHMeSiMe2-nucleophile]^X~ adducts with a 1:1 

stoicheiometry are shown to be the dominant species present in s i ly la t in g  

mixtures in solut ion. The s t a b i l i t y  of these CPhCHMeSiMe2"NuIl^X 

complexes is controlled by a combination of thermodynamic and k inet ic  

factors.

For a par t icu la r  si lane, the equil ibrium constant for the formation of 

silane-nucleophi le sal t  is related to the electron donating properties of 

the incoming nucleophile.  With donors of high nucleophil ic i t y ,  such as 

HMPA and NMI, the resultant s i lane-nucleophile complexes are more stable 

accompanied by larger equil ibrium constants. The enthalpy of reaction 

associated with adduct formation process provides information on the 

energy difference between the uncomplexed si lane and i ts  nucleophile 

s a l t .  In contrast to the chloride analogues, the highly exothermic 

nature of the formation of solid 1:1 four coordinate ionic [PhCHMeSiMe^- 

NuD^Br" adducts implies that dissociation of these complexes into th e i r  

components requires a high act ivat ion  energy and does not occur read i ly .

Furthermore, the s i lane-nucleophi le adducts partake in three chemical 

exchange processes. The exchange with th e i r  parent si lanes involves rate 

l im i t ing  dissociation of the complexes into individual  components 

followed by rapid reassociation of these components. The rate of the 

i n i t i a l  dissociation step is governed by the nuc leophi l ic i ty  and the 

solvation of the counterion, as well as the degree of ion pair ing of the 

adduct. Solvation and hence the s t a b i l i t y  of the ionic s i lane-  

nucleophi le sal ts depend upon the nature of solvent.  Thus in a more 

polar medium, solvent s ta b i l i z a t io n  of ionic species is f a c i l i t a t e d  with 

a deceleration of the rate of adduct dissociat ion.  The a b i l i t y  of the 

counterion to be solvated decreases in the following order OSO2CF3 > Br > 

Cl. In comparison with HMPA, NMI forms a r e la t i v e ly  t ig h te r  ion pair
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with the halide anion in the s i lane-nucleophi le complex, result ing in an 

acceleration of the adduct dissociation process. The nuc leophi l ic i ty  of 

the counterion shares the same trend as the rate of complex dissociat ion,  

which decreases in the sequence Cl > Br > OSO2CF3.

PhCHMeSiMegX + Nu [PhCHMeSiMe2-Nu]+X"

Scheme 5.2.1

As a resul t  of a d i r e c t ,  rate determining, nucleophil ic attack by a 

second donor molecule at the s i l icon  atom of a s i ly la te d  complex, a 

dynamic equil ibrium is established between the s i lane-nucleophi le sa l t  

and i ts  isomer with inverted configuration at s i l ico n .

[PhCHMeSiMeg-NuD^X" + Nu* < ' CPhCHMeSiMe2“ Nu*3*X“ + Nu

Scheme 5 .2 .2

The results from the var iable temperature n.m.r .  chemical s h i f t  studies 

provide evidence for the isomerizations of PhCHMeSiMe2X (X=Br, OSO2CF3)

induced by the counterions of the s i lane-nucleophile complexes, which
[713supports the observations by Prince.

PhCHMeSiMe2X + X“ — PhCHMeSiMe2X + X"

Scheme 5 .2 .3

5.3 The k inet ic  and thermodynamic behaviour of nucleophile 

assisted racemization of PhCHMeSiMe2X (X=Cl, Br)

The racemizations of PhCHMeSiMe2X (X=Cl, Br ) ,  involving four coordinate 

1:1 si lane-nucleophi le ionic intermediates, proceed via two possible 

mechanistic pathways. The choice of reaction mechanism and the rate of 

racemization depend largely on the s t a b i l i t y  of the si lane-nucleophi le
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adduct in the system, which are e n t i re ly  consistent with the results from 

the k inet ic  and thermodynamic studies.

The discussion in the previous section pointed out that the s t a b i l i t y  of 

a si lane-nucleophile complex is  controlled by four major factors .  These 

include the leaving group or counterion of si lane, the nature of 

nucleophile ,  the concentration and the solvent of the system under 

invest igat ion .  With a p ar t icu la r  nucleophile as the ca ta ly s t ,  the 

re la t iv e  rate of racemization of PhCHMeSiMe2X (X=Cl, Br) decreases with 

leaving group or counterion in the following sequence Br > Cl.

The formation of a llPhCHMeSiMe2“ nucleophi le3*X” adduct in an i n i t i a l ,  

rapid, pre-equi l ibrium step, followed by the second rate determining 

nucleophil ic attack at the si lane-nucleophi le complex is  the preferred  

mechanistic route (Scheme 5 .3 .1 )  for  the racemization of PhCHMeSiMe2Cl in 

the presence of strong nucleophiles and PhCHMeSiMegBr with weak donor 

species.

PhCHMeSiMe2X + Nu — ^  [PhCHMeSiMe2-Nu]+X"

[PhCHMeSiMe2-Nu]*X" + Nu* —  —> CPhCHMeSiMe2-Nu*3*X" + Nu

rate determining step

Scheme 5.3.1

An approximate second order in nucleophile is found in each case which is 

in accord with the observations by Corriu,  except that the mechanism 

proposed by him involves penta- and hexacoordinate molecular
ro"!

intermediates. Aggregation of polar nucleophile molecules may be the 

rat ionale  behind the unexpected high orders in nucleophile recorded for  

the racemization of PhCHMeSiMe2Cl with weak nucleophiles.

In the presence of strong donor species, PhCHMeSiMe2Br racemizes via a 

nucleophil ic attack by the halide anion of the s i lane-nucleophi le adduct 

at the s i l icon  atom of the uncomplexed si lane. In th is  mechanism (Scheme



-184-

5 . 3 . 2 ) ,  the i n i t i a l  formation of the si lane-nucleophi le sal t  is followed 

by the attack of the counterion at the uncomplexed si lane. The l a t t e r  

process may be the rate l im i t ing  step under equil ibrium condit ions. The 

orders in nucleophile tend towards unity and are s imilar  to those 

reported by Prince^^^^ and Cartledge^^^ on. halide exchanges of 

halosi lanes.

PhCHMeSiMegX + Nu [PhCHMeSiMeg-Nuü+X"

PhCHMeSiMegX + X“ ; ^ = = ^  PhCHMeSiMegX + X"

Scheme 5 .3 .2

Owing to the importance of the s t a b i l i t y  of the si lane-nucleophile adduct 

in determining the mechanism for the racemization at s i l i c o n ,  factors  

affect ing  the s t a b i l i t y  w i l l  in d i r e c t ly  influence the mechanistic 

pathway. Thus with increasing s t a b i l i t y  of the complex, the reaction  

mechanism a l te rs  from one u t i l i z i n g  two molecules of nucleophile to one 

involving halide exchange.

The good correlat ion between the k inet ic  results from the racemization

studies on PhCHMeSiMe2Cl and the nuc leoph i l ic i ty  of the donor species

(Beta values) assigned by Taf t^^ l ]  provide evidence that the racemization

process is dependent upon the nature of the incoming nucleophile.

Furthermore, the plot of the k inet ic  results of the racemization of

PhCHMeSiMe2Cl versus the rate of alcoholysis of Ph2SiCl2 published by 
C573Frye produced an excellent  l inear  corre la t ion .  The mechanism for  the 

alcoholysis postulated by Frye is  essent ia l ly  the same as that proposed 

for the racemization of PhCHMeSiMe2Cl.  Thus the hypothesis that  the four  

coordinate 1:1 ionic s i lane-nucleophile adducts are formed in an i n i t i a l ,  

rapid ,  pre-equi l ibrium step is v e r i f i e d .

The act iva t ion  enthalpies evaluated from the thermodynamic studies on the 

racemizations of PhCHMeSiMe2X (X=Cl, Br) are about 10 and 40 kJmol”  ̂ for  

PhCHMeSiMe2Cl and PhCHMeSiMe2Br respect ive ly .  These results are in good
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agreement with the two d i f fe re n t  mechanisms for the racemizations of

PhCHMeSiM02X (X=Cl, Br) in the presence of strong nucleophiles. In 

comparison with the bromide analogue, the act ivat ion entropy is more 

negative for the racemization of PhCHMeSiMe2Cl . This indicates that the 

chlorosilane system is more ordered which may be induced by solvent 

s ta b i l i z a t io n  and the s ter ic  e f fects  in the s i lane-nucleophi le complex.

5.4  The interact ions of PhMeRSiCl (R=H, Me) with nucleophiles

In contrast to the diastereotopic PhCHMeSiMe2X (X=Cl, Br, OSO2CF3) 

system, pentacoordination at s i l icon  of chloromethyIphenylsilane 

(PhMeHSiCl) is observed with strong nucleophiles, for example NMI and 

HMPA, producing CPhMeHSi-(Nu)23*C l” complexes. However the formation of 

the [PhMeHSi-(HMPA)2]*Cl~  adduct is accompanied by a low equil ibrium  

constant at ambient temperatures. These f ive  coordinate PhMeHSiCl- 

nucleophile salts undergo chemical exchanges with th e i r  four coordinate 

1:1 ionic analogues, CPhMeHSi-Nu3*Cl“ . Furthermore, no evidence for the 

presence of hexacoordinate s i l icon  species is noted.

Me .H

PhMeHSiCl + Nu, [PhMeHSi-Nu]*Cl" v'"'— CNu----- 'Si----- Nu3*Cl
I

Ph

Scheme 5.4.1

With DMF as the nucleophile,  s ign i f icant  complex formation cannot be 

detected for the interact ions of PhMeRSiCl (R=H, Me). Nevertheless,  

in te re s t in g ly ,  the collapse of the two N-methyl resonances of DMF is 

recorded on the proton n.m.r.  spectra at low concentrations of DMF, which 

may be ind icat ive  of N -s i ly la t io n  of DMF.

The combined observations by Chojnowski, Bassindale and Stout, Frye as 

well as results from this project provide convincing evidence for  the 

operation of the mechanism f i r s t  postulated by C h o j n o w s k i , w h i c h
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applies in general to systems consisting of highly e lec t roph i l ie  si lanes 

with good leaving groups and r e la t i v e ly  strong nucleophiles. In a 

situat ion  where poor leaving groups, such as Si— H, or very weak 

nucleophiles are involved, deta i led investigations need to be performed 

to further  elucidate the mechanism.
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chapter 6 Experimental
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6-1 Instrumentation

The si Lanes used were extremely moisture sensit ive; in order to el iminate  

contamination by moisture, a l l  chemicals were treated as moisture 

sensit ive compounds and handled under dry nitrogen (purchased from Air 

Products, high puri ty  grade).  A Faircrest dry nitrogen glove box enabled 

more convenient, easier transfers and handling of moisture sensit ive  

reagents. Quantit ies of compounds were measured and transferred via 

stainless steel needles and Hamilton a l l  g lass - te f lon ,  gas t igh t  

syringes. The syringes were cal ibrated by weighing measured volumes of 

d i s t i l l e d  water,  the accuracy was found to be ±0.7%.

Chemicals were stored in reagent bott les (previously heated in an oven) 

with e i ther  PTFE-silicon rubber septa valves (Pierce Mininert valves) or 

PTFE-silicon rubber septa caps. The septa were replaced regular ly  

because they were attacked by the more reactive si lanes e.g.  

ch loro methy Iphenylsi lane and also to prevent moisture entering through 

the punctures. PTFE-butyl rubber septa would be a better  choice i f  th e i r  

extremely poor re s e a la b i l i t y  could be improved a f te r  being punctured by 

needles. Fine gauge stainless steel needles with non-coring t ips  were 

used to minimise the damage to septa. A Sartorius 2000 MP d i g i t a l  

balance was used to provide accurate weighings of up to ±0.5mg.

The infrared spectra were obtained on a Perkin Elmer Model 1710 Fourier 

transform infrared spectrometer. For moisture sensit ive or hygroscopic 

compounds, the samples (as Nujol mulls in the case of solids) were 

prepared under dry nitrogen. A Perkin Elmer 240C analyser was used to 

perform the elemental microanalyses.

All  the n.m.r.  spectra were recorded on a Jeol FX90Q n.m.r.  spectrometer 

with a tunable,  multinuclear probe- Tetramethylsi lane (TMS) was normally 

taken as the reference. Nevertheless, in most experiments, an external  

reference was used when the diastereotopic Si Me groups of PhCHMeSiMe2X 

were under investigation since the SiMe signals were obscured by TMS. An

out l ine  of the various spectral  parameters is given below.
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Spectral width 
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Pulse width 

Pulse delay 

I r ra d ia t io n  mode

Exponential window

1000 or 1500Hz 
89.56MHz

5302Hz
22.50MHz
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decoupling 

O.OHz 0.0 or 1.24Hz

2000 or 4000Hz 

17.76MHz

12 or 22^s 

10 to 50s 

decoupling without nuclear 

overhauser enhancement 

3.09Hz

Dynamic n.m.r.  to ta l  l ine shape analyses were performed using the Dec-20 

computing system with a modified version of the QCPE (Quantum Chemistry 

Program Exchange) DNMR4 program (No. 466).  The calculated spectra were 

recorded on. a Calcomp-81 f la tbed p lo t te r .

6 .2  Pur i f ica t ion  of chemicals

D i s t i l l a t i o n  under reduced pressure was predominantly used as the mode of 

p u r i f i c a t io n .  The choice of drying agents and the p u r i f ic a t io n  procedure 

are summarized in the following categories.

A. Deuterated solvents were stored over activated 4A molecular sieves 

and reagent grade chemicals were used without further  p u r i f i c a t io n .

From Aldrich Chemical Co. L t d . : -  tetramethylsi lane 99.9+%, NMR grade

diphenylmethylsi lane 

chloroform-d^ 99.8 atom % D GOLD LABEL

a ce ton i t r i le -dg  99 atom % D GOLD LABEL

dichloromethane-dg LABEL  ̂ ^
benzene-d^ 99.5 atom % D GOLD LABEL 

toluene-dg 99+ atom % D GOLD LABEL 

nitromethane-dg 99 atom % D GOLD LABEL 

From BDH Chemicals L t d . : -  magnesium turnings

potassium hydroxide 'AnalaR' 

anhydrous magnesium sulphate
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B. Prior to d i s t i l l i n g  and storing over act ivated 4A molecular sieves

under nitrogen, these chemicals were allowed to stand over 4A sieves

for a few days.
From Aldrich Chemical Co. L t d . : -  1-methylimidazole 99%

1-methyl-2-pyrrolidinone 99%

1-methyl-2-pyridone 99+%

1,1 ,3 ,3 -tetramethylurea 99%

N,N-dimethyIformamide 99%

R-(+)-limonene 97%

From Fluka AG:- 1 ,3 -d imethyl -3 ,4 ,5 ,6- te trahydro-2 (H)-pyr imid inone

1, 3-dimethyl-2-imidazolidinone 98%

C. The following compounds were d i s t i l l e d  from potassium hydroxide 

pel le ts  and 4A molecular sieves.

From Aldrich Chemical Co. L t d . : -  pyridine 99%

2, 6-dimethylpyridine 99%

3.5-dimethylpyr idine 98+%

2,4-dimethyIpyridine 96+%

2. 6-d i - t e r t - b u t y lp y r id in e  97% 

t r i e t h y lamine 99+%

D. Due to the lack of suitable drying agents, halosilanes and corrosive 

chemicals were d i s t i l l e d  in the absence of any drying agents.

From Aldrich Chemical Co. L t d . : -  tri fluoromethanesulphonic acid

chlorodimethylphenylsi lane 

From Fluorochem L t d . : -  chloromethyIphenylsilane

E. Reagents which serve as star t ing  materials for syntheses were 

generally used without further  p u r i f i c a t io n .

From Aldrich Chemical Co. L t d . : -  (1-bromoethyDbenzene 97%

thionyl  chloride  

chlorodimethylsilane  

From BDH Chemicals L t d . : -  carbon te trach lor ide  'AnalaR'

DL-1-phenylethanol 99%

2-bromobutane
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F. Individual  routes of p u r i f ica t io n  were carried out for these 

compounds.

HexamethylphosphoramideAldrich Chemical Co. L td . ,  99%; d i s t i l l e d  from

phosphorus pentoxide and stored over activated  

4A molecular sieves under dry nitrogen before 

use.

n-Hexane, n-pentane:- Rathburn Chemicals L td . ,  HPLC grade; previously

dried and d i s t i l l e d  from sodium wire ,  followed by 

storage over fresh sodium wire and activated 4A 

molecular sieves under nitrogen.

Benzene:- BDH Chemicals L td . ,  'AnalaR'; dried with calcium chloride  

pr ior  to d i s t i l l a t i o n .

Bromine l i q u i d : -  BDH Chemicals Ltd . ;  shaken with an equal volume of

concentrated sulphuric acid and separated from the acid

layer.

Tetrahydrofuran: -  Rathburn Chemicals L td . ,  HPLC grade; refluxed and 

d i s t i l l e d  from calcium hydride under nitrogen.

Diethyl e th e r : -  BDH Chemicals L td . ;  dried with sodium wire,  followed by

refluxing and d i s t i l l i n g  from calcium hydride under

nitrogen.

Si lver  tr i f luoromethanesulphonate: -  Aldrich Chemical Co. Ltd . ;  dried

under reduced pressure at 50°C for  

four days.

Tetra-n-butylammonium bromide:- Aldrich Chemical Co. L td . ;  the

re c ry s ta l l i z a t io n  process involved 

dissolving in hot benzene (5 ml per gram) 

and adding n-hexane u n t i l  the mixture 

became cloudy; the result ing solid was 

then f i l t e r e d ,  washed with fresh n-hexane 

and dried under nitrogen.
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6.3 Studies on halomethyLphenylsilane (PhMeHSiX; X=Cl, OSO2CF3)

An al iquot of PhMeHSiX (X=Cl, OSO2CF2; 2.5 mmoles) was added to a 

solution of R-(+)-limonene (2 .0  ml, 12.375 mmoles) in benzene-dg (0 .2  ml) 

in a 10 mm screw cap n.m.r.  tube, with a PTFE-silicon rubber septum. 

Proton, carbon-13 and s i l icon-29  n.m.r.  spectra were recorded before and 

a f te r  the addition of si lane. In the case of the s i l y l  t r i f l a t e ,

PhMeHSi0S02CF-5,  the experiment was repeated in the presence of 

t r i e t h y lamine (0.35 ml, 2-5 mmoles).

6 .4  Syntheses

6.4.1  Synthesis of RCHMeSiMe2H

RCHMeSiMe2H was prepared by the standard in s i tu  Grignard reaction. The 

mixture of solvent,  RCH(Br)Me and magnesium turnings,  previously dried by 

heating in an oven, was activated with a small crystal  of iodide.  

Chlorodimethylsilane was added dropwise and the s t i r red  mixture was 

refluxed for four hours. Excess magnesium turnings were removed by the 

addit ion of hydrochloric acid (2M). The ethereal layer was washed with 

water and saturated sodium hydrogen carbonate solut ion,  then dried with 

anhydrous magnesium sulphate. After removing the solvent,  the remaining 

crude product was pur i f ied  by d i s t i l l a t i o n  and stored under nitrogen 

prior  to use.

solvent
RCH(Br)Me + Mg + Me2HSiCl  ------------- > RCHMeSiMe2H + MgClBr

When R=Et[84] CH3CH2CH(Br)CH3 56.48g, 0.412 mole

Mg turnings 15 .6g, 0.642 mole

chlorodimethylsilane 59.64g, 0.630 mole

diethyl  ether 150 ml
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Yield of sec-butyLdimethyLsilane 18-68g, 39.0%

b.p. 98-102°C 760mmHg

When Rzph^BS] Before (1-bromoethyDbenzene was commercially

ava i lab le ,  ( l -chloroethyl)benzene was prepared by 

allowing a mixture of DL-1-phenylethanol (4 1 .3g, 0.338 

mole) and thionyl  chloride (100.9g, 0.848 mole) to s t i r  

overnight at room temperature. Excess thionyl chloride  

was d i s t i l l e d  o f f ,  the remaining l iquid  was dissolved 

in sodium dried diethyl  ether.  The result ing l iqu id  

was washed with water and saturated sodium hydrogen 

carbonate solut ion, dried and d i s t i l l e d  to give 36.83g,  

77.5% y ie ld  of ( 1-chloroethyDbenzene.

PhCH(Cl)Me 79.68g, 0.567 mole

Mg turnings 48 .9g, 2.011 mole

chlorodimethylsilane 190.04g, 2.008 mole 

tetrahydrofuran 300 ml

Yield of 1-methyIbenzyldimethylsi lane 78.05g, 83.8% 

b.p. 28°C 0.3mmHg

Analysis Found: C, 70.45%; H, 10.05%

^10^16^^ requires C, 73.09%; H, 9.81%

When R=^Bu^^^^ The precursor,  2-chloro-3,3-dimethyIbutane (^BuCHClMe) 

was synthesed by the same method as described above for  

the preparation of 1-chlorophenylethane. The n.m.r .  

spectral  data of the crude product indicated the 

presence of a mixture of 2-chloro-3,3-dimethyIbutane  

(^BuCHClMe) and i t s  rearranged product,  2,3-dimethy1-2-  

chlorobutane (MegCClCHMeg). Further preparative work 

on this compound was abandoned.
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n.m.r .  data (CDCI3,  external TMS)

Signals from ^BuCHCCDMe: 40.5 (CH), 30.3 (CMeg), 29.3

(^Me^), 18.3 (Me)

Resonances from Me2CHC(Cl)Me2: 74.4 (CCI),  31.3

(CClMe2) ,  19.8 (CHMeg), 

15.7 (CH)

6 .4 .2  Synthesis of RCHMeSiMe2Cl

The chlorosi lanes were prepared by chlor inat ion of the corresponding 

si lanes RCHMeSiMe2H.^®^^ Chlorine gas was bubbled through a s t i r red  

solution of si lane in carbon tetrachlo r ide (previously degassed) under 

nitrogen at 0°C. The mixture was i r rad ia ted  with a 60W l ight  bulb. The 

reaction was care fu l ly  monitored, by recording the proton spectra of the 

reaction mixture at regular in te rv a ls ,  to check for the disappearance of 

the SiH quinte t .  Further chlorination of the proton of the RCHMe group 

would resul t  i f  excess chlorine gas was present.  After the removal of 

solvent,  the crude product was d i s t i l l e d  under reduced pressure and 

stored under nitrogen before use.

hv, 0°C
RCHMeSiMe?H + CU (g)  > RCHMeSiMepCl + HCl (g)CCI4

When R=Et sec-butyldimethylsilane 4.47g, 0.038 mole

carbon te trachlor ide  30 ml

Yield of sec-butyIdimethyIchlorosilane 4.34g, 74.9% 

b.p. 132°C 760mmHg

When R=Ph 1-methylbenzyldimethylsi lane 30.37g, 0.19 mole

carbon te trachlor ide  50 ml

Yield of 1-methyIbenzyldimethyIchlorosilane 30.33g, 81.6% 

b.p. 43-44°C O.ImmHg
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AnaLysis Found: C, 58.78%; H, 8.22%

C-|oH,|5SiCL requires C, 60.43%; H, 7.61%

6 .4 .3  Synthesis of sec-buty ld imethyls i ly l  t r i f l a t e  or 

trifLuoromethanesulphonate (^BuSiMe20S02CF3)

Trifluoromethanesulphonic or t r i f l i c  acid (0 .68g, 4.535 mole) was 

syringed into  a solution of sec-butyldimethylsi lane (0.53g, 4.536 mole) 

in chloroform-d^ (1 .0  ml).  Efferverscence of hydrogen gas was observed, 

The n.m.r .  spectral  results of the crude solution showed that i t  only 

contained a minute percentage of impuri t ies .

^BuSiMe2H + CF3SO3H —  ^BuSiMe20S03CF3 + Hg, (g)

6 .4 .4  Preparation of 1-methylbenzyldimethylsi lyl  t r i f l a t e  

(PhCHMeSiHe20S02CF3)

Cleavage of the phenyl group was observed, even at low temperatures, when 

t r i f l i e  acid was employed for the conversion of the si lane into i t s  

tri fluoromethanesulphonate der iva t ive .  Hence an a l te rn a t ive  and more 

expensive route had to be adopted.

1-Methylbenzylchlorodimethylsi lane (4.86g, 0.024 mole) was added slowly 

to the viscous pale yellow solution of s i lv e r  tri fluoromethanesulphonate 

(5.87g,  0.029 mole) in a c e to n i t r i l e - d 3 (2.5 ml) under nitrogen.

Immediate p rec ip i ta t ion  of s i lv e r  chloride was observed. On warming, the 

solid coagulated and became brownish pink, leaving a pale yellow, clear  

supernatant solution. After f i l t e r i n g  o f f ,  the solid was washed with a 

fur ther  a l iquot  of solvent.  When the removal of solvent from the 

combined solution was complete, the resul t ing l iquid  was d i s t i l l e d  to 

give a yellow, extremely moisture sensit ive  l iqu id .

PhCHMeSiMegCl + Ag0S02CF3 ------— >  PhCHMeSiMe20Tf + AgCl (s)
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Table 6.4.1
Summary of the n.m.r .  data of PhCHMeSiMc2X (X=H, Cl ,  Br, OSO2CF3)

Assignments PhCHMeSiMe2H PhCHMeSiMe2Cl PhCHMeSiMe2Br PhCHMeSiMe20Tf

Ph 7 . 3 5 - 7 . 11m 7 . 4 4 - 7 . 17m 7 . 45- 7 . 16m 7 . 4 4 - 7 . 10m
SiH 3-93qn,3.3Hz - - -

2.40q,nr 2.52q,7.3Hz 2.59q,7.7Hz 2.61q,7.7Hz
Me, Jpipi 1.48d,7.3Hz 1.56d,7.3Hz 1.58d,7.7Hz 1.55d,7.7Hz

O.l idd 0 .40 ,0 .42 0 .54 ,0 .56 0.47
A-B 3.7Hz 1.8Hz 1 .8Hz -

^^C ipso C 145.6 143.2 142.9 140.6
meta C 128.3 128.7 128.8 128.8
ortho C 127.0 127.9 127.9 127.4
para C 124.6 125.8 125.9 126.0

CFz/^^CF - - - 118.4q ,317 .1Hz
CH 27.8 32.1 32.3 29.5
Me 15.5 14.8 15.3 13.6

STMeA,B - 5 . 8 , - 5 . 9 - 0 . 3 , 0 . 7 0 .5 ,1 .8 - 2 . 8 , - 3 . 8
A-B 2.6Hz 23.3Hz 29.8Hz 24.6Hz

29si nr 32.4 30.8 40.4

Quantit ies used 
si lane mmol 3.01 3.01 3.18 3.36
solvent 2.0 ml chloroform-d

Table 6 .4 .2
Summary of the n.m.r .  data of EtCHMeSiMe2X (X=H, Cl ,  OSO2CF3)

Assignments 6(ppm) EtCHMeSiMe2H EtCHMeSiMegCl EtCHMeSiMegOSOgCF

1H SiH 4.19qn,nr - -

SiMe O.IOdd,3.7Hz 0.37 0.39

13c
^Bu 0 .86 -1 .61m 0 .8 8 - 1 .55m 0.97 vbr

118.7q,315.9Hz - -
ÇTKCH3) 25.9 24.1 23.3
CH3 ÇH2 20.5 23.8 22.1
CHC^Hj) 14.5 13.1 12.6
ÇH3CH2 13.4 12.8 11.8

SiMeA^B
A-B

- 5 . 9 , - 6 . 3  
9.1Hz

0.1 - 3 .3

The spectra were recorded in chloroform-d^
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Table 6 .4 .3

Infrared data of PhCHMeSiMegX (X=H, Cl, Br, OSOgCF̂ )

-1
Assignments (cm ) X = H X = Cl X = Br X = OSOgCFg

Ph (=C-H stretch) 3083, 3062, 
3024, .2999 3062, 3026 3083, 3061, 

3025
3085, 3064, 

3028

Me (C-H stretch) 2870 (sym) 
2958 (asym)

2875 (sym) 
2964 (asym)

2875 (sym) 
2963 (asym)

2878 (sym) 
2965 (asym)

CH (C-H stretch) 2929, 2903 2906, 2932 2904, 2931 2935

Ph (C=C stretch) 1601, 1580, 
1495, 1451

1601, 1491, 
1451

1601, 1495, 
1451

1602, 1581, 
1495, 1453

Si-benzyl 1194, 1034, 
998

1194, 1034, 
998

1195, 1034, 
998 1207, 1034

Si-H 2113 - - -

Si-Me 1250, 775 1255, 792 1253, 790 1247, 761

Ph
(=C-H in-plane bend)

1164, 1089 
1047, 1011

1171, 1091, 
1049, 1012

1169, 1091, 
1049, 1013

1155, 1092, 
1049, 1012

Ph (=C-H o u t -o f -  
plane bend)

878, 837, 
757, 699

845, 814, 
760, 700

845, 812, 
760, 700

852, 814, 
761, 701

Me (C-H bend) 1423 (sym) 
1377 (asym)

1407 (sym) 
1378 (asym)

1407 (sym) 
1378 (asym) 1392

CH (C-H bend) 1337 1337 nr nr

Si-0 - - - 909

S-0 - - - 957

S=0 - - - 1155 (sym) 
1392 (asym)

C-F - - - 1262
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Yield of 1-methylbenzyldimethylsilyl t r i f l a t e  5.57g, 78.1%

b.p. 59-60°C 0.12mmHg

Analysis Found: C, 42.30%; H, 4.84%

C iiH i5SiO-^SF3 requires C, 37.48%, H, 5.36%

6 .4 .5  Synthesis of 1-methylbenzyldimethylbromosilane 

(PhCHMeSiMegBr)

Analogous to the chlorination process, a s t ir re d  solution of 1-methyl-  

benzyldimethylsilane (6 4 .7g, 0.394 mole) in carbon te trach lo rid e  (150 ml) 

was brominated by adding bromine l iq u id  dropwise to the solution under 

nitrogen at 0°C with i r ra d ia t io n .  Efferverscence of hydrogen bromide gas 

was observed. Proton n.m .r. spectroscopy was used to monitor the 

reaction. The mixture became orange when the reaction was complete. 

Removal of the solvent followed by d i s t i l l a t io n  gave a s l ig h t ly  pale 

yellow, extremely moisture sensitive l iq u id .

PhCHMeSiMegH + Brg ( I )  ---------- >  PhCHMeSiMegBr + HBr (g)

Yield of 1-methyIbenzylbromodimethylsilane 77.21g, 80.6%

b.p. 90“95^C 0.3mmHg

Analysis Found: C, 48.39%; H, 6.70%

CioHi5SiBr requires C, 49.38%, H, 6.22%

6 .4 .6  Syntheses of s ilane-nucleophile adducts

Generally, a nucleophile was mixed with a si lane in n-pentane (0 .2  ml) 

under dry nitrogen. The process of adduct formation was highly  

exothermic. After f i l t e r in g  and washing with a fresh aliquot of n- 

pentane, the extremely hygroscopic solids were analysed by elemental 

microanalysis as well as in frared and n .m .r. spectroscopies. The n.m.r, 

and in frared  data are provided in the appropriate tab les .
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A. The PhCHMeSiMegCl-NMI adduct (C14H21N2SICI)

The mixture of PhCHMeSiMegCl (1 .0  ml, 5.957 mmoles) and NMI (0.47 ml, 

5.925 mmoles) in n-pentane (0 .2  ml) was cooled at -10°C for an hour 

before the solid  was observed.

Analysis Found: C 59.30%, H 7.87%, N 10.25%

Calculated: C 59.87%, H 7.54%, N 9.97%

B. The PhCHMeSiMe2Br-NMI adduct (C l4H2lN 2SiBr)

A cloudy, viscous solution and an exothermic reaction resulted as NMI 

(0 .44 ml, 5.488 mmoles) was added to PhCHMeSiMe2Br (1 .0  ml, 5.480 mmoles) 

in n-pentane (0 .2  ml) under nitrogen. The solid  prec ip ita ted  out a f te r  

standing at -10°C for six hours.

Analysis Found: C 52.54%, H 6.71%, N 8.48%

Calculated: C 52.01%, H 6.55%, N 8 . 66%

C. The PhCHMeSiMe2Br-HMPA s a lt  (CiaHsS^sPOSiBr)

A pale yellow, semi-solid mixture of PhCHMeSiMe2Br (1 .0  ml, 5.515 mmoles) 

and HMPA (0.96 ml, 5.490 mmoles) in n-pentane (0 .2  ml) was l e f t  to stand

at -10°C for six hours, p rio r to the formation of the s o lid .  Heat was

evolved during the add ition .

Analysis Found: C 47.21%, H 8.19%, N 10.44%

Calculated: C 45.49%, H 7.87%, N 9.95%

D. The PhCHMeSiMe2Br-NMP0 adduct (C-|^H22N0SiBr)

The sa lt  was formed instantaneously as NMPO (0.55 ml, 5.562 mmoles) was 

introduced to the solution of PhCHMeSiMe2Br (1 .0  ml, 5.499 mmoles) in n- 

pentane ( 0.2  ml).

Analysis Found: C 52.94%, H 6.38%, N 7.22%

Calculated: C 54.54%, H 6.29%, N 3.94%

E. The PhMeHSiCl-(NMI)2 s a lt  (C^5H2iN4$iC l)

NMI (1.22 ml, 15.273 mmoles) was mixed with PhMeHSiCl (1 .0  ml, 7.647  

mmoles) in n-pentane ( 0.2 ml) under nitrogen to give a gluey white s o l id ,  

followed by re c ry s ta l l iz a t io n  from hot chloroform-d^ and n-pentane.
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Table 6 .4 .7

Infrared data of PhCHMeSiMegX-NMI adducts (X=Cl, Br)

-1
Assignments (cm )

Ph (=C-H stretch)

Me (C-H stretch)

CH (C-H stretch)

Ph (C=C stretch)
Ph

(=C-H in-plane bend)

Ph
(=C-H out-of-p lane bend) 

Me (C-H bend)

CH (C-H bend)

Si-benzyl

Si-Me

N-H stretch

N-H out-of-p lane bend

C=N

C=C

C-N stretch

NMI (=C-H stretch)

NMI
(=C-H out-of-p lane bend) 
NMe (C-H stretch)

NMe (C-H bend)

Si-N

PhCHMeSiMe^Cl-NMI s a lt  PhCHMeSiMegBr-NMI sa lt

3089, 3041 

2925 

2854, 2703 

1601, 1494 

1178, 1064

865, 780, 759, 700 

1455 (asym), 1377 (sym) 

1342 

1178, 1064, 997 

1254, 792 

3109 

835 

1657

1657

aromatic 1286 
a lky l  1177, 1088

3000 

944, 905 

2703,2854  

1455 (asym), 1377 (sym) 

865, 623

nr

2903

2869

1600, 1491, 1456 

1205, 1130, 1050

856, 820, 754, 712 

1427 (asym), 1378 (sym) 

1337 

1176, 1030, 989 

1256, 775 

nr 

805 

1695 

1568
aromatic 1272, 1246 
a lk y l  1114, 1092, 1013

nr

934, 897 

2869

1427 (asym), 1351 (sym) 

897, 820, 664, 651, 633
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Table 6 .4 .8

Infrared data of PhCHMeSiMegBr-HMPA adduct

-1Assignments (cm )

Ph (=C-H stretch)

Me (C-H stretch)

CH (C-H stretch)

Ph (C=C stretch)

Ph (=C-H in-plane bend) 

Ph
(=C-H out-of-p lane bend) 

Me (C-H bend)

CH (C-H bend)

Si-benzyl

Si-Me

Si-0

P=0

C-N stretch

HMPA (C-H stretch)

HMPA (C-H bend)

PhCHMeSiMe^Br-HMPA sa lt

3058, 3029 

2866, 2823 

2927

1600, 1490, 1455 

1181, 1002 

823, 762, 704 

1455 (asym), 1376 (sym) 

1314 

1181, 1069 

1256, 797 

1069, 1002, 823 

1256 

1069 

2996

HMPA

1211 

1068 

2996, 2880

1455 (asym), 1314 (sym) 1462 (asym),1296 (sym)
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Table 6 .4 .9

Infrared data of PhCHMeSiMegBr-NMPO adduct

-1
Assignments (cm )

Ph (=C-H stretch)

Me (C-H stretch)

CH (C-H stretch)

Ph (C=C stretch)

Ph (=C-H in-plane bend) 

Ph
(=C-H out-of-p lane bend) 

Me (C-H bend)

CH (C-H bend)

Si-benzyl

Si-Me

Si-0

C-N stretch  

C=0

(=C-H stretch)

(C=C stretch)

(C-H stretch)

NMPO

NMPO

NMPO

NMPO

PhCHMeSiMe^Br-NMPO sa lt

3062 

2854 

2925 

1604 

1170, 1308 

867, 835, 760, 725, 700 

1462 (asym), 1378 (sym) 

1351

1183, 1066, 926 

1255, 781

1066, 926, 867 

1308 

1646 

3062

1580, 1519, 1479 

2925

NMPO

1320

1657

3074

1587, 1471, 1541 

3031

(C-H bend)

NMPO
(=C-H in-plane bend)

NMPO
(=C-H out-of-p lane bend)

1462 (asym), 1378 (sym) 1437 (asym),1386 (sym) 

1170, 1308 1241, 1156, 1053, 1004

867, 835, 760, 725 876, 844, 767, 730
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Table 6 .4 .10

In frared  data of PhMeHSiCl, NMI and PhMeHSiCl-(NMI)2 adduct

-1
Assignments (cm ) PhMeHSiCl NMI PhMeHSiCl-(NMI)2

Ph (=C-H stretch) 3073, 3054, 
3025

- 3106,3040

Si-H 2169 - 2133

Ph (C=C stretch) 1592, 1487 — 1582, 1454

Si-Ph . 1430, 1119 - 1178

Si-Me 1257 - 1273

Ph
(=C-H in-plane bend) 1305 - 1332

Ph
(=C-H out-of-p lane bend)

882, 833, 729, 
697, 672 836, 716

N-H stretch - 3106 3106

N-H out-of-plane bend - 819 836

C=N stretch - 1518 1874

C=C stretch - 1518 1529, 1582, 1546

C-N stretch - 1286, 1232 
1109, 1078, 1029

1285, 1236 
1087, 1043, 1016

NMI (=C-H stretch) - 2952 2926

NMe (C-H stretch) - 2916 2854

NMe (C-H bend) - 1421, 1359 1427, 1351

NMI
(=C-H out-of-p lane bend)

- 909, 743 956, 906, 746

Si-N stretch - - 956, 906, 836, 
746, 666, 621
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Analysis Found: C 56.31%, H 6.51%, N 17.09%

Calculated: C 56.14%, H 6.60%, N 17.46%

6.5  Kinetic studies on the exchange of PhCHMeSiMe2X (X=Cl, Br, 

OSO2CF2) with nucleophiles

6 .5 .1  The influence of nucleophile and leaving group

Successive aliquots of a nucleophile were syringed into  a solution of 

PhCHMeSiMe2X (X=Cl, Br, OSO2CF2; 2.0 ml) in benzene-d^ (0 .2  ml) in a 10 

mm screw top n .m .r. tube, with a PTFE-silicon rubber septum. The 

experiment was designed to minimise any medium e f fe c ts ,  therefore only a 

small quantity of solvent, s u f f ic ie n t  to lock on to the n .m .r.  

spectrometer, was used.

Instantaneous p rec ip ita t io n  of s ilane-nucleophile adduct was observed 

when a minute quantity of a good nucleophile such as HMPA, NMI or NMPO 

was added to the PhCHMeSiMe2Br so lution . Studies were therefore  

performed with a more d i lu te  solution of si lane (1 .0  ml) in 

dichloromethane-d^ (1 .2  ml) for these systems. The exchange between the 

bromosilane and HMPA was extremely rapid and immeasurable even under the 

above conditions. The solution was made up of 0.4 ml of si lane in 1.8 ml 

of dichloromethane-d2-

6 .5 .2  The influence of solvent

The e ffec t  of a lte r in g  the solvent, from an ess en tia lly  non polar e .g .  

benzene-d^ to a very polar one such as nitromethane-d^, was investigated .  

The same procedure was followed, a nucleophile was added to PhCHMeSiMe2Cl 

(2 .0  ml) in solvent (0 .2  ml).
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6 .5 .3  The influence of concentration

The dependence of the rate of reaction upon concentration was determined 

by varying the concentration of the si lane so lution . The experimental 

conditions are l is te d  below.

D ilu tion  Quantity of PhCHMeSiMe2Cl Quantity and nature of solvent

Two fold  

Five fold  

Ten fo ld  

Two fold  

Five fold  

Ten fold

1.0 ml 

0.4 ml 

0.2  ml

1 .0  ml 

0.4  ml 

0.2 ml

1.2  ml benzene-d^

1.8 ml benzene-d^

2.0 ml benzene-d^

1.2 ml dichloromethane-d2 

1.8 ml dichloromethane-d2 

2.0 ml dichloromethane-d2

6 .6  Variable temperature n .m .r. studies

Prior to the experiment, each sample was e ith er  cooled in a carbon 

dioxide-acetone bath ( -7 8 ^ 0  to test the s o lu b i l i ty  of the components for  

low temperature study or warmed in a water bath at 65®C for high 

temperature work. The desired temperature was adjusted using a Jeol 

temperature c o n tro l le r .  Calibration with a Comark microprocessor 

thermometer thermocouple indicated that the temperature accuracy was 

±2°C. After each readjustment of temperature, two minutes were allowed 

for the sample to reach thermal equ ilibrium . The r e v e r s ib i l i t y  of the 

reaction was examined by recording an n .m .r. spectrum a f te r  warming back 

to ambient temperature.

Two opposing factors were considered in preparing the samples for  

variable temperature studies. A moderately concentrated si lane solution  

was required to reduce the accumulation time especially  when recording 

s ilico n -29  n .m .r. spectrum. S u ff ic ien t solvent was needed, however, to 

avoid p rec ip ita t io n  of s ilane-nucleophile adduct at low temperatures.
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6.6.1 Variable temperature studies on PhCHMeSiMe2X (X=Cl, Br) and

a mixture of the two si lanes

Carbon-13 n .m .r . spectra of solutions of PhCHMeSiMe2X (X=Cl, Br or a 

mixture of si lanes, 2.0 ml, 0.016 mole) in benzene-d^ (0 .2  ml) were 

recorded from 330K to 280K.

6 .6 .2  Thermodynamic studies on the exchange between PhCHMeSiMe2X 

(X=Cl, Br) and nucleophiles (HMPA, NMI)

I n i t i a l l y  the experiment was performed with a solution of si lane (2 .0  ml) 

in dichloromethane-d2 (0 .2  m l), however on addition of an a liquot of 

nucleophile, less soluble s ilane-nucleophile s a l t ,  for example 

PhCHMeSiMe2Cl-NMI, came out of solution as the temperature was lowered, 

hence a less concentrated solution of si lane (1 .0  ml) in dichloromethane- 

d2 (1 .2  ml) was employed.

Carbon-13 n .m .r. spectra were recorded as the temperature of the probe 

was progressively lowered u n t i l  two well-separated diastereotopic SiMe 

signals were observed. The spectral data, observed rate constants at 

various temperatures and quantit ies  of reagents used are l is te d  in the 

accompanying tab les.

6 .6 .3  Variable temperature chemical s h i f t  studies on the

interactions of si lanes with nucleophiles (HMPA, NMI, DMF)

A nucleophile was mixed with a si lane (1 .0  ml) in dichloromethane-d2 (2 .0  

ml) except in the case where a mixture of si lanes was studied. Carbon-13 

or s il ico n -29  n .m .r. spectra were recorded at regular in te rva ls  on 

lowering of temperature. In certa in  experiments, n .m .r. spectra of other 

nuclei were obtained on returning to ambient probe temperature. The 

reaction between the mixture of PhCHMeSiMe^X (X=Cl, Br) and HMPA was
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investigated by proton n .m .r. spectroscopy. The spectral data at 

p a rt ic u la r  temperatures and the quantit ies  of compounds used are shown in 

the tab les .

6 .7  N.m.r. chemical s h i f t  t i t r a t io n  studies of si lanes against 

nucleophiles (HMPA, NMI, DMF)

Successive aliquots of nucleophiles were added to a si lane solution in 

chloroform-d^ (2 .0  ml) under nitrogen in a 10 mm n .m .r .  tube. Proton, 

carbon-13 and s il icon -29  (oxygen-17 was studied in one of the 

experiments) n .m .r. spectra were recorded a f te r  each add it ion . A l l  the 

spectral data are tabulated.
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Table 6.5.1
Kinetic study on the exchange between PhCHMeSiMe2Cl and NMI

[PhCHMeSiMe2Cl] [NMI] Ratio silaneiNMI Observed rate constant
(mol dm”^) (mol dm"3) (s-1)

4.854 0.0 1.0 : 0 .0 0.0
4.806 0.125 1.0 : 0.026 -
4.733 0.314 1.0 : 0.066 -
4.673 0.467 1.0 : 0.100 23.0
4.658 0.504 1-0 : 0.108 32.0
4.651 0.525 1.0 : 0.113 36.0
4.642 0.549 1.0 : 0.118 39.0
4.636 0.565 1.0 : 0.122 42.6
4.628 0.585 1.0 : 0.126 53.0*
4.620 0.605 1.0 : 0.131 58.0
4.610 • 0.632 1.0 : 0.137 68.0
4.594 0.673 1.0 : 0.147 78.0

In observed rate constant = 3.367 In [NMI] + 5.730

Table 6 .5 .2
Kinetic  study on the exchange between PhCHMeSiMe2Cl and HMPA

[PhCHMeSiMe2Cl] [HMPA] Ratio si lane:HMPA Observed rate constant
(mol dm"3) (mol dm”^) (s-1)

4.914 0.0 1.0 : 0 .0 0 .0
4.862 0.061 1.0 : 0.012 -
4.836 0.151 1.0 : 0.031 -
4.737 0.207 1.0 : 0.044 16.5
4.710 0.238 1.0 : 0.051 22.0
4.694 0.257 1.0 : 0.055 26.0
4.683 0.270 1.0 : 0.058 29.2
4.672 0.283 1.0 : 0.061 32.5
4.672 0.283 1.0 : 0.061 33.2
4.656 0.302 1.0 : 0.065 36.8
4.644 0.315 1.0 : 0.068 42.0
4.629 0.333 1.0 : 0.072 46.5
4.617 0.347 1.0 : 0.075 55.0*
4.605 0.361 1.0 : 0.079 60-0
4.590 0.379 1.0 : 0.083 66.0

In observed rate constant = 2.329 In [HMPA] + 6.436

Quantities used in each experiment : si lane 2.0 ml
solvent 0 .2  ml benzene-d^

*  point of coalescence
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Table 6 .5 .3

Kinetic study on the exchange between PhCHMeSiMe2CL and NMPO

CPhCHMeSiMe2CU [NMPO] Ratio silane:NMPO Observed rate constant 

(mol dm"3) (mol dm"^) (s"^)

4.865 0 .0  1 .0  : 0 .0  0.0

4.854 0.023 1 .0  : 0.005

4.828 0.0795 1 .0  : 0.016 -

4.774 0.191 1 .0  : 0.040 -

4.651 0.448 1 .0  : 0.096 -

4.594 . 0.568 1 .0  : 0.124 -

4.488 0.789 1 .0  : 0.176 6 .0

4.292 1.199 1 .0  : 0.279 25.8

4.252 . 1.282 1 .0  : 0.301 32.0

4.231 1.327 1 .0  : 0.314 35.8

4.219 1.354 1 .0  : 0.321 38.0

4.207 1.379 1 .0  : 0.328 40.5

4.194 1.406 1 .0  : 0.335 48.0

4.181 1.432 1 .0  : 0-343 55 .0*

4.168 1.460 1 .0  : 0.350 60.0

4.156 1.484 1 .0  : 0.357 66.0

4.135 1.528 1 .0  : 0-370 73.0

In observed rate constant = 3.739 In [NMPO] + 2.606

Quantities used: PhCHMeSiMe2Cl 2.0 ml

solvent 0.2 ml benzene-d^

* point of coalescence
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Table 6 .5 .4

Kinetic study on the exchange between PhCHMeSiMcgCl and DMPU

[PhCHMeSiM62CI] [DMPU] Ratio silaneiDMPU Observed rate constant 

(mol dm"3) (mol dm“^) (s“^)

4.865 0.0 1.0 ; 0 .0 0.0

4.833 0.039 1.0 : 0.008 -

4.766 0.154 1.0 : 0.032 -

4.637 0.374 1 .0 : 0.081 -

4.525 0.565 1.0 : 0.125 -

4.311 0.931 1 .0 : 0.216 -

4.128 1.245 1 .0 : 0.302 8.0

4.090 1.310 1.0 : 0.320 28.5

4.063 . 1.356 1.0 : 0.334 34.0

4.049 1.380 1 .0 : 0.341 39.0

4.038 1.398 1.0 : 0.346 42.0

4.012 1.443 1 .0 ; 0.360 43-0

4.001 1.462 1.0 : 0.366 51.0*

3.988 1.485 1.0 : 0.372 55.0

3.971 1.515 1.0 : 0.382 58.0

3.955 1.54 1 .0 : 0.390 61.0

3.873 1.682 1 .0 : 0.434 66.0

In observed rate constant = 4.738 In [DMPU] + 2.108

Quantities used: PhCHMeSiMe2Cl 2.0 ml

solvent 0.2 ml benzene-d.

*  point of coalescence
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Table 6 .5 .5

Kinetic study on the exchange between PhCHMeSiM02CI and DMEU

CPhCHMeSi M02CU [DMEU] Ratio silane:DMEU Observed rate constant

(mol dm ) (mol dm"3) (s-1)

4.849 0.0 1 .0  : 0 .0 0.0

4.623 0.431 1 .0  : 0.093 -

4.415 0.828 1 .0  : 0.187 -

4.220 1.198 1 .0  : 0.284 -

4.046 1.530 1 .0  : 0.378 -

3.888 1.831 1.0  : 0.471 -

3.740 2.114 1.0  : 0.565 13.0

3.602 2.378 1 .0  : 0.660 23.5

3.535 ■ 2.506 1 .0  : 0.709 28.6

3.469 2.632 1 .0  : 0.759 33.2

3.434 2.696 1 .0  : 0.785 35.8

3.417 2.729 1 .0  : 0.799 38.8

3.396 2.770 1 .0  : 0.815 40.0

3.381 2.800 1 .0  : 0.828 40.2

3.358 2.841 1 .0  : 0.846 46.0

3.343 2.871 1 .0  : 0.859 53 .0*

3.322 2.911 1 .0  : 0.876 56.0

3.300 2.953 1 .0  : 0.895 63.0

In observed rate constant = 4.379 In [DMEU] -  0.708

Quantities used: PhCHMeSiMe2Cl 2 .0  ml

solvent 0.2 ml benzene-d^

*  point of coalescence
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Table 6 .5 .6
Kinetic study on the exchange between PhCHMeSiMe2Cl and 3,5DMP

[PhCHMeSiMegCl] [3,5DMP] Ratio si lane:3,5DMP Observed rate constant
(mol dm“^) (mol dm”^) (s” 1)

4.844 0.0 1.0 : 0.0 0 .0
4.416 0.776 1.0 : 0.176 -
4.058 1.424 1.0 : 0.351 -
3.643 2.076 1.0 : 0.570 -
3.373 2.661 1.0 : 0.789 -
3.058 3.232 1.0 : 1.057 3.0
2.652 3.966 1.0 : 1.496 5.0
2.344 4.522 1.0 : 1.929 7.8
1.898 5.327 1.0 : 2.806 13.5
1.598 5.872 1.0 : 3.675 15.2
1.379 6.268 1.0 : 4.545 22.2
1.223 6.550 1.0 : 5.356 29.2
1.090 6.792 1.0 : 6.223 55.0*
0.983 6.985 1.0 : 7.108 72.0

In observed rate constant = 3.758 In [3,5DMP] -  3.544

fable 6 .5 .7
( in e t ic  study on the exchange between PhCHMeSiMegCl and py

[PhCHMeSiMegCl] [py]_ Ratio si lane:py Observed rate constant
(mol dm”^) (mol dm” ) (s” 1)

4.618 0.0 1.0  : 0 .0 0 .0
3.755 2.311 1.0 : 0.615 -
2.733 < 5.049 1.0 : 1.848 -
1.773 7.617 1.0 : 4.296 -
1.629 8.003 1.0 : 4.912 -
1.507 8.331 1.0 : 5.529 7.2
1.401 8.615 1.0 : 6.151 12.8
1.354 8.741 1 .0 ^ ^ 6 .4 5 8 18.5
1.292 8.906 1.0 : 6.894 27.0
1.243 9.036 1.0 : 7.269 31.5
1.184 9.194 1.0 : 7.766 33.1
1.093 9.439 1.0 : 8.639 33.7
0.986 9.729 1.0 : 9.867 38.4

In observed rate constant = 8.982 In [py] - 16.157

Quantities used in each experiment: si lane 2.0 ml
solvent 0 .2  ml benzene-d^

*  point of coalescence
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TabLe 6 .5 .8

Kinetic study on the exchange between PhCHMeSiMe2CL and TMU

[PhCHMeSiMe2Cl] [TMU] Ratio si lane:TMU

(mol dm”3) (mol dm”^)

4.647 0.0 1.0 : 0.0

4.443 0.366 1.0 : 0.082

4.167 0.863 1.0 : 0.207

3.922 1.305 1.0 ; 0.333

3.638 1.816 1.0 ; 0.499

3.393 2.256 1.0 : 0.665

3.229 2.550 1.0 ; 0.790

3.125 2.737 1.0 : 0.876

3.111 2.763 1.0 : 0.888

3.097 2.789 1.0 : 0.901

3.083 2.813 1.0 : 0.912

3.069 2.838 1.0 : 0.925

3.056 2.862 1.0 : 0.936

3.043 2.886 1.0 : 0.948

3.025 2.918 1.0 : 0.965

3.011 2.942 1.0 : 0.977

2.994 2.973 1.0 ; 0.993

2.981 2.997 1.0 : 1.005

2.963 3.029 1.0 : 1.022

2.946 3.060 1.0 : 1.039

2.926 3.096 1.0 ; 1.059

2.905 3.134 1.0 : 1.079

In observed rate constant = 4.692 In [TMU] -  1.337

Quantities used: PhCHMeSiMe2Cl 2.0 ml

solvent 0 .2  ml benzene-d^

*  point of coalescence

(s-1)
0.0

13.2

19.5

27.0

33.0  

31.8

32.0

36.2

34.5

38.0

39.2

38.5

43.2

43.0  

53.0*

55.0

53.5

55.5



-217-

Table 6 .5 .9

Kinetic study on the exchange between PhCHMeSiMe2Cl and NMP

[PhCHMeSiMegCl] [NMP] Ratio silanerNMP Observed rate constant

(mol dm”3) (mol dm”3) (s-1)

4.625 0.0 1.0 : 0 .0 0.0

4.514 0.247 1.0 : 0.055 -

4.316 0.696 1.0 : 0.161 -

4.051 1.292 1.0 : 0.319 -

3.747 1.976 1.0 : 0.527 -

3.546 2.428 1 .0 ; 0.685 10.5

3.367 2.833 1.0 : 0.841 19.5

3.285 3.016 1 .0 : 0.918 24.0

3.208 ' 3.189 1.0 : 0.944 31.8

3.193 3.224 1 .0 : 1.010 31.0

3.168 3.279 1.0 ; 1.035 34.5

3.145 3.331 1 .0 : 1.059 37-5

3.117 3.395 1 .0 : 1.089 41.5

3.089 3.456 1 .0 ; 1.119 43.2

3.057 3.529 1.0 ; 1.154 46-0

3.033 3.581 1 .0 : 1.181 57.0*

3.007 3.642 1.0 ; 1.211 63.0

2.981 3.701 1 .0 ; 1.242 70.0

In observed rate constant = 4.395 In [NMP] -  1.629

Quantities used: PhCHMeSiMegCl 2 .0  ml

solvent 0.2 ml benzene-d^

*  point of coalescence
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Table 6 .5 .10

Kinetic study on the exchange between PhCHMeSiMe2Cl and DMF

[PhCHMeSiMe2Cl] [DMF] Ratio silane:DMF Observed rate constant

(mol dm”3) (mol dm”3) (s-1)

4.855 0.0 1.0  : 0 .0 0.0

4.625 0.610 1 .0  : 0.132 -

4.415 1.171 1.0  : 0.265 -

4.225 1.675 1 .0  : 0.396 -

3.896 2.552 1 .0  : 0.655 —

3.612 3.305 1 .0  : 0.915 32.0

3.603 3.330 1.0 : 0.924 35.0

3.589 3.368 1 .0  : 0.938 36.5

3.587 , 3.373 1.0  : 0.940 36.5

3.585 3.377 1 .0  : 0.942 37.0

3.582 3.386 1 .0  : 0.945 37.0

3.569 3.420 1 .0  : 0.958 39.0

3.558 3.449 1 .0  : 0.969 43.0

3.550 3.471 1 .0  : 0.978 45.0

3.538 3.504 1 .0  : 0.991 47.0

3.526 3.535 1 .0  : 1.003 53.0*

3.514 3.567 1 .0  : 1.015 58.0

3.497 3.612 1 .0  : 1.033 63.0

In observed rate constant = 7.575 In [DMF] -  5.607

Quanti t ie s used: PhCHMeSiMe2Cl 2.0  ml

solvent 0.2 ml benzene-d^

*  point of coalescence
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Table 6.5.11
Kinetic study on the exchange between PhCHMeSiMe2Br and DMPU

[PhCHMeSiMe2Br] 
(mol dm”3)

[DMPU] 
(mol dm"^)

Ratio si lane:DMPU Observed rate constant 
(s”1)

4.554 0.0 1.0 : 0.0 0 .0
4.546 0.022 1.0 : 0.005 12.5
4.526 0.050 1.0 : 0.011 31.8
4.519 0.064 1.0 : 0.014 39.2
4.513 0.075 1.0 ; 0.017 42.8
4.507 0.085 1.0 ; 0.019 45.2
4.501 0.096 1.0 : 0.021 48.0
4.496 0.106 1.0 : 0.024 51.2
4.489 0.118 1.0 : 0.026 52.0
4.479 • 0.136 1.0 : 0.030 66.5
4.474 0.145 1.0 : 0.032 70.0

In observed rate constant = 0.858 In [DMPU] + 5.912

Table 6 .5 .12
Kinetic study on the exchange between PhCHMeSiMe2Br and DMEU

[PhCHMeSiMe2Br] 
(mol dm”^)

[DMEU] 
(mol dm”^)

Ratio si lane:DMEU Observed rate i 
(s” 1)

4.549 0.0 1.0 : 0.0 0 .0
4.506 0.086 1.0 : 0.019 - ,

4.461 0.180 1.0 : 0.040 16.0
4.426 0.251 1.0 : 0.057 26.5
4.393 0.319 1.0 : 0.073 39.5

4.379 0.348 1.0 ; 0.080 46.5
4.371 , 0.365 1.0 : 0.084 50.5
4.363 0.379 1.0 : 0.087 51.8
4.356 0.395 1.0 : 0.091 55.2
4.347 0.414 1.0 : 0.095 66 .8*
4.336 0.435 1.0 : 0.100 73.0

4.328 0.453 1.0 : 0.105 76.0

In observed rate constant = 1.697 In [DMEU] + 5.644

Quantities used in each experiment: si lane 2.0 ml
solvent 0 .2  ml benzene-d^

*  point of coalescence
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Table 6 .5.13
Kinetic study on the exchange between PhCHMeSiMe2Br and DMF

[PhCHMeSiMe2Br] [DMF] Ratio silanerDMF Observed rate constant
(mol dm”^) (mol dm (s

4.515 0 .0  1.0 : 0 .0  0 .0
4.470 0.129 1.0 : 0.029 7.6
4.424 0.260 1.0 : 0.059 38.4
4.417 0.280 1.0 : 0.063 43.2
4.413 0.292 1.0 : 0.066 48.8
4.408 0.308 1.0 : 0.070 54.5
4.402 0.323 1.0 : 0.073 65 .0*
4.396 0.342 1.0 : 0.078 76.0
4.389 0.361 1.0 : 0.082 84.0

In observed rate constant = 2.325 In [DMF] + 6.776

Table 6 .5 .14
Kinetic study on the exchange between PhCHMeSiMe2Br and 2,4DMP

[PhCHMeSiMe2Br] [2,4DMP] Ratio si lane:2,4DMP Observed rate constant 
(mol dm"^) (mol dm ) (s )

4.542 0 .0  1 .0  : 0 .0  0 .0
4.219 0.617 1.0 : 0.146
3.812 1.394 1.0 : 0.366
3.475 2.037 1.0 : 0.586
3.353 2.270 1.0 : 0.677 18.0
3.187 2.587 1.0 : 0.812 26.7
3.132 2.692 1.0 : 0.859 31.7
3.079 2.792 1.0 : 0.907 34.4
3.029 2.889 1 . 0 : 0 . 9 5 4  37.7
2.980 2.983 1.0 : 1.001 40.4
2.915 3.106 1.0 : 1.066 40.6
2.849 3.233 1.0 : 1.135 43-7
2.766 3.391 1.0 : 1.226 43.7
2.672 3.569 1.0 : 1.335 51.2
2.596 3.714 1.0 : 1.430 51.8
2.509 3.881 1.0 : 1.547 52.0
2.415 4.060 1 .0  : 1.681 59.6
2.301 4.278 1.0 : 1.859 66.5
2.197 4.476 1.0 : 2.037 78.0

In observed rate constant = 1.812 In [2,4DMP] + 1.603 
Quantities used in each experiment: si lane 2.0 ml

solvent 0 .2  ml benzene-d^
* point of coalescence
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Table 6.5.15
Kinetic study on the exchange between PhCHMeSiMe2Br and TMU

[PhCHMeSiMegBr] [TMU] Ratio silane:TMU Observed rate constant
(mol dm”^) 

4.544
(mol dm”3) 

0.0 1.0 : 0 .0
(s"1)
0 .0

4.481 0.117 1.0 : 0.026 -
4.417 0.235 1.0 : 0.053 -
4.375 0.511 1.0 : 0.071 11.5
4.317 0.425 1.0 : 0.092 17.5
4.255 0.532 1.0 : 0.125 22.9
4.181 0.668 1.0 : 0.160 34.8
4.143 0.740 1.0 : 0.179 40.0
4.116 0.789 1.0 : 0.192 48.0
4.093 . 0.830 1.0 : 0.203 51.5
4.064 0.884 1.0 : 0.218 57.5
4.043 0.923 1.0 : 0.228 68.0
4.022 0.961 1.0 : 0.239 76.0

In observed rate constant = 1.649 In [TMU] + 4.273

able 6 .5 .16  
: inetic study on the exchange between PhCHMeSiMegBr and NMP

[PhCHMeSiMegBr] [NMP] Ratio si lane:NMP Observed rate constant 
(s -1)
0 .0

(mol dm”3) 
4.547

(mol dm”3) 
0.0 1.0  : 0.0

4.441 0.244 1.0 : 0.055 25.7
4.432 0.265 1.0 : 0.060 28.6
4.421 0.289 1.0 : 0.065 37.0
4.409 0.316 1.0 : 0.072 40.0
4.399 0.339 1.0 : 0.077 47.0
4.389 0.363 1.0 : 0.083 52.0
4.382 0.379 1.0 : 0.087 62.0
4.371 0.416 1.0 : 0.092 72.0
4.364 0.419 1.0 : 0.096 78.0
4.354 0.442 1.0 : 0.102 84.0

In observed rate constant = 2.022 In [NMP] + 6.066

Quantities used in each experiment: si Lane 2.0 ml
solvent 0.2 ml benzene-d,
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Table 6.5.17
Kinetic study on the exchange between PhCHMeSiMegBr and 3,5DMP

[PhCHMeSiMegBr] 
(mol dm~^)

[3,5DMP] Ratio si lane:3,5DMP 
(mol dm~^)

Observed rate constant 
(s-1)

4.533 0.0 1.0  : 0.0 0 .0
4.066 0.904 1.0 : 0.223 -

3.825 1.369 1.0 : 0.358 18.0
3.678 1.652 1.0 : 0.449 25.6
3.607 1.790 1.0 : 0.496 32.5
3.540 1.919 1.0 : 0.542 37.2
3.443 , 2.109 1.0 : 0.613 42.3
3.406 2.178 1.0 : 0.639 46.2
3.355 2.276 1.0 : 0.678 48.8
3.305 2.374 1.0 : 0.718 55.5
3.256 2.468 1.0 : 0.758 62 .0*
3.219 2.540 1.0 : 0.789 65.0
3.163 2.648 1 .0 : 0.837 73.0

In observed rate constant = 2.071 In [3,5DMP] + 2.238

Table 6 .5 .18
Kinetic  study on the exchange between PhCHMeSiMegBr and py

[PhCHMeSiMegBr] 
(mol dm“^)

[py] ^

(mol dm” )
Ratio £;i lane:py Observed rate constant 

(s” 1)
4.541 0.0 1.0 0.0 0.0
4.432 0.298 1.0 0.067 -

4.237 0.828 1.0 0.195 -

3.899 1.748 1.0 0.448 -

3.360 3.215 1.0 0.957 30.7

3.327 3.307 1.0 0.994 33.0
3.262 3.483 1.0 1.068 36.5
3.184 3.695 1.0 1.161 45.0

3.120 3.870 1.0 1.241 52.5
3.090 3.949 1.0 1.278 53.0

3.063 4.025 1.0 1.314 6 5 .0 *
3.040 4.088 1.0 1.345 71.0
3.017 4.149 1.0 1.375 74.0

In observed rate constant = 3.422 In [py] -  0.624

Quantities used in each experiment: si lane 2 .0  ml
solvent 0 .2  ml benzene-d^

* point of coalescence



- 223-
Table 6-5.19
Kinetic study on the exchange between PhCHMeSiMe2Br and NMI

[PhCHMeSiMegBrl [NMI] Ratio silaneiNMI Observed rate constant
(mol dm”3) (mol dm”3) (s-1 )

2.295 0 .0 1.0 : 0.0 0 .0
2.285 0.056 1.0 : 0.024 28.5
2.284 0.062 1.0 : 0.027 36.4
2.283 0.068 1.0 : 0.030 40.0
2.282 0.073 1.0 : 0.032 45.3
2.281 0.079 1.0 : 0.035 51.2
2.279 0.085 1.0 : 0.038 60.0
2.278 0.091 1.0 : 0.040 65.0
2.277 0.096 1.0 : 0.042 —

In observed rate constant = 1.635 In [NMI] + 8.101

Table 6-5 .20
'

Kinetic study on the exchange between PhCHMeSiMepBr and DMPU with two
fo ld  d i lu t io n

[PhCHMeSiMe.Br] [DMPU] Ratio silane:DMPU Observed rate constant
(mol dm ) (mol dm”^) (s-1 )

2.298 0.0 1.0 : 0 .0 0 .0
2.296 0.008 1.0 : 0.003 -
2.291 0.026 1.0 : 0.016 12.0
2.286 0.045 1.0 : 0.020 20.3
2.281 0.064 1.0 : 0.028 30.7
2.277 0.075 1.0 : 0.033 38.0
2.275 0.083 1-0 : 0.036 43-9
2.273 0.090 1.0 : 0.040 45.6
2.270 0.101 1.0 : 0.046 56.0*
2.267 0.112 1.0 : 0.050 64-0
2.262 0.131 1.0 : 0.058 76.0

In observed rate constant = 1.174 In [DMPU] + 6.694

Quantities used in each case: si lane 1.0 ml
solvent 1-2 ml dichloromethane-d2

point of coalescence
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Table 6.5.21
Kinetic study on the exchange between PhCHMeSiMe2Br and NMPO

[PhCHMeSiMepBr] [NMPO] Ratio si lane:NMPO Observed rate constant_-z&
(mol dm ) ' (mol dm”^) (s-1)

2.299 0 .0 1.0 : 0 .0 0 .0
2.295 0.015 1.0 : 0.007 13.0
2.293 0.025 1.0 : 0.011 29.2
2.291 0.033 1.0 : 0.014 47.5
2.289 0.041 1.0 : 0.018 68.0
2.287 0.050 1.0 : 0.022 92.0
2.286 0.058 1.0 : 0.026 102.0

In observed rate constant = 1.600 In [NMPO] + 9.271
Quantities used: si lane 1.0 ml

solvent 1.2 ml dichloromethane-d2

Fable 6 .5 .22
( in e tic  study on the exchange between PhCHMeSiMe2Br and HMPA

[PhCHMeSiMe2Br] [HMPA] Ratio si lane:HMPA Observed rate constant
(mol dm”^) (mol dm”^) (s-1)

0.9197 0.0 1.0 : 0 .0 0.0
0.9196 0.0053 1.0 : 0.006 11.2
0.9188 0.0105 1.0 : 0.011 34.1
0.9179 0.016 1.0 : 0.017 56.0

In observed1 rate constant = 1.483 In [HMPA] + 10.223
Quantities used: si lane 0.4 ml

solvent 1.8 ml dichloromethane-d2

Table 6 .5 .23
Kinetic study on the exchange between PhCHMeSiMe2Br and HMPA in the 
presence of 2,6DBP

[PhCHMeSiMe2Br] [HMPA] Ratio silanerHMPA Observed rate constant 
(mol dm”^) (mol dm~^) (s

0.9268 0 .0  1 .0  : 0 .0  0 .0
0.9259 0.0053 1.0 : 0.0057 33.2
0.9255 0.0079 1.0 : 0.0085 57.0

In observed rate constant = 1.335 In [HMPA] + 10.503 
Quantities used: si lane 0 .4  ml 2,6DBP 0.04 ml

solvent 1.8 ml dichloromethane-d2
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Table 6 .5 .24
K inetic  study on the exchange between PhCHMeSiMe2Cl (2 .0  ml) and 
nucleophiles (2,6DMP; Et^N; 2,4DMP) in benzene-d^ (0 .2  ml)

[PhCHMeSiMegCl] 
(mol dm"3)

[2,6DMP] 
(mol dm”^)

Ratio si lane : 2,6DMP Observed rate constant 
(s-1)

4.624 0.0 1.0 ; 0.0 0 .0
3.160 2.172 1.0 : 0.860 -
2.403 4.124 1.0 : 1.716 -
1.937 4.988 1.0 : 2.575 -

1.622 5.573 1.0 : 3.435 -

1.396 5.994 1.0 : 4.295 -
1.194 6.368 1.0 : 5.332 -

1.067 6.605 1.0 : 6.192 -
0.964 6.795 1.0 ; 7.048 0.0

[PhCHMeSiMegCl] 
(mol dm”^)

[EtgN] 
(mol dm"3)

Ratio silane:EtgN Observed rate constant 
(s -1 )

4.624 0.0 1.0 : 0.0 0.0
3.180 2.240 1.0 : 0.704 —
1.958 4.137 1.0 : 2.114 -

1.414 4.981 1.0 : 3.524 ■ —
1.107 5.457 1.0 : 4.931 -
0.885 5.802 1.0 : 6.560 1.0

[PhCHMeSiMegCl] [2,4DMP] Ratio s i la n e :2 .
(mol dm“^) (mol dm”^)

4.656 0.0 1.0 : 0.0
4.446 0.388 1.0 : 0.087
4.096 1.032 1.0 : 0.252
3.647 1.861 1.0 ; 0.510
3.281 , 2.535 1.0 ; 0.772
2.817 3.591 1.0 : 1.204
2.468 4.035 1.0 : 1.635
2.196 4.537 1.0 : 2.066
1.798 5.269 1.0 : 2.931
1.321 6.148 1.0 : 4.653
1.044 6.660 1.0 ; 6.378

The change in the rate constant may be

(s-1 )
0.0

3.0
8.0
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Table 6.5 .25
Kinetic study on the exchange between PhCHMeSiMegBr and 2,6DMP

'hCHMeSiMe-Br]
“ 3(mol dm )

[2,6DMP] 

(mol dm

Ratio silane:2,6DMP Observed rate constant 

(s-1)

4.541 0.0 1.0 : 0 .0 0.0

4.159 0.722 1.0 : 0.174 -

3.830 1.344 , 1 .0 : 0.351 —

3.553 1.868 1.0 : 0.526 —

3.313 2.321 1.0 : 0.700 —

3.102 2.719 1.0 : 0.876 -

2.682 3.514 1.0 : 1.310 -

2.362 4.119 1.0 : 1.745 -

1.906 4.982 1.0 ; 2.632 -

1.212 6.294 1.0 : 5.196 -

0.952 6.785 1.0 : 7.125 3.0

Table 6 .5 .26
Kinetic study on the exchange between PhCHMeSiMegBr and Et^N

[PhCHMeSiMe^Br] [Et?N] Ratio s ilane:E t,N  Observed rate constant
-3  -3  -1(mol dm ) (mol dm ) (s )

4.531 0.0 1 .0  : 0 .0  0 .0

3.680 1.347 1.0 : 0.366 -

2.682 2.928 1 .0  : 1.091

1.901 4.164 1 .0  : 2.190 -

1.473 4.842 1 .0  : 3.288 -

1.201 5.273 1 .0  : 4.390 -
1.014 5.569 1 .0  : 5.490 0 .0

Quantities used in each experiment: si lane 2.0 ml
solvent 0.2 ml benzene-d.
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Table 6 .5 .27

Kinetic study on the exchange between PhCHMeSiMe2Cl and HMPA in the

presence of 2,6DBP

[PhCHMeSiMegCl] [HMPA] Ratio silanerHMPA Observed rate

(mol dm”^) (mol dm~^) (s -i;

4.589 0 .0 1 .0  : 0 .0 0-0

4.204* 0.0 1 .0  : 0 .0 0 .0

4.178 0.036 1 .0  : 0.009 -

4.151 0.072 1 .0  : 0.017 -

4.108 0.131 1 .0  : 0.032 13.8

4.083 0.166 1 .0  : 0.041 18.2

4.066 0.189 1 .0  : 0.047 22.4

4.048 0.213 1 .0  : 0.053 28.7

4.032 0.235 1 .0  : 0.058 31.3

4.015 0.258 1 .0  : 0.064 37.0

3.998 0.281 1 .0  : 0.070 40.6

3 .998** 0.281 1 .0  : 0.070 42.0

3.983 0.303 1 .0  : 0.076 47.0

3.967 0.324 1 .0  : 0.082 57.0

3.951 0.346 1 .0  : 0.088 64.0

In observed rate constant = 1.569 In [HMPA] + 5-748

Quantities used: PhCHMeSiMe2Cl 2 .0  ml

2,6DBP 0.2 ml

solvent 0.2 ml dichloromethane-

*  a f te r the addition of 2,6DBP

* *  sample l e f t  overnight
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Table 6 .5 .28

Kinetic study on the exchange between PhCHHeSiMe2Cl and NMI in the

presence of 2,6DBP

[PhCHMeSiMe2Cl] [NMI] Ratio silaneiNMI Observed rate constant

(mol dm”^) (mol dm”^) (s

4.592 0.0 1.0 : 0 .0 0.0

4.207* 0 .0 1 .0 : 0 .0 0.0

4.190 0.050 1.0 : 0.020 -

4.167 0.121 1-0 : 0.029 -

4.142 0.195 1.0 : 0.047 -

4.125 0.243 1 .0 : 0.059 15.7

4.109 0.291 1.0 : 0.071 15.5

4.085 0.363 1 .0 : 0.089 19.8

4.053 0.459 1.0 : 0.113 28.7

4.038 0.505 1.0 : 0.125 34.2

4.022 0.552 1.0 : 0.137 37.3

4.006 0.598 1 .0 : 0.149 40.3

3.991 0.644 1.0 : 0.161 45.7

3.975 0.691 1.0 : 0.174 49.0

3.960 0.736 1.0 : 0.186 58.0

3.945 0.781 1.0 : 0.198 64.0

In observed rate constant = 1.277 In [NMI] + 4.392

Quantities used: PhCHMeSiMe2Cl 2 .0  ml

2,6DBP 0.2 ml

solvent 0.2 ml dichloromethane

a fte r  the addition of 2,6DBP
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Table 6 .5 .29 Kinetic study on the exchange between PhCHMeSiMe2Br and
NMI in the presence of 2,6DBP with two fold d ilu tio n

hCHMeSiMe2Cl] 
(mol dm

[NMI] 
(mol dm”^)

Ratio silane:NMI Observed rate constant 
(s”1)

2.280 0.0 1.0  : 0.0 0-0
2.178 * 0 .0 1 .0  : 0 .0 0 .0
2.174 0.026 1.0 : 0.012 15.8
2.172 0.038 1 .0  : 0.017 27.2
2.171 0.043 1.0  : 0.020 34.1
2.170 0.048 1 .0  : 0.022 37.6
2.169 0.054 1.0 : 0.025 46.5
2.168 0.059 1.0  : 0.027 57.0
In observed rate constant: = 1.549 In [NMI] + 8.384
Quanti t ie s used: PhCHMeSiMe2Br 1 .0  ml 2,6DBP 0.1 m

solvent
a fte r  the addition of 2,6DBP

1.2 ml dichloromethane-d2

Table 6 .5 .30
Kinetic study on the exchange between PhCHMeSiMe2H and HMPA

>hCHMeSiMe2H] 
(mol dm

, [HMPA] 
(mol dm”3)

Ratio silane:HMPA Observed rate constant 
(s” 1)

4.857 0.0 1.0 : 0.0 0.0
4.812 0.053 1.0 : 0.011 -

4.637 0.253 1.0 ; 0.054 —

4.266 0.698 1 .0 : 0.164 -

4.103 0.892 1.0 : 0.217 —

3.749 1.311 1 .0 : 0.350 -

2.781 2.456 1.0 : 0.883 -

1.366 4.131 1.0 : 3.025 -

1.090 4.458 1.0 ; 4.092 0.0

Table 6.5.31
Kinetic study on the exchange between PhCHMeSiMe20S02CFg and py

[PhCHMeSiMe20Tf] 
(mol dm”^)

[ p y ] _

(mol dm” )
Ratio silanerpy Observed rate constant

(s”1)
3.553 0.0  1.0  : 0.0
3.544 0.029 1 .0  : 0.008
Quantities used: PhCHMeSiMe2% (X=H, OTf)

solvent
* *  calculated from the expression for coalescence based on the 

linewidth of the SiMe peak.

0.0 
6367.2 * *

2 .0  ml
0.2 ml benzene-d^
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Table 6 .5 .32
Kinetic study on the exchange between PhCHMeSiMe^Cl and HMPA in  

toluene-dg

[PhCHMeSiMe.Cl] [HMPA] Ratio si lane:HMPA Observed rate constant
-3(mol dm ) (mol dm (s-1)

4.626 0 .0 1.0  : 0 .0 0.0

4.542 0.104 1.0 : 0.023 -

4.503 0.153 1.0  : 0.034 -

4.457 0.210 1.0 : 0.047 11.0

•4.439 0.231 1.0  : 0.052 15.7

4.398 0.281 1.0 : 0.064 25.4

4.378 0.307 1.0 : 0.070 32.3

4.368 0.320 1.0 : 0.073 37.6

4.356 0.335 1.0 : 0.077 42.0

4.346 0.346 1.0 : 0.080 51.0

4.337 0.357 1.0  : 0.082 57.0

4.326 0.371 1.0 : 0.086 64.0

In observed rate constant = 2.995 In [HMPA] + 7.076

Table 6 .5 .33
Kinetic study on the exchange between PhCHMeSiMe^Cl and NMI in toluene-dg

[PhCHMeSiMe^Cl] [NMI] Ratio si lane:NMI Observed rate constant
-3(mol dm ) (mol dm (s-1)

4.636 0.0 1.0  : 0 .0 0 .0

4.592 0.12 1.0 : 0.026 -

4.516 0.324 1 .0  : 0.072 12.0

4.484 0.410 1.0 : 0.092 20.4

4.461 0.472 1 .0  : 0.106 28.6

4.452 0.498 1.0 : 0.112 32.7

4.440 0.530 1.0 : 0.119 40.6

4.430 0.557 1.0 : 0.126 46.6

4.425 0.570 1.0  : 0.129 52.0

In observed rate constant = 2.557 In [NMI] + 5.323

Quantities used in each experiment: si lane 

solvent

2.0

0.2

ml

ml toluene-dg
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Table 6 .5 .34
Kinetic study on the exchange between PhCHMeSiMe^Cl and HMPA in

dichloromethane-dg

[PhCHMeSiMe-Cl] [HMPA] Ratio silanerHMPA Observed rate constant
-3(mol dm )

-3
(mol dm ) (s"1)

4.599 0.0 1.0  : 0 .0 0.0

4.536 0.079 1.0 : 0.017 8.0

4.493 0.132 1 .0  : 0.029 19.0

4.468 0.163 1.0 : 0.036 28.0

4.446 0.190 1.0 : 0.043 35.8

4.439 0.198 1 .0  : 0.045 39.8

4.431 0.209 1.0 : 0.047 41.6

4.423 0.219 1 .0  : 0.049 45.7

4.416 0.228 1.0 : 0.052 52.0

4.404 ' 0.242 1 .0 : 0-055 57.0

In observed rate constant = 1.745 In [HMPA] + 6.440

Table 6 .5 .35
Kinetic study on the exchange between PhCHMeSiMe^Cl and NMI in  

dichloromethane-dg

[PhCHMeSiMe.Cl]
-3(mol dm )

[NMI] Ratio silaneiNMI 
-3(mol dm )

Observed rate constant 

(s-1 )

4.632 0.0 1 .0 : 0 .0 0 .0

4.588 0.119 1.0 : 0.026 6.5

4.565 0.178 1.0 : 0.039 13.0

4.533 0.268 1.0 ; 0.059 28.3

4.527 0.283 1.0 ; 0.062 30.5

4.517 0.312 1.0 : 0.069 37.8

4.510 0.331 1 .0 : 0.073 43.0

4.504 ' 0.346 1.0 : 0.077 52.0*

4.497 0.364 1 .0 : 0.081 57.0

In observed rate constant = 1.921 In [NMI] + 5.911

Quantities used in each case : si lane 2. 0 ml

solvent 0.2 ml dichloromethane-d^

point of coalescence
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Table 6 .5 .36
Kinetic study on the exchange between PhCHMeSiMegCl and HMPA in  

nitromethane-dg

CPhCHMeSiMe^CU [HMPA] Ratio silanerHMPA Observed rate constant 

(mol dm (mol dm (s

4.629 0 .0  1 .0  : 0 .0  0.0

4.610 0.024 1 .0  : 0.005

4.601 0.035 1 .0  : 0.008 28.0

4.597 0.040 1.0 : 0.009 33.5

4.592 0.047 1 .0  : 0.010 39.2
4.587 . 0.053 1 .0  : 0.012 47.0
4.583 0.058 1 .0  : 0.013 53.0

4.579 0.063 1 .0  : 0.014 60.0

In observed rate constant = 1.256 In [HMPA] + 7.547

Table 6 .5 .37
Kinetic study on the exchange between PhCHMeSiMegCl and NMI in  

nitromethane-dg '

[PhCHMeSiMe^Cl] [NMI] Ratio silanerNMI Observed rate constant 

(mol dm (mol dm (s

4.630 0 .0  1 .0  : 0 .0  0 .0

4.610 0.055 1 .0  : 0.012 15.4

4.604 0.070 1 .0  : 0.015 21.5
4.602 0.074 1 .0  : 0.016 21.9

4.597 0.089 1 .0  : 0.019 25.3

4.593 0.099 1 .0  : 0.022 29.2

4.588 0.114 1 .0  : 0.025 34.4

4.582 0.129 1.0 : 0.028 40.3

4.574 0.153 1 .0  : 0.033 51.0

4.570 0.161 1 .0  : 0.035 53.0

In observed rate = 1.141 In [NMI] + 6.042

Quantities used in each case: si lane 2.0 ml

solvent 0.2 ml nitromethane-d?



Table 6 .5 .38
Two fo ld  d i lu t io n study on
HMPA in benzene-d^

[PhCHMeSiMegCl] 
(mol dm

[HMPA] 
(mol dm

2.287 0.0
2.255 0.080
2.225 0.157
2.197 0.234
2.164 ' 0.308
2.144 0.359
2.124 0.409
2.118 0.424
2.113 0.437
2.105 0.458
2.093 0.488
2.081 0.517
2.072 0.541
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Ratio silanerHMPA Observed rate constant
(s-1 )

1 .0 : 0 .0 0.0
1.0 : 0.036 -

1.0 : 0.071 -

1.0 : 0.107 -
1.0 : 0.142 6.6
1.0 : 0.167 10.8
1.0 : 0.192 18.5
1.0 : 0.200 22.0
1.0 : 0.207 26.0
1.0 : 0.217 32.5
1 .0 : 0.233 39.3
1.0 : 0.248 56.0
1.0 0.261 68.0

In observed rate = 4.210 In [HMPA] + 6.751

Quantities used: PhCHMeSiMe2Cl 1.0 ml
solvent 1.2 ml benzene-d^

Table 6 .5 .39
Five fo ld  d i lu t io n  study on the rate of exchange between PhCHMeSiMe2Cl 
and HMPA in benzene-d^

[PhCHMeSiMegCl] 
(mol dm” 3)

[HMPA] 
(mol dm” 3)

Ratio silanerHMPA Observed rate constant 
(s -1 )

0.927 0.0 1 .0 : 0 .0 0.0
0.907 0.151 1.0 ; 0.144 -

0.868 0.368 1.0 ; 0.424 —

0.826 0.626 1.0 : 0.758 10.3
0.816 0.688 1.0 ; 0.843 15.9
0.806 0.748 1 .0 : 0.928 28.0
0.801 0.777 1.0 : 0.970 41.7
0.798 0.797 1.0 : 0.998 63.0
0.797 0.807 1.0 : 1.012 73.0

In observed rate constant = 7.664 In [HMPA] + 5.767

Quantities used: PhCHMeSiMe2Cl 0 .4  ml
solvent 1.8 ml benzene-d^
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Table 6 .5 .40
Ten fold d ilu tio n  study on the rate of exchange between PhCHMeSiMe^Cl and

HMPA in benzene-d^

CPhCHMeSiMe^ClD [HMPA] Ratio silanerHMPA Observed rate constant 

(mol dm (mol dm (s )
0.459 0.0 1.0 : 0.0 0.0
0.412 0.583 1 .0  : 1.414 9.5
0.396 0.783 1 .0  : 1.975 29.3

0.382 0.969 1 .0  : 2.540 39.2

0.3810 0.975 1 .0  : 2.559 48.0

0.3806 ■ 0.980 1.0 : 2.576 61.0

0.3802 0.986 1 .0  : 2.593 100.0

In observed rate constant = 3 .5 0 4  In [HMPA] + 4.159

Quantities used: PhCHMeSiMe^Cl 0 .2  ml

solvent 2.0 ml benzene-d,

Table 6.5.41
Ten fo ld  d i lu t io n  study on the rate of exchange between PhCHMeSiMe^Cl and 

HMPA in dichloromethane-dg

[PhCHMeSiMe.Cl]
-3(mol dm )

[HMPA] Ratio silanerHMPA 

(mol dm

Observed rate constant 

(s’ "')

0.464 0.0 1.0 : 0 .0 0 .0

0.464 0.008 1.0 : 0.017

0.463 0.021 1.0 : 0.045 8.5

0.462 0.029 1.0 : 0.062 12.2

0.461 0.037 1.0 : 0.079 15.5

0.461 0.044 1.0 : 0.096 17.0

0.460 0.057 1.0 ; 0.125 26.3

0.459 ' 0.070 1.0 : 0.153 40.0

0.458 0.080 1.0 : 0.176 48.0

In observed rate constant = 1.282 In [HMPA] + 7.012

Quantities used: si lane 0.2 ml

solvent 2 .0  ml dichloromethane-d^
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Table 6 .5 .42
Two fold d ilu tio n  study on the rate of exchange between PhCHMeSiMegCl and

HMPA in dichloromethane-d2

CPhCHMeSiMe^CU [HMPA] Ratio si lane:HMPA Observed rate constant 

(mol dm (mol dm (s )

2.320 0.0 1.0 : 0 .0 0.0

2.307 0.031 1.0 : 0.014 12.4

2.301 0.047 1.0 : 0.020 21.8

2.297 0.056 1.0 : 0.024 28.3

2.293 0.066 1.0 ; 0.029 31.7

2.288 0.078 1.0 ; 0.034 39.5

2.284 0.088 1.0 : 0.038 46.0

2.279 0.100 1.0 ; 0.044 54.0

In observed rate constant = 1.244 In [HMPA] + 6.864

Quantities. used: si lane 1.0 ml
solvent 1.2 ml dichloromethane-d ?

Table 6 .5 .43
Five fo ld  d i lu t io n  study on the rate of exchange between PhCHMeSiMegCl 

and HMPA in dichloromethane-dg

[PhCHMeSiMegCl] [HMPA] Ratio silanerHMPA Observed rate constant 

(mol dm~^) (mol dm (s ^)

0.925 0 .0  1 .0  : 0 .0  0 .0

0.916 0.052 1.0 : 0.056 27.5

0.9154 0.057 1 .0  : 0.062 32.6

0.9146 0.062 1.0 : 0.068 39.0

0.9138 0.067 1 .0  : 0.073 36.0
0.9130 0.072 1 .0  : 0.079 40.0

0.912 0.077 1 .0  : 0.085 42.0

In observed rate constant = 0.961 In [HMPA] + 6.223

Quantities used: si lane 0.4 ml
solvent 1 .8  ml dichloromethane-d~
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Table 6.6.1

Variable temperature study on the exchange between PhCHMeSiMegCl and HMPA

Temperature Observed rate constant 13c n. m.r. d iastereotopic SiMi

(K) (s -1 ) 6(ppm) 5v

300 52.0 0.23 br -

300* 53.0 0.17 br -

290 47.0 0.29 br -

280 42.0 0.29 vbr -

275 37.0 0 .4 0 ,0 .0 0 9.1Hz

270 34.1 0 .40 ,0 .00 9.1Hz

265 32.8 0 .4 6 , -0 .0 6 11.6Hz

260 30.5 0 .5 2 ,-0 .1 7 15.5Hz

255 26.6 0 .5 7 ,-0 .1 1 15.5Hz

250 24.4 0 .6 3 , -0 .1 7 18.1Hz

245 21.5 0 .6 3 , -0 .2 3 19.4Hz

240 17.8 0 .6 3 ,-0 .2 3 19.4Hz

235 15.0 0 .6 3 , -0 .2 9 20.7Hz

230 12.0 0 .6 3 ,-0 .2 9 20.7Hz

220 7.2 0 .6 3 , -0 .2 9 20.7Hz

si lane alone 0.0 0 .6 9 ,-0 .2 9 20.7Hz

Quantities used: PhCHMeSiMegCl 1 .0 ml, 5.084 mmoles

HMPA 0.04 ml, 0.217 mmole

solvent 1 .2 ml dichloromethane-d2

The th eo re t ica l rate constant at coalescence is 46.0 s"1

* recorded on warming back to ambient temperature
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Table 6 .6 .2

Variable temperature study on the exchange between PhCHMeSiMe2Cl and NMI 

Temperature Observed rate constant n .m .r. d iastereotopic SiMe peak

(K) (s"1) 6(ppm) 5v

295 - 0.17 vsh -

290 - 0.17 vsh -

280 - 0.17 vsh -

270 - 0.11 vsh -

260 - 0.06 vsh —

250 - -0 .06 -

240 55.0 -0 .2 9  br -

230 23.6 0 .5 2 ,-0 .4 0 20.7Hz

225 13.7 0 .5 7 , -0 .4 0 22.0Hz

220 6.4 0 .6 3 ,-0 .3 4 22.0Hz

228* 17.2 0 .5 7 , -0 .4 0 22.0Hz

232 29.2 0 .5 2 ,-0 .4 0 20.7Hz

234 35.3 0 .4 6 , -0 .4 0 19.4Hz

236 — obscured

238 - obscured

ane alone 0.0 0 .6 9 ,-0 .2 3 20.7Hz

Quantities used: PhCHMeSiMe^Cl 1.0 ml, 5.08 mmoles

NMI 0.04 ml, 0.469 mmole

solvent 1.2 ml dichloromethane-d2

The theore tica l rate constant at coalescence is 46.0 s 1_

* recorded on warming back to ambient temperature
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TabLe 6 .6 .3

Variable temperature study on the exchange between PhCHMeSiMe2Cl and HMPA

in 9% dichloromethane-d2

Temperature Observed rate constant C n .m .r. diastereotopic SiMe peak

(K) (s-1) 5(ppm) 5v

290 65.0 0.52 br -

290* 61.0 0.57 br -

285 63.0 0.46 br -

280 60.0 0.52 br -

275 56.0 0.52 br -

270 52.0 0.40 vbr -

265 49.0 0 .69 ,0 .29 9.1Hz

260 43.1 0.69,0.11 13.0Hz

255 38.7 0 .80 ,0 .00 18.1Hz

250 32.8 0 .8 6 ,-0 .0 6 20.7Hz

245 27.6 0 .9 2 ,-0 .0 6 22.0Hz

240 22.5 0 .92 ,-0 .11 23.3Hz

235 19.8 0 .9 8 , -0 .1 7 25.9Hz

230 16.8 0 .9 8 ,-0 .2 3 27.2Hz

si lane alone 0.0 1.21,0 .11 24.6Hz

Quantities used: PhCHMeSiMe2Cl

HMPA

2.0 ml, 10.179 mmoles 

0.13 ml, 0.741 mmole

solvent 0.2 ml dichloromethane-d2

The theore tica l rate constant at coalescence is 57 s 1.

*  recorded on warming back to ambient temperature
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Table 6 .6 .4

Variable temperature study on the exchange between PhCHMeSiMe2Br and NMI

Temperature Observed rate constant 13[ n .m .r. diastereotopic SiMe peak

(K) (s"1) 6(ppm) 5v

300 78.0 1.03 br -

295 56.0 1.21 vbr -

295* 60.0 0.98 br -

290 41.4 1 .49 ,0 .69 18.1Hz

288 36.4 1 .61 ,0 .75 19.4Hz

286 32.0 1 .67 ,0 .69 22.0Hz

284 27.3 1 .72 ,0 .63 24.6Hz

282 23.8 - 1 .72 ,0 .63 24.6Hz

280 20.0 1 .72 ,0 .63 24.6Hz

278 17.3 1 .78 ,0 .63 25.9Hz

276 13.6 1 .78 ,0 .57 27.2Hz

273 12.9 1 .78 ,0 .57 27.2Hz

270 9.8 1 .78 ,0 .57 27.2Hz

d ilu t io n 30.3 1 .49 ,0 .52 22.0Hz

si lane alone 0.0 1 .84 ,0 .63 27.2Hz

Quantities used: PhCHMeSiMegBr 1 .0  ml, 5.01 mmoles

NMI 0.02 ml, 0.20 mmole

solvent 1.2 ml dichloromethane-d2

The theore tica l rate constant at coalescence is 60.4 s"1.

*  recorded on warming back to ambient temperature
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Table 6 .6 .5

Variable temperature study on the exchange between PhCHMeSiMe2Cl and
HMPA in the presence of 2,6DBP

Temperature Observed rate constant n .m .r. diastereotopic SiMe peak

(K)

301

290

290*

280

270

265

260

255

250

245

240

235

230

220

si lane alone

(s"1)

52.0

47.0

46.0

38.0 

33.8

31.7  

29.6 

27.2

24.8

22.9 

18.5 

16.8 

14.8

9.0

0.0

5(ppm) 

0.23 br 

0.29 br 

0.11 br 

0.29 vbr 

0 .52 ,0 .00  

0 .52 ,-0 .11  

0 .5 7 ,-0 .1 1  

0 .6 3 ,-0 .1 7  

0 .6 3 , -0 .1 7  

0 .6 3 , -0 .1 7  

0 .6 3 , -0 .2 3  

0 .6 9 ,-0 .2 3  

0 .6 9 , -0 .2 9  

0 .6 9 ,-0 .2 9  

0 .6 9 , -0 .2 3

5v

11.6Hz

14.2Hz

15.5Hz

18.1Hz

18.1Hz

18.1Hz

19.4Hz

20.7Hz

22.0Hz

22.0Hz

20.7Hz

Quantities used: PhCHMeSiMegCl

2,6DBP

HMPA

solvent

1.0 ml, 5.086 mmoles 

0.2 ml, 0.896 mmole 

0.05 ml, 0.270 mmole

1.2 ml dichloromethane-d2

The th eo re t ic a l  rate constant at coalescence is 46.0 s 

*  recorded on warming back to ambient temperature

-1
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Table 6 . 6.6

Variable temperature study on the exchange between PhCHMeSiMe2Br and NMI

in the presence of 2,6DBP

Temperature Observed rate constant 

(K)

13 C n .m .r. diastereotopic SiMe peak

(s-1)

304*

296

292

290

288

286

284

282

280

278

276

274

si lane alone

74.0

71.0

54.0

46.6

39.0

33.4

29.7

26.5

21 .6  

19.6

17.0  

15.3

0.0

6(ppm) 

1.03 br 

0.98 br 

1.09 vbr

1 .55 .0 .69

1 .67 .0 .75

1 .67 .0 .69

1 .72 .0 .69

1 .67 .0 .69

1 .78 .0 .63

1 .78 .0 .63

1 .78 .0 .63

1 .78 .0 .63

1 .84 .0 .63

Sv

19.4Hz

20.7Hz

22.0Hz

23.3Hz

22.0Hz

25.9Hz

25.9Hz

25.9Hz

25.9Hz

27.2Hz

Quantities used: PhCHMeSiMegBr

2,6DBP

NMI

solvent

1 .0  ml, 5.008 mmoles 

0.2 ml, 0.907 mmole 

0.02 ml, 0.222 mmole

1.2 ml dichloromethane-d2

The theore tica l rate constant at coalescence is 60 .4  s 

*  recorded on warming back to ambient temperature

■1
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Table 6 .6 .7

Variable temperature study on the exchange between PhCHMeSiMe2Br and HMPA

in the presence of 2,6DBP

Temperature Observed rate constant n .m .r . d iastereotopic SiMe peak

(K)

305

302

300

298

294

292

290

288

286

284

282

280

278

275

si lane alone

(s” 1)

108.0

80.0

71.0

60.0

41.1

37.7

34.1 

30.3

26.5

24.5

21 .2  

18.0  

16.0

12.7  

0.0

6(ppm) 

1.21

1.15 br

1.26 br

1.26 br

1 .55 .0 .92

1 .67 .0 .80

1 .67 .0 .75

1 .72 .0 .69

1 .72 .0 .69

1 .78 .0 .69

1 .78 .0 .63

1 .78 .0 .63

1 .78 .0 .63

1 .84 .0 .63

1 .84 .0 .63

Sv

14.2Hz

19.4Hz

20.7Hz

23.3Hz

23.3Hz

24.6Hz

25.9Hz

25.9Hz

25.9Hz

27.2Hz

27.2Hz

Quantities used: PhCHMeSiMeg Br

2,6DBP

HMPA

solvent

1 .0  ml, 5.01 mmoles 

0.2 ml, 0.904 mmole 

4.17 u l ,  0.024 mmole

1.2 ml dichloromethane-d2

The theoretical rate constant at coalescence is 60.4 s-1
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Table 6 .6 .10  ^

Variable temperature proton n .m .r. t i t r a t io n  study of a 1 :1 :0 .45  mixture 

of PhCHMeSiMegX (X=Cl, Br) and HMPA

Temperature

(K) Ph

Assignments 6(ppm)

CH,Jj HH SiMe PN(CH2),-JpH

mixture of 
si lane *

300

298

294

290

288

286

284

282

280

278

274

270

260

250

240

230

HMPA

7 .3 5 -6 .90m

7 .3 5 -6 .72m

7 .3 5 -6 .88m

7 .3 5 -6 .88m

7 .4 0 -6 .95m

7 .3 5 -6 .95m

7 .3 5 -6 .95m

7 .4 0 -6 .92m

7 .3 5 -6 .92m

7 .3 5 -6 .91m

7 .3 6 -6 .91m

7 .3 5 -6 .92m

7 .3 5 -6 .92m

7 .3 5 -6 .90m

7 .3 6 -6 .90m

2.47q,7.3Hz 
2.39q,7.3Hz  

2.44d br 
6.6Hz

obscured

obscured

obscured

obscured

obscured

obscured

obscured

obscured

obscured

obscured

obscured

2.41q,7.3Hz

2.41q,7.3Hz

7 .4 1 -6 .90m 2.41q,7.3Hz

7 .4 1 -6 .90m obscured

1.44d,7.3Hz  
1.43d,7.7Hz
1.42d,7.3Hz  

1.42d,7.3Hz  

1.42d,7.3Hz  

1.42d,7.7Hz  

1.42d,7.7Hz  

1.42d,7.3Hz  

1.42d,7.3Hz  

1.42d,7.7Hz  

1.42d,7.3Hz  

1.42d,7.7Hz  

1.41d,7.3Hz  

1.42d,7.7Hz  

1.42d,7.3Hz  

1.42d,7.7Hz

1.41d,7.3Hz  
1.38d,7.3Hz

1.42d,7.7Hz  
1.39d,7.7Hz

0.43,0 .41
0 .30 ,0 .27
0.35 vbr 2 .65d,10.6Hz 

0.35 vbr 2 .64d,10.6Hz

0.35 vbr
0.33 vbr 
0.37

0:39 
0 .31**  
0.40  
0 .3 1 **  
0.40
0 .31 ,0 .28  
0.40 sbr 

,0 .31 ,0 .28  
0.40 sbr 
0 .31 ,0 .28  
0.40 sbr 
0 .31 ,0 .28  
0.40 sbr 
0 .31 ,0 .28  
0.40 sbr

0 .31 ,0 .27  
0 .38 ,0 .33  
0.43 sbr 
0 .31 ,0 .27  
0.36,0.31  
0.43 sbr 
0 .31 ,0 .27  
0.36,0 .31  
0.43 sbr

2 .64d,10.6Hz 

2 .64d,10.6Hz 

2 .63d,10.3Hz 

2 .63d,10.3Hz 

2 .63d,10.3Hz 

2 .62d,10.6Hz 

2 .62d,10.3Hz 

2 .62d,10.3Hz 

2 .62d,10.6Hz 

2.62d,10.6Hz  

2 .60d,10.6Hz 

2 . 59d,10.6Hz

2 . 57d,10.3Hz

2 . 56d,10.6Hz

2.66d,9.3Hz

Quantities used: PhCHMeSiMe2CI 

PhCHMeSiMegBr 

HMPA 

solvent

0.59 ml, 2.99 mmoles 

0.60 ml, 3.01 mmoles 

0.24 ml, 1.36 mmoles

2.0 ml CD2CI2 with 10% TMS

*  in the absence of HMPA at ambient temperature

* *  a shoulder was observed on th is  peak



Table 6.6.11
Variable temperature s ilicon-29 n.m .r. t it ra t io n  studies of 1:3 mixtures
of PhMeHSiCl and nucleophile (HMPA, DMF)

Temperature Si-29 n .m .r. chemical sh if ts  6(ppm)
(K) PhMeHSiCl-DMF mixture PhMeHSiCl-HMPA mixture PhMeHSiCl

300
295
280
260
240
220
200

1.48
0.77
0.00
0.44
0.00
0.00

sbr
br
vbr
vbr
vbr
vbr

-2 .03
-1 .3 7
-2 .74
-6.31

-14.76
-35.28
-59.52

sbr
vbr
vbr
vbr

3.35

Quantities used in each case si lane 1.0 ml, 6.93 mmoles
HMPA 3 .0  ml, 17.28 mmoles
DMF 1.6 ml, 21.06 mmoles
solvent 2.0 ml CD2CI2 with 10% TMS

Table 6 .6 .12
Variable temperature s il ico n -29  n .m .r .  t i t r a t io n  studies of PhCHMeSiMe2Cl 
and a 1 :1 .5  mixture of PhCHMeSiMe2Cl and HMPA

Temperature (K)
PhCHMeSiMegCl

300 30.6
294 30.6
280 30.8
260 30.9
240 31.1
220 31.3
210 * nr
200 31.5
180 31.7

Quantities used: PhCHMeSiMe2Cl
HMPA
solvent

*  recorded on warming back to

Silicon-29  n .m .r. chemical sh if ts  6(ppm) 
PhCHMeSiMe2Cl-HMPA mixture

30.1
30.1
30.1
30.1
29.6
28.2
27.5 vbr
22.7 vbr 
nr

1.0 ml, 5.08 mmoles 
1.3 ml, 7.70 mmoles
2.0 ml dichloromethane-d2
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Table 6-7-6

N-M-R- t i t r a t io n  study of PhCHMeSiMegBr with tetrabutylammonium bromide 

(•^Bu^NBr)

Assignments '^Bu^NBr Ratio of T*Bu^NBr : PhCHMeSiMegBr PhCHMeSiMe2Br

6 (ppm) 1.0 : 0.1 1.0  : 0.6 1.0  : 1.0

H Ph - 6.94-6.75m 7 .0 4 -6 -78m 7 .0 6 -6 .65m 7.49-7-13n

ch,^ J hh - no 2-22q,7-3Hz 2-24q,7-3Hz 2.61q,7-7H2

He,3jHH - no 1-14d,7-3Hz 1-17d,7.7Hz 1-59d,7-3H2

Si Me - 0.11 0.15 0-18 0-57 ,0 .59

CH3 0 -7 4 -0 -54m 0-72-0.56m 0-76“0-62m 0-79-0-63m -

(CH2>2 1-60-0-88m 1 .5 0 -0 .88m 1 - 55- 0 . 94m 1-5 7 -0 -97m -

CH2N 3-24 -2 -90m 3.17-2.98m 3 .2 3 -2 .94m 3-28-2-87m -

ipso C - 142.6 142.6 142.6 143.1

meta C - 128.5 128-5 128.6 128-9

ortho C - 127.6 127-7 127.8 128-1

para C - 125.6 125-6 125.7 126-0

CH - 31-7 31.8 32.8 32-3

Me - 14.9 15-0 15.0 15-4

Si Me - 0-8 0-9 0.9 1- 8, 0-6

CH3 13-7 13-7 13-8 13-9 -

CH3CH2 19-9 19-9 20-0 20-0 -

£H2CH2N 24-4 24-4 24-5 24-5 -

CH2N 59.1 sbr 59-2 sbr 59-2 sbr 59.2 sbr -

29$i siMe - 29-6 29.4 29.3 29-2

Quantities used:

si lane mmol - 0-50 2.96 4.94 5-05

'^Bu/NBr mmol 4-97 4-97 4-97 4.97 -

solvent 2-0 ml dichloromethane-d2 with 10% IMS
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Table 6 -7 .8 -254-

N-M-R- t i t r a t io n  study of PhCHMeSiMegBr against DMPU with the addition o1
tetrabutylammonium bromide (^Bu^NBr)

Assi gnments DMPU •^Bu^NBr Ratio PhCHMeSiMepBr : DMPU : "Bu/^NBr
5(ppm) 1. 0 : 0. 0 : 0.0 1 -0 :0 -0 4 :0 -0 1 :0-04:0 .04

'•h Ph - - 7 .4 9 -7 .13m 7 .4 5 -7 .19m 7 .4 4 -7 .09m
CH — - 2.61q 2.60q 2.57q
3 1

HH - - 7.7Hz 7.7Hz 7.3Hz
Me - - 1.59d 1.58d 1.54d

‘̂ HH - - 7.3Hz 7.7Hz 7.3Hz
Si Me - - 0 .59 ,0 .57 0.56 0-53

3.25t
6 -OHz

3.31t sbr 
5.86Hz

obscured

N-CH? 2.92 - - 3.03 3-02
C5-H 1.98qn - — obscured obscured
CH3 - 0 .7 3 -0 -54m - - 0 -8 2 -0 .76m
CHg
CHpN 17 <-

C ipsoC .
-

1 .5 0 -0 -88m 
3 .2 0 -2 .97m

143.1 143.1

1 .2 2 -0 .98m 
3.55-3-20m  

br 
143-0

metaC ■ - - 128.9 128.9 128-9
orthoC - - 128.1 128-1 128-1
paraC - - 126.0 126-0 126-0
CH - - 32.3 32-3 32-3
Me - 15.4 15-4 15-4
Si Me - - 1. 8, 0.6 1 .6 b r ,0 -7  br 1-2
C=0 156-8 - - no no
N-CHt 47.9 - - 48.6 48-6

C5

35.6
22-2

37.1
22.2

37-3
22-0

CH3 - 13.7 - - 14-2
CHg - 19.9 - - 20-4
CHg - 24.4 - - 24-8

'^^Si Si Me
- 59.1 sbr - - 59-6 br
- ■ — 29.2 29.2 29-2

Quanti t ies  used:
si lane mmol - - 5-33 5.33 5-33
DMPU mmol 2-20 - 0-00 0-19 0-19
*^Bu/NBr mmol - 5.01 0-00 0.00 0-18
solvent 1.2 ml dichLoromethane-d2



Table 6 .7 .9  -255-
N-M.R- t i t r a t io n  study of PhCHMeSiMepBr against tetrabutylammonium 
bromide ("^Bu^NBr) with the addition of DMPU

si gnments 
6 (ppm)

Ratio PhCHMeSiMepBr : ^Bi 
1 -0 :0 -0 :0 .0  1 .0 :0 .0 3 :0 .0

i^NBr : DMPU 
1 -0 :0 -03 :0 .03

^Bu^NBr DMPU

Ph 7 .4 9 -7 .13m 7 .4 4 -7 -1 2m 7 .4 2 -7 .10m -

ch,^ J hh 2.61q,7.7Hz 2-58q,7-3Hz 2.57q,7.7Hz - —

Me/JHH 1.59d,7.3Hz 1-56d,7-3Hz 1.55d,7.3Hz - —

Si Me 0 .59 ,0 .57 0-55 0.54 - -

CH3
CHpCHp

— 0.84-0-77m 0 .8 5 -0 .77m 0 -7 4 -0 .54m -
- 1 .6 0 -0 -88m 1 .2 3 -1 .02m 1 -3 0 -1 -10m -

CHpN - 3 - 55-3-35m 3 .4 0 -3 .28m 3 -2 4 -2 -90m -
- - obscured - 3-251

^3, 5"
- — obscured 1-98(

N-CH3 — - 3-04 — 2-92
C ipso C 143-1 143-1 143-0 — -

meta C 128.9 128.9 128-9 - -

ortho C 128-1 128-1 128-1 - —

para C ' 126-0 126-0 126-0 - -

CH 32-3 32-3 32.3 - -

Me 15-4 15.4 15.4 — -
Si Me 1 . 8, 0.6 1.2 1.2 - -

CH3 - 14.2 14.2 13-8 —

CH3ÇH2 - 20.5 20-5 20-2 -

CHpiHp - 24.8 24-8 24-5 -

CHpN — 59-6 br 59-6 sbr 59-5 sbr -

C=0 — - nr - 156-8
N-CH, - - 48.6 - 47-9

'4 ,6 - 37.4 - 35-6

'si Si Me
- - 21.9 - 22-2

29.2 29-2 29-2 -

Quantities used:
si lane mmol 5.05 5.05 5.05 -
"Bu/^NBr mmol 0-00 0-18 0-18 5-01
DMPU mmol 0-00 0-00 0-18 -  2-20
solvent 1.2 ml dichloromethane-dp



Table 6.7.10 - 256-

Proton n.m.r. t i t r a t io n  study of PhCHMeSiMepX (X=Cl, Br) against HMPA

Ratio

Cl:Br:HMPA

Assignments 6(ppm)

Ph ch,^ J hh HH Si Me PN(CH3>,^J PH

1. 0:0. 0:0.0 

1. 0:1.0:0.0 

1.0:1. 0:0.1 

1. 0:1. 0:0.2 

1. 0:1.0:0.3 

1. 0:1. 0:0.4 

1. 0:1. 0:0.5 

1. 0:1. 0:0.6 

1. 0:1. 0:0.8 

1. 0:1. 0:1.0 

1. 0:1. 0:2.0 

1 .0 :1 .0 :3 .0  

1 .0 :1 .0 :4 .0  

1 .0 :1 .0 :5 .0  

HMPA

7.33-7,

7.39-7,

7 .35-7

7.35-7

7.36-6  

7.19-6  

7.16-6

7.18-6

7.18-6

7.18-6  

7.05-6  

6.90-6  

6.97-6

6 . 95-6

,10m 2.

,02m 2'
,06m 2'

,09m

,92m

,85m

,82m

,90m

,70m

. 70m

.72m

.73m

. 55m

.48m

45q,7.3Hz
58q,6.6Hz

,51q,7.0Hz

obscured

obscured

obscured

obscured

obscured

obscured

obscured

obscured

obscured

obscured

obscured

1.47d,7.3Hz
1.56d,7.7Hz
1.55d,7.3Hz
1.51d,7.7Hz

1.46d,7.3Hz

1.42d,7.7Hz

1.38d,7.7Hz

1.34d,7.7Hz

1.30d,7.3Hz

1.23d,7.3Hz

1.20d,7.7Hz

1.12d,7.3Hz

1.06d,7.7Hz

1.01d,7.7Hz

1.00d,7.3Hz

0 .35 ,0 .33
0 .56 ,0 .54
0-42 ,0 .40
0-50
0 .38 ,0 .36  
0.45 sbr 
0-34sbr 
0.40 sbr 
0-31 sbr
0-31 vbr 

0.27 vbr 

0.23 sbr 

0.16 sbr 

0.12  

0.04 

-0.06 

-0.06 

-1.06

2-71d,10.6Hz

2-67d,10-6Hz

2-63d,10.6Hz

2.59d,10.3Hz

2.56d,10.6Hz

2-53d,10-3Hz

2.46d,10-3Hz

2-42d,10-3Hz

2-32d,9-9Hz

2-25d,9-5Hz

2.19d,9.5Hz

2-14d,9-5Hz

2.66d,9.3Hz

Quantities used: PhCHMeSiMe^Cl 0.59 ml, 2.984 mmoles 

PhCHMeSiMepBr 0.60 ml, 2.986 mmoles

solvent 2.0 ml dichloromethane-d-
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-269-TabLe 6.7.23

Proton and oxygen-17 n .m .r .  t i t r a t io n  studies of PhMepSiCl against DMF in 

the presence of 2,6DBP

Ratio n .m .r. 6(ppm) Oxygen-17 n .m .r. 6 (ppm)

SiCl : 2, 6DBP : DMF A-B C=0

0.0  : 1.1 : 0 .4 nr nr 312.7

1 .0  : 1.1 : 0.4 2.80 - 315.1

1.0  : 1.1 : 0.6 2.81 - 313.5

1 .0  : 1.1 : 0.9 2.80,2.81 1.1Hz 313.5

1.0  : 1.1 : 1.1 2.80d,0.7Hz
2.82 2.2Hz 313.5

1.0  : 1.1 : 1.5 2.80d,0.7Hz
2.83 2.6Hz 313.5

1.0  : 1.1 : 2.1 2 .80 ,2 .84 3.7Hz 314.3

1.0  : 1.1 : 3.2 2.60 ,2 .86 5.5Hz 314.3

1.0  : 1.1 : 4.2 2.80d,0.7Hz
2.87 6 .2  Hz 315.1

1.0  : 1.1 : 6 .4 2 .80 ,2 .89 8.1Hz 316.7

1.0  : 1.1 : 8.5 2 .80 ,2 .90 9.2Hz 317.5

DMF 2.87 ,2 .94 7.8Hz 310.2

Quantities used: PhMepSiCL

2,6DBP 

solvent

0.41 ml, 2.450 mmoles 

0.60 ml, 2.678 mmoles 

2.0 ml chloroform-d/j with 5% TMS
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