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SUMMARY

Although the solvolytic elimination reaction of beta-halogenoalkyl-
trialkylsilanes has been the subject of many investigations, and several
mechanisms have been proposed for the elimination reaction, some aspects
of the work had not been covered, In an attempt to acquire more infor-
mation concerning the nature of the intermediate, a study of the stereo-
chemistry of the reaction was undertaken,

In order to elucidate the stereochemical path of the reaction, erythro-
1,2-dibromopropyltrimethylsilane was prepared and the products of solvolysis
in aqueous ethanol were examined, Product analysis indicated that a stereo-
specific, predominantly trans, elimination was taking place. This result
suggested that the trimethylsilyl group could be interacting with the posi-
tive charge developing on the beta-carbon atom,

Further evidence in support of this supposition was provided by a
study of the effect of deuterium substitution on the rate of solvolysis of
these silanes, Deuterium was substituted for hydrogen on the alpha and
beta-carbon atoms, and in the trialkyl group attached to the silicon atom,
The secondary isotope effects, recorded as a difference in rate constant
in comparison with the non-deuterated molecule, strengthened the result

of the stereochemical study, and contributed further evidence to the in-



dication that the rate-determining step involved the cleavage of the
carbon-bromine bond.

The observation that the trimethylsilyl group migrated during a
related reaction, supplied additional evidence that the trimethylsilyl
group may interact with the positive charge on the beta-carbon atom.

It was concluded therefore, that the rate-determining step in the
neutral solvolysis of beta-halogenoalkyltrialkylsilanes, is the cleavage
of the carbon-halogen bond, which may be assisted by the trialkylsilyl
group interacting with the positive charge developing on the beta-carbon

atom.
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ERRATA

Page 5, line 13 - For "beta-halogenoethyltrialkylsilane", read "beta-

halogenoethyltrialkylsilanes"

Page 30, lines 20 and 22; page 31, line 3 - For "beta-halogenoethyl-

trialkylsilanes", read "beta-halogenoalkyltrialkylsilanea"

Page 31, line 2 - For "beta-halogenoethyltrichlorosilanes", read

"beta-halogenoalkyltrichlorosilanes"
Page 44, line 18 - For "cyclopropenium", read "silacyclopropenium"
Page 69, line 24 - For "ecyclosilapropenium", read "silacyclopropenium"

Page 70, line 17 - For "As the experimental evidence indicated", read

"As experimental evidence has indicated"

Page 86, line 2 - For "1,1,2-tribromopane"”, read "1,1,2-tribromopropane”
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I. INTRODUCTION

Although the mechanism of solvolysis of beta-halogenoalkylsilanes
has been the subject of many studies over the past twenty years, much
of the evidence for the postulated mechanisms is capable of being
interpreted in several ways, and some important facets of the work have
not been covered. The present investigation has been designed to shed
more light on this subject and to arrive at a mechanism which accom-
modates all the facts.

Interest in the chemistry of beta-halogenoalkylsilanes first arose
as a result of their high reactivity in comparison, for example, with
other halogenated alkylsilanes, Many investigators have studied the
reactions of beta-halogenoalkylsilanes with various reagents, and by
way of illustrating the properties of this type of compound some
examples will be cited. Initially, the reactions of halogenoalkyltri-
alkylsilanes were studied by Ushakov and Itenburg1 who were the first
to observe a difference in the reactivity of alpha- and beta-halogeno-
alkylsilanes., Subsequently, Sommer and 'u'hitmore2 presented a paper to

the American Chemical Society, in which they reported a detailed study
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of alpha- and beta-chloroalkylsilanes., The subject of this paper was
the striking difference in reactivity of a chlorine attached to a
carbon atom, alpha to a silicon atom, as compared with that of a
chlorine attached to a carbon atom, beta to a silicon atom, As a con-
tinuation of this work Sommer and co-workers3 further investigated the
properties of halogenoalkylsilanes, and discovered that the reactivity
of chlorine atoms in the alpha and gamma positions differed from those
in the beta position. Thus the titration of alpha-chloropropyltri-
chlorosilane and gamma-chloropropyltrichlorosilane with dilute alkali
gave a titre value equivalent to chlorine attached to silicon only,
whilst the titration of beta-chloropropyltrichlorosilane gave a value
corresponding to chlorine attached to both carbon and silicon,

Sommer also investigated the reactions of beta-chloroethyltri-
chlorosilane and methyl magnesium bromide,4 which revealed that the
stepwise addition of Grignard reagent proceeded smoothly, to replace
three chlorine atoms, However, on addition of a further equivalent,
ethylene gas and tetramethylsilane were formed, instead of the ex-
pected n-propyltrimethylsilane. Sommer therefore proposed the follow-

ing cyeclic intermediate to account for the evolution of ethylene:




He also suggested that the beta carbon-chlorine bond permitted the
formation of a Grignard co-ordination complex, in which the alkyl group
R' of the Grigmard reagent and the silicon atom are in the 1:6 positions;
the silicon atom acting as an electron sink, which attracts the electron
pair holding R', with simultaneous electron displacements. Although
silicon-carbon cleavage is the major reaction of beta-chloroethylsilanes,
not all halogenoalkylsilanes react in this fashion. It has been
reported5 that some beta-bromoalkyl derivatives react partially to give
coupling products with highly reactive Grignard reagents. This reaction
has been studied extensively, but the significance of the work with
respect to the mechanism of silicon-carbon cleavage by Grignard reagents
is obscure, because of crude starting materials and incomplete experi-
mental details,

Further studies of beta-eliminations involving silicon by Sommer
and co—workers,6 showed that desilicohalogenation could also be brought
about by electrophilic reagents such as aluminium chloride. The re-
action was studied in the presence of aluminium chloride and the follow-

ing mechanism proposed for the elimination:

=cr ( = + -
—SlCH20H201 + lel3 ——Eg SiCH20H2 + A1014

=s4-CH,,CH, ) cr=ch, +=s1

5" Ea
=sit + a101° .(.‘.’_); &5i—C1 + A1C1

4 3



Step (a) gives a beta carbonium ion. Step (b) involves electron re-
lease from electropositive silicon to electron deficient carbon., Step
(¢), which may be simultaneous with or subsequent to (b), gives a
chlorosilane by combination of chloride ion with "siliconium ion", thus
regenerating the catalyst. The ease of thermal elimination of beta-
chloroethyltriethylsilane6 relative to the alpha-chlorinated material
was also observed by these investigators, and they suggested that
"jonic" bond cleavage was involved in the elimination, although the
possibility of free radical cleavage could not be excluded.

Hurd7 has reported the reaction of beta-chlorocethyltrichloro-
silane with quinoline, from which he obtained small yields of dehydro-
chlorinated products, and ascribed their formation to the fact that
quinoline is incapable of providing a nucleophile for combination with
gilicon. However, a better explanation may be provided from a study
of the stabilising effect of chlorine attached to silicon: chlorine
atoms tend to withdraw electrons from the silicon atom and in so doing,
strengthen the silicon-carbon bond of these compounds.

Seyferth and Jula have recently studied the desilicohalogenation
of trimethylsilylsubstituted gempdihalocycIOprOpanesg They have
postulated an initial beta-elimination of trimethylchlorosilane,
followed by a further elimination of hydrogen chloride, to account for

the acetylenic ether which is formed:
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The desilicohalogenation reaction forms part of a general group
of elimination reactions, in which an electropositive atom or group
and a halide ion are lost from a particular molecule, In this group
of reactions one may therefore include the elimination of hydrogen
halides, as well as substituted germanium, tin and lead halides.
Further examples of this type of reaction, apart from those quoted above
may also be found, one of these being Matteson and Liedtke's study of
the stereochemistry of deboronobromination of dibutyl erythro-2,3-di-
bromobutane-2-boronate by treatment with water or base, together with
the kinetics of the elimination of ethylene from dibutyl 2-bromoethane-
boronate in aqueous athanol.9
The first attempt to formulate a mechanism for the solvolysis of
beta-halogencethyltrialkylsilane was made by Sommer and co—workera:4
s

HO --» =|Si=C caé-cr —»S5i0H + c11§-—--cla[2 + 61"

They suggested that in a silicon compound, the reaction of beta

carbon-chlorine bonds with alkali is analogous to the E2 mechanisml0

proposed for beta-eliminations from alkyl halides., The only dif-
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ference between the two reactions is that the nucleophile attacks
tetracovalent silicon, instead of a combined hydrogen atom. Sub-
sequent to a further study, Sommer6 elaborated on his original pro-

posal and reported the following mechanism:

B + x31—032032—01 —(5)» B-Si= + 'CH2c11201

|

“c —032—’51‘ o), CHE=CH,, + C1”

2
Step (a2) is rate controlling, aided by an increased concentration of
nucleophilic anions (B”). Step (b) is very fast. Thus (a) and (b)
were presumed to be effectively simultaneous, Again this mechanism is
similar to that established for E2 eliminations of ordinary organic

halides.lo

In 1958, Benkeser and Bennett11

attempted to establish whether
base-catalysed beta-eliminations proceed via a trans-coplanar tran-
gsition state. A model compound, cis-l-trimethyl-2-bromocyclohexane was
synthesised and found to undergo spontaneous decomposition. This was
cited as evidence of a four-centre reaction mechanism, which inter-
mediate could be used to explain many of the beta-eliminations.

It was not until 1961 that Sommer and Baughman,l28 whilst search-
ing to establish the existence of siliconium ions, were led to under-

take a quantitative study of the kinetiecs of beta-eliminations at

gilicon, Using beta-chloroethyltrimethylsilane as the model compound,



they found that the solvolysis in aqueous ethanol at 30°C followed a
first order rate law with excellent precision; gave good correlation
of variation in rate constant with variation in solvent composition
over the range 50-80% aqueous ethanol, by volume, according to the
Winstein-Grunwald equation, log(k/ko) - mY;H and yielded a value of
m, 1,02, which indicated that the beta-chloroethylsilane and t-butyl
chloride are about equally susceptible to the ionizing power of the sol-
volysis medium. Further conclusions drawn from the data showed that
the solvolysis rates are not sensitive to the nucleophilic character of
the solvent, but are strongly dependent on its ionizing power. The
approximately equal rate constants in corresponding media for the
silane and t-butyl chloride, suggested that there is strong parti-
cipation of electron release from silicon in the rate controlling
transition state, without simultaneous nucleophilic attack by solvent
at the silicon atom. On these grounds and on the basis of the Hammett
rho factor (-2.15), it was stated that the reaction is therefore
properly described as proceeding by a limiting siliconium mechanism, as

shown below:

—Ii—Y Slow, [—%?*.....{’- festl

P
S/'S\Y Last S—-%i—-

(Y = chloroethyl, S = solvent)



Sommer is essentially proposing an initial, rate-determining cleavage
of the silicon-carbon bond with the formation of a carbanion together
with a siliconium ion., However, in a footnote,lzb the alternative
suggestion was made of a non-classical siliconium ion intermediate in
which the trialkylsilyl ion is JT-bonded to the ethylene molecule being
formed, which cannot be discarded on the basis of the evidence pre-
sented,

Subsequently Baughmanl4 indicated that a cyclic intermediate may
account in a more satisfactory fashion for the experimental evidence.
He determined values for entropies of activation, which were negative
and in the order of 12-14 entropy units, together with the change of
| electron density on silicon as measured by the Hammett rho factor.

This suggested that in the transition state there was considerable
positive charge accumulation, relative to the starting state., How-
ever, this evidence alone failed to distinguish between the "limiting
siliconium ion mechanism" and the "cyclic" mechanism., Baughman also
studied the effect on the rate constant caused by changing the halogen
from chlorine to bromine. This change resulted in a seventeen-fold
increase of the base-catalysed rate, indicating considerable bond

stretching in the rate-determining transition state, and also suggest-

ing that the "limiting siliconium ion mechanism" may be at fault,
In support of the proposed cyclic intermediate, Kreevoy and Kowittl5

in 1958, commented on the resemblance between the deoxymercuration of

R A o I



alpha-2-methoxycyclohexylmercuric iodide (in which a cyclic inter-
mediate is proposed) and the elimination of beta-hydroxyethyltrimethyl-
silane,

Subsequently, Bott et 31.16 reviewed and criticised Sommer and
Baughman's results on the basis that the evidence was inconclusive and
capable of various interpretations. They suggested instead that the
ready unimolecular solvolysis of beta-halogenated trialkylsilanes was
related to the ease of thermal decomposition and to the tendency for
intramolecular transfer of halogen from carbon to silicon. They
postulated that the gas-phase decomposition of beta-chloroalkylsilicon
compounds apparently involved a four-centre, unimolecular process,l7

with an intermediate of the type represented below:

They proposed also that the operation of such a process in solution,
provided there was charge separation in the transition state, (in order
to account for the ionic nature of the reaction) would be consistent
with Sommer and Baughman's results.

A more elaborate kinetic study of the gas-phase elimination was
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made by Davidson et 31.18 Calculation of the A factors for the reaction,
together with Raman spectra led them to the conclusion that there is
some polar character in the transition state, which they suggest may be

described by the semi-ion pair model postulated by Benson and Bose:l9

Hy By, B, H2+ i, H, H, H,
C=—C S C=C Ca=C
PR 0o SNSRI T L
ae [ L] — ° . S ® f —_—
si C1 1*sif oy gp; 01 Siecl
gl ¢ 5 Sl

I semi-ion pair

IT four-centre system

The above transition states are also indicated as having possible
existence in the neutral solvolysis of beta-chloroethyltrialkylsilanes,

The description by Sonmer20 of a reaction mechanism as ",.. the
best hypothesis that can be put forward on the basis of the data
available at the time that it is formulated - in short, a reaction
mechanism is not necessarily invariant with time ...", is very applic-
able to the several mechanistic interpretations that have been made con-
cerning the elimination of beta-halogenoalkylsilanes.,

It was felt that a study of the stereochemistry of the elimination

reaction might provide useful information about the structure of the
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silicon-containing leaving group; and that further knowledge relating
to the transition states may be gained by studying the effect of
deuterium substitution on the rate constant. To this end, deuterium
was substituted for various hydrogen atoms in the beta-bromoethyltri-
methylsilane molecule. In the following dissertation a reaction path
with transition states (or intermediates), which appear to account in
the most satisfactory fashion for all the experimental evidence

accumulated during this and previous investigations, will be proposed.
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1I, STEREQCHEMISTRY

1, Addition of Bromine to l-propenyltrimethylsilane

It has already been stated in the introduction that useful infor-
mation concerning the nature of the intermediate in the solvolytic
elimination of beta-halogenocalkyltrialkylsilanes, may be gained from
a study of the stereochemistry of this reaction. The model compound
chosen for this purpose was that obtained by the addition of bromine
to l-propenyltrimethylsilane, It was thought that the addition of
bromine to cis-l-propenyltrimethylsilane would yield threo-1l,2-di-
bromopropyltrimethylsilane, whilst the addition of bromine to trans-
l-propenyltrimethylsilane would lead to the erythro isomer; hence
it was proposed to study the elimination reaction from both threo and
erythro isomers, However, as the cis isomer could not be obtained
free from the trans, this discussion will be based upon a study of the
addition of bromine to the trans isomer only.

In order to be able to study the stereochemistry of elimination,
the stereochemistry of the starting material must be known. It has

been assumed that the addition of bromine to l-propenyltrimethylsilane
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would be stereospecific; the arguments for this assumption are pre-
sented below.

The mechanism of the bromination of olefins is generally accepted
as proceeding in a tran321 manner through a bromonium or carbonium ion
intermediate., Many investigations have been made on the addition of
bromine to unsaturated molecules since Roberts and Kimball22 first
suggested the bromonium ion to account for the stereochemistry of bro-
mine additions to these molecules,

The main feature of this reaction is that the bromine is polarized
either before or during its approach to the unsaturated bond. The
positive portion of the reagent attacks the Jlelectrons in the plane
perpendicular to that of the olefin. The result of this attack is the

formation of a carbonium ion which may be represented by the structure:
“+ o
P c‘-‘_ir\\

Due to the interaction between the bromine and the positive centre, a
measure of configurational stability is ensured, thus restricting the
attack of the nucleophilic bromine to the opposite side of the molecule.

Attempt323

have also been made to obtain evidence of a non-stereochemical
nature, to substantiate the cyclic intermediate, Determinations of rho
value (-2.23) and activation parameters for the reactions studied seem

to support the proposition of a cyclic intermediate,



When, however, the olefinic compound contains powerfully electron
24

releasing groups, the stereoselectivity can depend on the solvent.
Thus in solvents of high dielectric constant the carbonium ions have
sufficiently long life to allow rotation about the carbon-carbon bond,
and the product formed is therefore predominately that from the more
stable of the two carbonium ions.

Alt and Bartonzs

have almost conclusively established the stereo-
chemistry of bromination by the isolation of trans diaxial 1,2-dibromides
as major products in the ioniec bromination of various cholestenes., Sub-
sequent thermal conversion of the diaxial dibromides to the trans di-
equatorial dibromides confirmed the original assignment.

There is every reason to believe that the mode of addition of bro-
mine to l-propenyltrimethylsilane is normal. The addition consists of

a two-stage reaction involving a carbonium, ionic intermediate, which

probably resembles the bromonium ion:

Further attack by the nucleophile leads to the formation of 1,2-dibromo-
propyltrimethylsilane, Although Benkeser26 has suggested that the addi-
tion of bromine to certain vinylsilanes, that is those containing power-

fully electron releasing groups, may not be stereospecifically trans,
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it was still felt justifiable to discount additions other than trans;
the trimethylsilyl group is only weakly electron dr::mt‘.in.g,2?a as is the
methyl group, and also no solvent of high dielectric constant was used.
Some further indication as to the stereochemistry of addition may
be gained by considering the nmr coupling constants of the methine
protons., Calculations ofan approximate nature on the resonance spectra

of 2,3-disubstituted n—butaneaza’ 29

suggest that rotamer populations may
be obtained from a knowledge of the coupling constants of the methine
protons,

The cis addition of bromine to trans-l-propenyltrimethylsilane

would be expected to yield:

Sile SiMe SiMe

3 <) 3
Br H Br H
H Me Br
Br Me
I ITT
Whilst the trans addition would yield:
- S -
S:rJ‘he3 Si Me3 $ l’°1en3
Br H Br H Br H
Me H H Br Br
Br Me H

IV \'l VI
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In rotamers I and V, the methine protons are trans and should have a
large coupling constant (8-12 cycles per second). In II, III, IV and VI,
they are gauche and should have small coupling constants (2-5 cycles per
second). It is suggested that with the knowledge of coupling constants,
rotamer populations may be estimated. If these are estimated on a
qualitative basis it should be possible to determine whether addition
has taken place in a cis or trans manner, If it is assumed that the rot-
amers with the largest groups trans to each other are predominant, then
rotamers I and IV should be favoured, Thus a coupling constant of
8-12 cycles per second would indicate that rotamer I predominated and
hence the addition was cis, whereas a coupling constant of 2-5 cycles
per second would indicate that rotamer IV predominated and that the
addition was trans, Therefore, a coupling constant of 4.5 cycles per
second obtained for the methine protons, for the addition of bromine to
trans-l-propenyltrimethylsilane is consistent with the fact that isomer
IV (trans bromine addition) has been synthesised,

It was considered possible that migration of the trimethylsilyl
group from the alpha to the beta carbon may affect the stereochemistry
of the addition, and therefore the subsequent elimination. Hence the

following scheme may represent this migration:

Me3Si H HeBSi +;/H
:>C====C<: + Br, — :>T-—-—C\\
H Me
Br

H Me
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Me3Si—_\. il H /‘siu%

/—c e C—C
H \\\Me Br/// \\\H
Br Me
VII VIII
+|Br~ +|Br
v ‘(
Me,Si H Br Sile
? \\\C———-C/// \\\C ey ]
LAl 0"
B By Br Me
IX X

Evidence of a possible migration was sought from the nmr spectrum of the
dibrominated material, Although a small absorption at 6.0 p.p.m. (in-
dicative of a -CHBr, group) was recorded in the spectrum, it was attributed
to 1,1,2-tribromopropane (IXa). This material could have been formed from
compounds IX or X, by the elimination of bromopropene followed by bromi-
nation. If the assumption is made that compounds IX and IXa are present,
the absorptions in the nmr spectrum can be rationalized. Whilst this ex-
planation does not necessarily preclude the occurrence of a rearrangement,
it does establish the fact that no rearranged product was present during
the subsequent solvolysis.

The nmr spectrum of 1,2-dibromoethyltrimethylsilane was also examined,
The lack of absorptions in the regions 5.5-6.5 p.p.m. and 1.5-1.2 p.p.m.

(ESiCHi-group), again indicated that no rearranged products were present.
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2. Desilicohalogenation of Erythro-1,2-dibromopropyltrimethylsilane

Elimination reactions generally involve the loss of two substituents
from a pair of atoms in a chain or ring. The most common eliminations
are beta or 1,2—eliminations.30 These reactions involve two atoms or
groups situated on adjacent carbon atoms, which are split off with the
formation of a new multiple linkage. Hughes and Ingold10 first recog-
nised three principal mechanisms for 1,2-eliminations, which are briefly
described below.

The El mechanism

The initial slow step is the ionization of the substrate, followed

by rapid decomposition of the so-formed carbonium ion; added base is

not required, The unimolecular mechanism may be represented:

| i )
i G o
+ s A
H El & H g===0
| é r P S
+ b 4 e H
SN1 5 I |
X1 "f'*-?-
Y+

The carbonium ion is partitioned between elimination and substitution,
the latter being a result of neutralization by a solvent molecule Y, or

any available nucleophile.
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The postulation of intermediate XI usually leads to a reaction
that is non-stereospecific in nature. Therefore one may expect the
products of compounds undergoing El eliminations (except in special
circumstances, detailed later) to be non-stereospecific.

The E2 mechanism

Ing01d31

noticed that a strong base was almost always required to
promote these reactions and put forward a bimolecular mechanism, which
is probably the most widespread of all elimimation processes, and is

formulated:

The reagent B is basic and removes a proton from the beta carbon atom of
the substrate; the electron attracting group X synchronously splits off,
The reaction is second order, first order in each component.

As the postulated mechanism involves a concerted process, one would
expect stereospecificity to be a requisite characteristic of this type
of elimination,

The ElcB mechanism

This is another mechanism that is consistent with second order

kinetics and involves a two-step process:

1 + < 3
A jlql—-’- BE & =Oe—C—
X



Flow diagram showing the synthesis of l1-bromopropenes through erythro-

1, 2—dibromopropyltrimethylsilanes from trimethylchlorosilane and

l-lithiopropene
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The proton is first abstracted by the base, followed by a unimolecular
ejection of X~ from the conjugate base of the substrate, It was
originally assumed that step -1 was much faster than step 2 and so the
first stage of this process - the formation of the carbanion from the
substrate - was in equilibrium., The stereochemistry of the EleB
elimination, proceeding as it does via a free carbanion, may be dis-
cussed in similar terms to the E1 mechanism.

With a knowledge of the possible stereochemical routes of each of
these types of mechanism, an attempt has been made to fit the experi-
mental evidence to one of these routes. The desilicohalogenation of
XII, XIII or XIV may result in the formation of cis and/or trans-1-
bromopropenes. Therefore from a study of the isomer ratios of the
products, it is possible to deduce the stereochemical path of elimi-
nation. The elimination reaction was studied in various solvents of
differing ionic strength, as measured by the Grunwald Winstein Y

92 mable T illostrates the results obtainmed. It 4a evident

values,
that the path leading to cis-l-bromopropene is favoured, that is the
elimination has taken place in a predominantly trans fashion. If the
percentage of trans-l-bromopropene is plotted against the Y value of the

solvent, there is apparently a linear relationship between these two

values, the significance of which has not been fully established.
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Figure I
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However, the important observation is that the elimination has taken

place in a trans fashion, a result which conflicts with the mechanisms

proposed by some previous inyestigators.ll’ lew, 16,00

TABLE T
Solvent mixture Y value 1-Bromopropene product ratio
eis :  trams
Ethanol : Water - 100:0 -2.033 99.7 s 0.3
Ethanol : Water - 95:5 -1.287 97 : 3
Ethanol : Water - 90:10 -0.747 95 : 5
Methanol : Water - 90:10 -0,301 93 : T
Ethanol : Water - 80:10 0 92 : 8
Formic acid : Acetic acid - 50:50 0.757 88.5 3 11.5
Formic acid : Water - 100:0 2,054 85 : 15
32

Variation in solvent Y value”  with l-bromopropene product ratio

(see also Figure I)

The mechanism proposed by Sommer,l2

# which is analogous to the
ElcB mechanism, involves a carbanion intermediate which is unlikely to
retain its configuration. On this basis, therefore, a stereospecific
elimination would not be expected. Furthermore, as there is no reason to
suppose that the trimethylsilyl group would add nucleophilically to the
chloroethyl carbanion, the proposal does not meet with the demands of

microscopic reversibility.
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Other criticisms of this mechanism have been expressed by Bott et
who regard the evidence as inconclusive for the following reasons:
i) The rate-determining step suggested involves a simple
ionization of the Si-CH20E201 bond, There is no reason to
believe that the chloroethyl carbanion would be particularly
stable, and solvolytic cleavages of carbon-silicon bonds in-
volving formation of carbanions which are probably much more
stable not only take place much more slowly than the decom-
position of the compound beta-chloroethyltrimethylsilane in
neutral solution, but are also strongly base-catalysed.

ii) The proposed mechanism implies that the chlorine atom

does not participate directly in the rate-determining step,

and thus that the rapid rate of solvolysis is only coin-

cidently connected with the well-known ease of decomposition

of beta-chloroalkyl silicon compounds under a variety of con-
ditiona.s’ el
iii) If the proposed mechanism were correct, then beta-
chloroethyltrimethylsilane should react in a similar way to
2,2-dimethyl-4-chlorobutane, Although no reports of the
solvolysis of the latter could be found, it seems unlikely
to undergo the ready fragmentation observed for the silicon
compound since, for example, it can be made from a reaction

which is, in effect, the reverse of the fragmentation,

namely from t-butyl chloride and ethylene in presence of
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aluminium chloride.”’ (In the presence of aluminium chloride,
the compound beta-chloroethyltriethylsilane decomposes rapidly
to ethylene and triethylchlorosilane.2!)

The four-centre intermediate may also be excluded as it would re-
quire a predominantly cis elimination to account for its stereochemistry.
Baughman's thesis, which proposes a cyclic intermediate, is in partial
agreement with the stereochemical results,

If the stereochemistry alone were taken as evidence of a parti-
cular mechanism, the E2 type elimination may be suggested as a pos-
sible explanation of the sterecspecificity. This synchronous mechanism

7Y slimination,

requires a stereospecific trans (or more recently, cis
However, the evidence from the kinetic results cannot be reconciled
with an E2 mechanism,

Cram has postulated four mechanisms,35

which are essentially
similar, in order to explain trans-stereospecificity in El1 reactions.
The Cram treatment has been applied to the molecule in question and the

mechanisms are delineated below:

Mechanism (a)

Mechanism (a) involves a bimolecular one-stage process, in which a sol-



vent molecule removes the trimethylsilyl group from the alpha carbon at

the same time that an anion leaves from the beta carbon. In this
mechanism trimethylbromosilane could be lost from the molecule, only from
that conformation about the carbon-carbon bond that places trimethylsilyl
and bromine groups trans to one another. This is caused by the necessity
for the pair of electrons initially in the carbon-silicon bond to dis-
place Br from the rear, as in a Walden inversion type displacement
reaction, The difference between the mechanism proposed, and the con-
ventional E2 mechanism, is that the latter reaction is provoked by the
attack of strong base on the carbon-silicon bond, the transition state
being stabilized by the formation of two new covalent bonds. In the
former mechanism the breaking of the carbon-bromine bond to form a

stable anion initiates the reaction.

Mechanisms (b) and (c)

Me.Si Br Me.S Br~ Me Sit
& - 3 np
\ GpaEy TN T iR

e I\H E l ‘\He A ~
B

ﬁ Ve Br

Mechanism (c) is consistent with the stereospecificity only if
several assumptions are made., The ion pair involved as an intermediate
in the mechanism would have to be capable of holding configuration at

the beta carbon, and the electron pair initially in the carbon-silicon
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bond, would have to become attached to the beta carbon only when tri-

methylsilyl and bromine groups were trans to one another.

Mechanism (d)

Me_S Me.Sit
53 i\d ﬁ!z'H \ e)\i/',
,,c—c\ —— ‘,c—c\
& ‘ Me ° B
Br Br

In Mechanism (d), the reason for the trans course lies in the
necessity for the trimethylsilyl group to become bonded at the rear of
the beta carbon, the latter becoming inverted as Br is displaced. The
trimethylsilyl bridge would be capable of participating in the displace-
ment of bromine from the beta carbon, and is responsible for the stereo-
specific mechanism,

If Table I is examined, the dependence of the product ratio on
ionic strength becomes apparent., Taking formic acid, for example, as a
solvolysis medium, some contributions from ions of a classical type are
necessary in order to account for the non-stereospecific products ob-
tained. Thus contributions from ionic intermediates (or transition

states) of the following type must be invoked:

Me.Si H
C N + ./
&N
Br ! Me
H



This free carbonium ion is postulated36 to be electrostatically solvated

by the surrounding solvent shell. Collapse of this solvent shell will
lead to non-stereospecific products, The more ionizing the solvent and
the more stable the carbonium ion, the longer will be the lifetime of

the intermediate. Thus the reaction becomes less stereospecific.
Mechanism (b) seems to account most satisfactorily for the observed facts.
The stereochemical study thus implies the following as possible ex-
planation for the mechanism, An initial rate-determining breakage of the
carbon-bromine bond which may be assisted by the trimethylsilyl group,
followed by the formation of a non-classical intermediate (or transition
state) together with some contributions from a classical structure. The
collapse of these intermediates (or transition states) then gives rise
to the olefin.

Further evidence in support of an intermediate (or transition state)
in which the trimethylsilyl group interacts with the developing positive
charge, is found in the tendency for the trimethylsilyl group to migrate.
This evidence is fully discussed in Chapter IV,

3. Addition of Deuterium bromide to Trans-l-propenyltrimethylsilane

and the Desilicohalogenation of the Resulting Material

At the outset of this study it was hoped to be able to prepare a
molecule of known stereochemistry, by the addition of deuterium bromide
to trans-l-propenyltrimethylsilane. As the investigation progressed it
became apparent that deuterium bromide did not add to propenyltrialkyl-

silanes stereospecifically. Nevertheless, an attempt was made to



elucidate the stereochemistry of this addition. The procedure adopted
by Dewar and Fahey57 was followed, the results of which are presented
below. Although the stereochemical course of addition of halogen acids
to unsaturated syatems38 has been studied in detail, it was initially

39

assumed that trans addition predominated,”” but evidence has recently

been accumulating which suggests that the ionic addition halogen acids

may proceed in a cis fashion.37’ 0
The scheme proposed by Dewar and Fahey, and criticised by

de la Hare,38~accommodates all the evidence in terms of a reaction

mechanism involving a classical carbonium ion, formed in the rate-

determining step as an ion pair with the halide ion.
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Three molecules of hydrogen halide associate with the olefin to form a
loose complex in a reversible step 1. Step 2 is rate-determining and
leads to an ion pair XVI; collapse of XVI leads exclusively to cis
adduct., Alternatively, XVI can rearrange to the isomeric ion pair XV;
collapse of XV leads to trans adduct. In order to explain cis addition
products, the postulation that step 3 proceeds at a faster rate than
step 4 has to be made.

The direction of the ionic addition of hydrogen halides to vinyl

substituted silanes has been studied,zT’ 4

and an explanation for the
reverse Markovnikov addition to certain silanes has been given. It is
sugrested that the inductive effect of the trialkylsilyl group is over-

come by a tautomeric effect, and that several canonical fofma make con-

tributions to the structure, one of which is presented below:

- +
R_531=CH —CH2

Thus the addition of deuterium bromide to trans-l-propenyltrimethyl-
gsilane may yield two products, depending on whether the addition is cis

or trans:

Br Br



The addition products were treated with absolute ethanol and under
these conditions it was assumed (from the evidence presented in the
previous section) that stereospecific trans-desilicohalogenation would
take place, The cis addition to trans-l-propenyltrimethylsilane fol-
lowed by elimination gives trans-l-deutero-l-propene; whilst the trans
addition followed by elimination yields cis-l-deutero-l-propene,

The ratio of cis to trans-deuteropropene was obtained from a study
of the nmr spectrum (contamination by undeuterated propene was not

greater than 3%). The nmr spectrum of propene has been analyaed.42

(B)H\\b===cllﬂa
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The absorptions in the vinylic region consist of: sixteen lines arising
from proton (1) which occur at lowest field; then a closely-spaced group
of lines at slightly higher field, which constitutes one member of a
doublet and arises from proton (3); the next complex arises similarly
from proton (2); the band at highest field in the vinylic region in-
cludes members of the doublets from protons (2) and (3). Thus, neglect-

ing the absorption of proton (1), the nmr pattern yielded three bands:
(3 +2)

- !l ||13,L0||l i ;J I Hll“ :
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Calculated absorptions arising from protons (2) and (3)

Figure II
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This is represented in Figure II as three lines (3), (2) and (3 + 2),
due to the absorptions of the protons with the same designations. By

using a simplified formula,43

involving chemical shifts and coupling
constants, it is possible to calculate the contributions of each of
these protons, from the intensity of the bands in this region. Thus
total "quantity" of proton (3) is the intensity of band (3) plus a
portion of band (3 + 2), whose ratio is 65.86:32,24, Similarly for
proton (2), where the ratio of band (2) to the portion of band (3 + 2)
is 62,47:42,43, The observed intensity of the three bands was in the
ratio 3.29 (3): 1.19 (2):2.37 (3 + 2). From the calculated ratio, 1.61
parts of band (3 + 2) can be attributed to proton (3), and 0.81 parts
attributed to proton (2). This results in a theoretical total of 2.42;
the observed result was 2.37, which is within experimental error.

The ratio, therefore, of proton (3) to proton (2), which is the
ratio of trans to cis deuterated isomers, is calculated to be approximate-
ly 70:30., This result suggests that the addition of hydrogen halides to
vinyl silanes, although in no sense stereospecific, favours a cis addition
path, and is consistent with the interpretation rendered by Dewar and

Fahey for similar systems,

4, Dehydrohalogenation of Beta-halogenocethyltrialkylsilanes

An attempt was made to eliminate hydrogen halides from beta<halogeno-—
ethyltrialkylsilanes. By this means it was hoped to be able to gain
further information concerning the stereochemistry of hydrogen halide

addition to vinyl silanes. A similar procedure to that described in the
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previous section was employed in aiming to confirm this result.

6, 7, 44 Lot

Unlike the beta-halogenoethyltrichlorosilanes,
halogenoethyltrialkylsilanes have a low thermal stability and it was
this fact that led to the abandonment of this particular facet of the
work. However, some time was spent examining the products of the
elimination reaction with quinoline. Deuterium bromide was added to
trans-l-propenyltrimethylsilane and the product subjected to an elimi-
nation process with dry quinoline. The following flow diagram provides

the information that was obtained:

Me., SiCHDCH(Me ) Br

3
-DBr or HBr 6% -Ma3SiBr 94%
Me3SiCH=CH(Me) CHD=CHMe
cis + trans cis + trans
Me3sicn=cz-r(ne) He3810HD6H=CH2
SAYTZEFF TYPE HOFMANN TYPE
ELIMINATION 40% ELIMINATION 60%

The major portion of the reaction is presumably due to the thermal
elimination process (reaction carried out at 90-110°C), Due to the fact
that reaction in the desired direction was limited, only small yields of

the required products were obtained., It was therefore decided that any



conclusions based on these minor reaction products would be meaningless.

5, Addition of Hydrogen Bromide to l-trimethylsilylecyclohex-l-ene (XVII)

Initial attempts to clarify the stereochemistry of addition were
made using the cyclic molecule - (XVII). By observing the nmr spectrum
of the product obtained by the addition of hydrogen bromide, it was

hoped that the stereochemistry of the molecule could be elucidated:

Me3Si
V1T
+ HBr
cis trans
addition addition
Ve e
SiMe 2~~SiMe
B gs 2
e I3
H Br
XVIII XIX

l-trimethyl-2-bromocyclohexane was therefore prepared by the addition of
hydrogen bromide to XVII, Thus cis addition produces isomer XVIII;
whilst trans addition produces isomer XIX, The nmr absorption of the

proton situated on the beta carbon atom is at sufficiently low field to



enable its coupling constants to be determined. The coupling of this
proton with the proton on the alpha carbon would provide information
leading to the stereochemistry of addition., The protons in compound
XVIII, being trans, should have relatively large coupling constants;
whereas the protons in compound XIX, having a cis configuration, should
have relatively small coupling constants. However, the results ob-
tained from the nmr spectrum were inconclusive., It was postulated that
the spontaneous decomposition of the hydrobrominated material could be
responsible for the complex nature of this spectrum. The spontaneous
decomposition of this compound has already been observed by Bennett,ll
who suggested that it may be due to the intervention of a four-centre
intermediate.

In order that this type of decomposition may be possible, the silicon,
alpha carbon, beta carbon and bromine atoms must become coplanar. This
coplanarity will only be achieved with some difficulty. However the
coplanar arrangement of these atoms is less probable for compound XVIII
than it is for compound XIX, This can be explained by the fact that in
compound XIX the bonds bearing the bromine and silicon atoms are cis (ea);
the movement of these two bonds from a dihedral angle of 60° to a di-
hedral angle of 0° leads to a flattening of the chair, against a relative-
ly soft potential energy barrier. But in compound XVIII the bonds in
question are trans (ee); the movement of these bonds from a dihedral
angle of 60° to 0° would require an increased puckering of the chair,

45

against a relatively steep potential energy barrier. In this connection



it is of interest to note that Reppe and coworkers46 in their synthesis
of bicyelo(4.2.0.)octane, starting from cyclooctatetraene, were able to
prepare only the cis isomer. The stable nature of this bicyclic struc-
ture was also noted. Thus, if it is postulated that the decomposition
proceeds through a four-centre intermediate, compound XIX must be assumed
to have been formed predominantly, hence implying a trans addition of
hydrogen bromide,

It would seem that a more likely explanation of the spontaneous
decomposition lies in the fact that the initial addition has taken
place in a predominantly cis manner, and the subsequent elimination
process is trans. The cis addition is consistent with the evidence pre-
sented by Dewar and Fahey and also with that put forward in Section 3 of
this chapter, whilst the trans elimination is coincident with the obser-
vation made in Section 2,

6. Addition of Bromine to l-trimethylsilyleyelohex-l-ene (XVII)

In attempting to gain still further stereochemical evidence for
trans-desilicohalogenation from beta-halogenocalkyltrialkylsilanes,
bromine was added to compound XVII, and on the basis of the arguments
stated in Section 1 of this chapter, addition was assumed to be trans,

thus yielding compound XX:



SiMe

This leads to a cis arrangement of bromine and trimethylsilyl groups.
Compound XX was not observed to decompose over a period of some days, and
in this case decomposition was not expected. The trimethylsilyl and
bromine substituents are locked in the molecule in such a way that a
trans arrangement of these groups is impossible, Therefore decomposition
does not occur as readily as in the previous case (see Section 5). This
result again indicates that the trimethylsilyl group and the halogen atom

will eliminate only when they are in the trans configuration.



I1I. REARRANGEMENT

1. Introduction

Many criteria have been cited as indicative of the intervention of
a non-classical carbonium ion in solvolytic reactiona,47 one of these
being that skeletal rearrangements occur during the reaction. By
analogy with the non-classical carbonium ion system, if the silacyclo-
propenium mechanism is correct, it seems possible that rearrangement
might either accompany the elimination reaction or occur under milder
conditions.

This elimination process occurs so readily in beta-halogenoalkyl-
trialkylsilanes that it would be difficult to establish that rearrange-
ment does occur in this system, However, it has been possible to
establish that rearrangement takes place in some reactions of the related
beta~-hydroxyalkyltrialkylsilanes,

2. [Rearrangements involv carbon

In a paper published in 1939, Nevell, de Salas and Wilson48 advanced
the hypothesis that a mesomeric, bridged ion (XXI) is involved in the
rearrangement of camphene hydrochloride to isobornyl chloride, which is

the classic example of the Wagner-Meerwein rearrangement. According to



following sequence, camphene hydrochloride is converted to a non-classical

carbonium ion without the intervention of a classical carbonium ion;

Me Me
.
e —
e
€1 Cl
Me H Me

The concept of a non-classical ion was also taken up by Winstein

and Trifant’

to explain the reason why exo-norbornyl p-bromobenzene-
sulphonate undergoes acetolysis 350 times faster than its endo isomer,

and yields as the product of substitution almost exclusively exo-norbornyl
acetate,

The structural rearrangement required by the intervention of the
bridged ion was subjected to experimental scrutiny by Roberts, Lee and
Saundera.50 Exo-2-norbornyl brosylate, labelled with 140 at the 2- and
3- positions (see molecule XXII), was subjected to acetolysis and the

product, exo-2-norbornyl acetate, was systematically degraded:

XX11



TABLE IT

14

Calculated for Brideed Ion C Activity (%) at

c(2) + c(3) c(1) +c(a) c¢(7) c(s5) + c(6)

Bridged ion 50 25 25 0
6«2 hydride shift 50 0 0 50
3¢~2 hydride shift 100 0 0 0
Nortricyclonium ion (XXIII) 33 17 17 33
55% (bridged ion) 45% (XXIII) 42.5 21.25 21.25 15
Found 40 23 22 15

Calculated and observed “3C activity (%) for the acetolysis of labelled exo-

2-norbornyl brosylate




"If the racemization of optically active brosylate results, either from
intervention of the bridged ion, or from rapid equilibration of a
classical 2-norbornyl cation with its enantiomer by means of a Wagner-
Meerwein migration of C(6) from C(1) to C(2), 25% of the total initial
140 should be found at each of the 1-, 2-, 3-, and 7- positions, in the
acetate produced. The experimental result is presented in Table I1I,
This result clearly establishes that the complex racemization attending
solvolysis of the exo-brosylate, cannot result primarily from a 6+4=2
hydride shift or from a 3—2 hydride shift. However, the presence of
146 at the 5- and 6- positions establishes that 6é=2 hydride migrations
do occur to a significant extent during this reaction. To account for

the observed 14

C distribution, Roberts suggested the intervention of an
even more highly symmetrical ion than the bridged ion - the nortriecyclo-

nium ion (XXIII):

Another class of compounds in whose solvolysis the intervention of

nor—classical ions has been postulated are derivatives of cyclopropyl-



methyl alcohol, The evidence for this is that the solvolyses of these
compounds frequently yield rearranged products as for example, cyclo-
butyl and 3-butenyl derivatives. Thus the acetolysis of cyclopropyl-
methyl chloride yields cyclopropylmethyl and cyclobutyl acetates in the
ratio 2.6:1; a small amount of 3-butenyl acetate and a 1.7:1 mixture of
cyclobutyl and 3-butenyl chlorides.51

An experiment with specifically deuterated cyclopropylmethyl chloride
indicated considerable rearrangement in the cyclopropylmethyl chloride

52

isolated from the partly solvolysed reaction mixture. The solvolysis

of this chloride also proceeds at enhanced rates (one of the criteria47
used for postulating non-classical ions)., These results suggest that the
ionization of cyclopropylmethyl, cyelobutyl and 3-butenyl compounds yields
the same ion, or readily interconvertible ions which may either react
with solvent or reform chloride or toluene p-sulphonates, by ion pair

return, Roberts and coworkers have favoured the intervention of an equi-

librating set of cyclobutonium ions:

*
CH2 H2C g

These were preferred tothe single tricyeclobutonium ion, because in certain

non-solvolytic reactions there was incomplete equilibration of methylene

groups.
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3. Rearrangements involving silicon

Rearrangements are not without precedent in the silicon field. Re-

arrangements involving migration of alkyl,sa’ 54y 55, 56, ary116 and

trialkylsilyl groups’'’ 207 29

Kumada and Ishikaw358 observed that the migration of a trimethylsilyl

from silicon to carbon have been noted.

group from silicon to carbon, took place in the presence of aluminium

chloride at 70—8000:

(Ma)351 (M9)3Si
A1C1 *

MeSi——CHC1,, — x5 MeSi——CHC1

Me Me
c|1 C1 r-lie 81(11143)3
= +

MeSi— CH——Si——Me  <oiCls MeSi——CHC1

Me Me Me

A similar migration of the trimethylsilyl group from carbon to oxygen,
with a variety of catalysts, has also been reported.59

A further example of intramolecular rearrangement has been shown
to occur by Kumada et al. They postulate a cyclic transition state as

the intermediary for the 1,2-migration of the trimethylsilyl group from

gilicon to carbon:so



The migration of the trimethylsilyl group of beta-hydroxyethyltri-
methylsilane was noted in the reaction of this compound with phosphorus
tribromide, A similar migration was also observed when thionyl chloride
was used, The fact that rearrangement was occurring in these reactions
was established from the nmr spectra of the resulting materials; beta-
dideutero-beta-hydroxyethyltrimethylsilane was synthesised and analysed
by nmr. The spectrum obtained showed the expected pattern of absorptions,
consisting of a singlet at 3.9 p.p.m. of intensity one (due to the proton
of the hydroxyl group); a singlet at 0,9 p.p.m. of intensity two (due
to the protons of the methylene group attached alpha to the silicon
atom); and finally a singlet of intensity nine due to the trimethylsilyl
group. However, on reaction of this alcohol with phosphorus tribromide,
instead of the expected singlet absorption at approximately 1.3 p.p.m.
and the trimethylsilyl group absorption, a third singlet at 3.6 p.p.m.
of similar intensity to the absorption at 1.3 p.p.m. was observed., The
ratio of the intensities of these two singlets with respect to the tri-

methylsilyl group was 2:9,



It was also noted that these two peaks were slightly broader than

usual and on further examination it was found that each singlet con-
sisted of a series of lines, with a coupling of 1.4 cycles/second be-
tween them, The magnitude of the ratio of the coupling constants of the
protonated to the deuterated materials, suggested that the value of
1.4 cycles/second may be considered to be a result of protium-deuterium
coupling. The relative intensity of each of these singlets also made it
possible to calculate the percentage of each isomer formed. This result
showed that the quantity of alpa-deuterated compound produced (45%) was
slightly less than the quantity of beta-deuterated compound (55%).

In this connection it is of interest to note the work of Roberts

and Hazur,51

who suggest that the prediction of the product obtained
from a given carbonium ion reaction, depends on the knowledge of several
factors, one of the more important ones being that of the relative car-
bonium ion stabilities, In the present study it is probable that the
carbonium ions Hejsicﬂch; and HejsiCDZCH; are formed, In this case

one could predict that the positive charge on the beta-deuterated car-
bonium ion would be stabilized by the deuterium atoms through inductive
and hyperconjugative effects (see Chapter IV), to the extent of appro-
ximately 10-12% over the non-deuterated molecule,

Roberts and Mazur51

make a further observation on the reactions of
alcohols with thionyl chloride. They state that these reactions gener-
ally proceed without rearrangement, but in some cases for example 2-

methyl-2-phenyl-l-butanol, rearrangements do occur. These workers found



that cyclobutanol and cyclopropylearbinol reacted with thionyl chloride

to give mixtures of chlorides, and that similar mixtures were obtained

from each alcohol. They also state that their results indicated that

the reaction proceeds irreversibly (or with rearrangement), and that

similar considerations apply to the reactions with phosphorus tribromide.
A reaction scheme is suggested to account for the migration ob-

served in the case being studied:

MBSSi MQBSi
| I § o
H2C—CD20H + SoC 12 — Hzc CD2 0 i Ccl
l 0
He35i Me_Si M9351
+ — + e B
Hzc ——Cl}2 H2C — CD2 ) Hzc ot t’:D2
olslcf oicf 0SC1~
0] 4] l
He3Si MSBTi
CD2CH201 CH20D201

A similar scheme may be drawn for the reaction with phosphorus tribromide,
in which the ratio of alpha to beta-deuterated compounds is identical with
that of the reaction with thionyl chloride. In order to account for the

rearranged products observed from the nmr spectrum, it may be supposed
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that a cyclic intermediate (or transition state) must be postulated,
A related rearrangement occurs on reacting nucleophilic reagents
with &cetoxymethyldisilanes,61 which does not occur with the methoxy

compounds:

MeCOH
MeCO. + (He)53120H201 sl

n

(Me);S1,CH,0,CMe ~ —Q (MeCO,,) (Me) ,S1CH,,S1 (Me)
It would appear that these rearrangements are promoted by the inter-
action of silicon with the developing positive charge on the beta-carbon
atom, Evidence that this is the case may be deduced from the fact that
the methoxymethyldisilanes do not rearrange. The halogens and acetoxy
groups are good leaving groups and bond breaking would probably progress
considerably in the transition state, with stabilization due to inter-
action with the silicon atom gaining importance, The methoxy group is
a poor leaving group, and it is probable that bond stretching would not
occur sufficiently to allow interaction with the silicon atom to become
important; thus no rearrangement occurs.

The occurrence of these rearrangement reactions provides evidence
that silicon interacts with the developing positive charge on the beta-
carbon atom, and thus further substantiates the proposal that solvolysis
of beta-halogenoalkyltrialkylsilanes proceeds via a cyclopropenium inter-

mediate (or transition state).

el
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SECONDARY TS E__EFE S

Definition

The deuterium secondary isotope effect may be defined as the per-
turbation on a property or process, caused by the substitution of
hydrogen by deuterium, on atoms in the molecule other than those linked
by the bond to the nucleide.in question.
1. Introduction

It was initially assumed that significant isotopic differences in
equilibrium or rate constants, were to be expected in reactions in which
a bond to an isotopic atom was either broken or formed. It was sub-
sequently found62 that deuteration beta to the leaving group could affect
the rate of reaction. Such isotope effects on rate and equilibrium
constants were termed secondary.,

A further subdivision of these secondary isotope effects has also
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been defined. The following example illustrates this division:

D D
O - - O
i \\\Cﬂj
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CD3 CD3

Reaction I exemplifies a secondary isotope effect of the first kind,
whereas reaction II is of the second kind, the criterion being whether
or not bonds to isotopic atoms have undergone spatial reorientation.

Certain physicel properties have long been recognised as being
closely related to chemical reactivity. Properties such as dipole moment,
molecular refraction, optical activity, nmr and nuclear quadrupole
coupling constant, serve as probes into the electronic environment of the
nucleus. From a study of the effect that deuterium substitution has on
these properties, one may conclude that deuterium bonded to carbon is
effectively more electropositive but less polarizable than protium,

The principal factor responsible seems to be the anharmonicity of
the vibrations involving motion of the hydrogen atoms, which leads to
different average bond lengths and angles in deuterated and protonated
molecules, Also there is a contribution from the greater mean square
amplitude of the protium motions, (since the motions of the protonated
molecules lie above the deuterated molecules, in the potential energy
well), Although these effects are vibrational in origin and can be
dealt with in vibrational terms to a limited extent, they can be regarded
as genuine substituent effects for all practical purposes., Thus the

effect of CD3 relative to CI-I3 on a given property is qualitatively of
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the same nature as that of ethyl or tert-butyl, and may be discussed in
similar terms,

2. Theoretical Considerations

A starting point in the study of the effect of isotopic substitution
on reaction rates must be furnished by a theoretical model of chemical
reactions, A theory is required which makes use of a detailed descrip-
tion of the roles of the individual atoms, and the forces exerted by the
electron cloud. The absolute reaction rate theory presented by Glasstone,
Laidler and Eyring§4 has proved very useful for this case.

The transition state theory assumes that there is a single potential
energy surface, along which the reaction takes place. For the usual re-
action there will be a barrier between the part of co-ordinate space
corresponding to reactants, and the part of space corresponding to pro-
ducts. The reaction will then take place over the path corresponding to
the lowest barrier. The transition state is located at the top of the
barrier along the decomposition path, and in general will be stable
along all degrees of freedom except along the path of decomposition.

Thus the transition state theory leads to the following expression for

the rate equation constant:
Rate = '%IK' LR 1.

where k is the Boltzmann constant, T is the absolute temperature, h is
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Planck's constant, x is the transmission coefficient, and K' is the
equilibrium constant between the activated state molecules and the re-
actants,

By using statistical mechanics, K' may be expressed in terms of

partition functions of the activated complex and reactants:

K' = “mh TR 2.

Thus one is effectively dealing with an equilibrium reaction, an

example of which may be expressed as follows:

Kz
AH + R ;::::ﬁ BH + 8

Kb L 3.‘
AD + R ' BD + S

The ratio of the equilibrium constants representing the isotope

effects ias:

= = Ex seasse 4.

where Kﬁx is the equilibrium constant of the isotopic exchange reaction:

AW & P == 4Dl 4 I Saaeier s



65

The evaluation of such an equilibrium constant hes been discussed

and may be expressed in terms of the respective partition functions:

K.éx ol T ATyl

Agsuming the Born-Oppenheimer approximation, which regards electronic
and nuclear partition functions as separable, the ratios in equation 6
reduce to the ratios of the corresponding partition functions for nuclear
motion, Further assumptions imply that the vibration-rotation inter-
action is neglible; the rotations are classical and the vibrations har-
monic.,

If the structure of each molecular species is known, the momenta
of inertia can be calculated and corrections applied for the rotation
partition function not having reached its classical value, Also an

approximate correction for neglect of anharmonicity can be made. Sub-

sequently, the isotope effect can be calculated.

a). Bigeleisen-Mayer Formulation

The necessity for a knowledge of the moments of inertia can be
avoided by using the Teller-Redlich rule, which allows isotope effects
to be expressed as a function of vibrational frequencies only. This
treatment by Bigeleisen and Mayer66 permits the ratio of the equilibrium

constants to be expressed:
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u, (D) 1
“i(H) 1

A :[::g% exp[-}(ui(H) & ui(D))]

?f)_ K .UJ(D) 1 - exp|-u (Hj
T uj(H) 1 - exp -u, D exp[{-(uj(H) - uj(D))]

where u, = hcwi/kT and the product in the numerator is over all of the

i normal modes of AH and AD, and in the denominator over the j normal

Th

LR XN ?-

modes of BH and BD.
I? uy and uj12>1, that is the frequencies are high, equation 7 re-

duces to:

3 T]'iexp[-}(ui(ﬂ) - ui(DJ)]
ES Tl-jexpl?”(“j(ﬁ) o “J(Iﬁn sesse 8.

SalEe

n§

m(y5) 2 Spfo, @ - v, 0] - St - o,0]

aresw Ty
In(Ky/Ks) 2 'éllw—;[Ei(wi(H) - w (D) - EJ(wj(HJ - wj(DJ)] T

This equation refers to the case where both reactants and both products
are at their lowest vibrational levels, and equates the isotope effect
on the standard free energy change for the reaction with changes in

total zero point energy. This may be illustrated by Figure III:
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Potential energy diagram showing zero-point energy levels of isotopic

reactants and products

ENERGY

£ +he Ej\fj(ﬂ)
+he zjwj(n)
Product

Reactant

REACTION COORDINATE
Figure ITI

where, ifAEI?AEp then an isotope effect in the direction Ky> K} is

observed,

b). Streitwieser's Approximation

The previous treatment, however, necessitates a knowledge of the
vibrational analyses of the protonated as well as the deuterated mole-
cules. Usually the information concerning deuterated molecules is not

available, The Streitwieser approximation,67

therefore, makes use of a
technique whereby it is possible to estimate the frequencies of the
deuterated molecules, from a knowledge of the frequencies of the pro-

tonated ones,

Streitwieser's assumptions are as follows:
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1., Deuterium substitution will change significantly only
those frequencies primarily associated with the motion
of the isotopically substituted hydrogen atoms, therefore
the factors in equation 7 involving the vibrational modes
can be neglected.

2. Carbon-hydrogen and carbon-deuterium stretching and bend-
ing modes are of sufficiently high frequency, that only
zero-point energy differences need be considered.

3. C - H to C - D frequencies are in the ratio of appro-
ximately 1:1,35,

With these approximations equation 7 becomes:
0,187 [ ]
\ 1 - — -
ln(KB/KD) = =z 21 wi(AH) wi(BH) s AL

The summation is carried out only over the C - H stretching and bending
modes of the protonated molecules, and the condition for an isotope
effect in the direction K]'-I>KI.) is that the zero-point energy associated
with these modes be higher in the reactant than in the product.
c). Kinetics

Having established an equation for the equilibrium case, one can
now revert to the absolute reaction rate theory and, using a similar

procedure, the Bigeleisen equation may be derived for the kinetic case:



vk N _h_'? u;(H) [l—exp(-uI(D))] exp(—%uz([{))
o 5 o 1L S0 [T e o]

L 3N _l__l_6 h(H) I:l = exp(-ui(f-l))] exp(-v%-uj(H))
St uj(D) [1 - exp(-uj(ﬂm exp(—%uj(]))f s b

* values refer to the properties concerned with the activated complex.
The only difference from equation 7 is that the product in the numerator
is over 3N*.. T real frequencies of the transition state. The effect of
motion along the reaction co-ordinate appears in the temperature in-
dependent factor vﬁ/vﬁ which is the ratio of the imaginary frequencies
of motion over the barrier.

If all the frequencies are high relative to ¥T/h then:

In(ly/k;) = $in(m¥/m¥)

- e Ei[w;(n) = u;(n)] . Zj[wj(ﬁ) J wj(D)] STy

The temperature independent factor has been expressed in terms of the
masses along the reaction co-ordinate,.
Streitwieser's approximation, now including the assumption that the

ratio of the mass terms can be set equal to unity, leads to:

(/i) = 223 v, (1) - wy(a] 5



Thus for kHD-kD it is necessary that the sum of the frequencies in the
transition state is lower than that in the reactant., In the derivation
of the equations, tunneling through the potential energy barrier as well
as the effect due to the transmission coefficient were neglected.
3. Qualitative Aspects

The introduction of deuterium into an organic molecule has quali-
tatively much the same effect as that of other substituents. Con-
sequently, secondary isotope effects are currently discussed in terms of
the effect on the induction, hyperconjugation and steric interactions of
a molecule into which deuterium has been substituted. No satisfactory
quantitative treatment for any of these effects is yet available. Quali-
tative predictions make it possible to account for an observed result,
but usually make confident prognoses impossible. Nevertheless, wide use
has been made of secondary isotope effects in exploring reaction
mechanisms, Some examples of these qualitative interpretations will be
discussed in order to demonstrate their utility in mechanistic eluci-
dations,

Theories on secondary isotope effects are involved, and in part
contradictory.63’ 68, 69 Mundamentally two views may be traced:

1. Halevi's view63 - that the secondary isotope effects

may be treated as substituent effects, for example,
a carbon-deuterium bond would be more strongly elec-

tron donating than a carbon-hydrogen bond; also a

CD3 group would exhibit weaker hyperconjugation than
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a CH3 group.70

2. The proposal by Bartell'?l in which he suggests that the
secondary isotope effect can be based entirely 6n non-
bonded interactions, He explains that the effect can be
accounted for in terms of the smaller bulk of deuterium;
that is the smaller amplitude of vibration of the
deuterated molecules,

We have preferred to interpret our results in the terms of the pro-
posals made by Halevi and Streitwieser et al.,sT as these are currently
more widely accepted, Some examples of the interpretation in terms of
the classical effects (already mentioned at the beginning of Section 3),
will be shown.

a). Inductive Effect

According to Halevi, the secondary isotope effect can be attributed
largely to an inductive effect. This inductive effect is caused as a
result of the anharmonicity of the Morse function. Because of this an-
harmonicity, the electrons in the carbon-deuterium bond are more loca-
lized on the carbon atom than those in the carbon-hydrogen bond. The
accumulation of negative charge at this carbon atom is reflected in
other bonds in the molecule,

i). Acid-Base Equilibria

The characteristic inductive effect which is altered by the
substitution of deuterium for hydrogen, results in a decrease in

the acidity of acids and an increase in their basicity. This is
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ascribed to the more effective electron release from the shorter

carbon-deuterium bond.Tz' &

The result can be generalized for
all carboxylic acids which have been studied; Halevi and
Streitwieser both agreeing over the interpretation of the
results, the following characteristics being present (see
Table III):
A, The effect is attenuated by the interposition of a
saturated carbon atom.
B. The isotope effects are of an expected magnitude,
having regard to the dipole moment of the carbon-
deuterium bond.

C. Deuteration in the alpha position in the benzylic

group has a comparable effect in both acids and

bases,
TABLE III
A e (a )
Acid KH{KD AAF"/n
CD,COOH 1.06 12
CHCD,,COOH 1.08 23
CGHSCchOOH(b) 1,12 33
CD,0H,,COOR 1.01 4

(CD3).5CCOOH 1.04 3
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Base KEKKD VN AF"{ n
(b)
CgH CD_NH,, 1.13 38
(N02)20653NHCD3(°) 1.14 26
CN02)306H2NHCD3(°) 1.11 22

Secondary isotope effects on the strength of acids and bases

in water at 25%¢

(a) Corrected for incomplete deuteration and expressed per deuterium
atom: A AF%/n = (RT/n)ln(KH/KD), where n is the number of equivalent
deuterium atoms,

(b) 4t 27°%.

(¢) At 33°C and in aqueous H,80,.

ii). Rate Constants

The inductive effect has also been suggested as an ex-
planation for the influence that deuterium substitution (in the
ring and side chain) has on the rate of solvolysis of various

o Halevi and coworkers75

benzhydryl chlorides. have gained
further insight into the mechanism of N-nitration of trinitro-
N-methyl-aniline, by using the inductive effect in their pos-
tulation.

b). Hyperconjugation
Although this effect has been the subject of much controversy over

the past few year376 it has nevertheless been proposed as one of the

explanations of a secondary isotope effect. Hydrogen attached to a



58~

carbon atom beta to a carbonium ion is therefore capable of stabilising
the latter by hyperconjugation to a greater extent than deuterium.could
in the same position., This induces a retarding effect on the rate of
reaction (normal effect) as the carbonium ion is formed in the slow step,
and a speeding up (inverse effect) of reaction rate as the ion disappears.
However, the decrease in stability of the carbonium ion could equally
well be explained, in a qualitative manner, by a steric effect, In order
to study this problem further, tert-butyl chloride is taken as an example
together with the ion derived from it, and represented by XXIV and XXV

below:

ol

C1

XXIV

Two arguments can be presented for the stabilizing effect of the
beta hydrogen: atoms.

A, By the overlap of the vacant P, orbital of the alpha carbon with
the beta carbon-hydrogen bonds represented by XXIV, If these
hydrogen atoms are replaced by deuterium atoms, the carbon-
deuterium length, being shorter, will be less capable of over-
lap, thereby decreasing the hyperconjugative stabilization.

B. By the formation of a bridged structure XXV, In this instance



also the substitution of hydrogen by deuterium will reduce the

stabilization. The lengthening of the carbon-hydrogen bond

which is required for the formation of the bridge, results in a

partial loss of the zero-point energy, which is greater for the

carbon-deuterium bond than for the carbon-hydrogen bond.

In XXIV the isotope effect would be cumulative; thus as CH3 is re-
placed by CD3 one would expect the ratios of k'H/kD to increase in a geo-
metric progression, However, it is difficult to distinguish this type

of effect from a steric effect, In order to differentiate between the

two effects, Shiner and KritzTo have made a study of the following two
compounds:
CD,
I 3 TH3
e e——— o e 4 ——(
an--T pE==C CH3 CH3 ? == CD3
Cl C1

kH/k,D = 1,65 k.H/kD = 1,092

XXVI XXVII

According to these authors, the isotope effect observed in XXVII cannot
be attributed in any extent to an inductive effect, as it is solvent in-
dependent; neither can it be steric in nature by virtue of the distance

of the group from the reaction centre. Thus this observation seems to
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confirm the original conclusion that beta-deuterium isotope effects are
caused by an electronic interaction with the reaction centre.

Shﬂf.ner?'7

has effectively demonstrated the relationship between beta
isotope effects and hyperconjugation, using the solvolysis of a bicyelic

chloride (XXVIII) as a model reaction:

XXVIII

His results show that the occurrence of the beta isotope effect depends
not only on the position, but also on the orientation of the isotopic
bond. He suggests that hyperconjugative intramolecular transmission of
electronic charge is an essential factor, causing beta-deuterium sub-
stituted compounds to give a slower reaction rate in SNI solvolyses, than
their protium analogues., Therefore, whether XXIV or XXV is the correct
representation for hyperconjugation, it is evident that a necessary con-
dition for stabilization of the carbonium ion is that the hydrogen on
the beta-carbon atom is in a position parallel to the vacant p orbital.
The replacement of this hydrogen causes a greater isotope effect than
the replacement of any other, and furthermore if the interaction between

the beta-hydrogen and P, orbital is prohibited, then only a small effect



-61-

is likely.

¢). Steric Effect

The replacement of hydrogen by deuterium in a molecule modifies the
geometry of the molecule, this being described as the steric effect.
The causes of the effect stem from the fact that a carbon-deuterium bond
is shorter than a carbon-hydrogen bond, and also that the CD3 group is
sterically smaller than the CH3 group. As a consequence, modifications
in physical properties and reaction rate are observed.

78

Melander and Carter = have studied the racemization of certain bi-

phenyls:

HOO COCH

R = H and D respectively. The geometry of the transition state of this
reaction had already been evaluated, and is believed to be planar. The
bromine and hydrogen atoms are within van der Waals' radius of each other.
This geometry corresponds to a calculated energy of activation of approxi-

mately 18 kilocaloriea/m013,79

80

where the experimental value is 18,5 kilo-
calories/mole.
It was found that the deuterated molecule racemized faster than the

protonated equivalent - kD/kH = 1,19, In this reaction it is postulated
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that the entire potential energy barrier is due to the hydrogen-bromine
non-bonded interactions, An alternative explanation that the increased
rate of racemization is a result of inductive effects is ruled out, as
the isotope effect is independent of the properties of the solvent. A
difference in inductive effect, that is essentially a difference in the
ability of protium or deuterium to support a movement of charge, might
be expected to be influenced by solvent properties.

Brown et 31.69

suggest that the successful correlation of so many
secondary isotope effects in terms of the relative steric requirements

of hydrogen and deuterium, is ample evidence that the data should be re-
evaluated in these terms, It is recognised by these workers, however,
that the suggestion of the dominant factor in the secondary isotope effect
being steric in origin, can only be considered as speculative.

4, Interpretation of Isotope Effects in Beta-halogenoalkyltrialkyl-

silanes

Although the stereochemical investigation had provided some indi-
cation of the mechanistic pathway for the reaction, more evidence to sup-
port this proposed mechanism was still required, It was hoped that by
studying the effect of deuterium substitution on the rate of solvolysis
of beta-halogenoalkyltrialkylsilanes, more detailed information concern-
ing the nature of the intermediate (or transition state) would be gained.

With this aim the following deuterated silanes were synthesised:

( CH.5)3SiCH2CD2Br



Compound

(CH3).5SiCH20H2Br

({:H_5 )3SiCHDCH23r

(CH3 ) (CD3 ) ,SiCH,CH,Br

(CH.5 )3SiCH20D23r

(CH_5CH2)2CH3S:[CE!20H2B1-

(CH.5CD2)20H.5SiCH2 CH,Br

(cr{3 )3310520320H

(CH3 )331011201:203

Se darv isot

Solvent

80% aq.
ethanol

807 aq.

ethanol

80% aq.
ethanol

80% aq.
ethanol

80% aq.
ethanol

80% aq.
ethanol
8.5 M H2804

in 50% aq.
methanol

8.5 M H.SO
in50%§q.4

methanol

2 2
10k Av, 10k KH&'D
4.48
4,49
4.59
4.59
4,44

4.52 -
4,42
4,39
4,44
4.44
4.47
4,38

4,42 1,02
4,66
4,62
4,62
4,63

4.63 0,98
3.96
4.03
4.14
3.94

4,02 1.12
Vel
3.30

3.34 -
3.39 3.39 0.985
14.14
14019

14.17 -
10,91
11.39

11.15 1.27

ffects on beta—substitutedethvltria

A&F‘Zg

12

Tl

1silanes at 2 22°C

The velues of the first order rate constants (minutes™) were calculated

using a method of least squares program, on an Elliot 803 Computer.

A AP*/n has been corrected for incomplete deuteration and expressed per

deuterium atom, kH/kD values are accurate to plus or minus 2.
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(CH3)3SiCEDCH2Br
(CDj)QCHssiCHchZBr
Initially other materials were also prepared, which are listed in Table IV,
The neutral solvolysis rates of each compound in 80% ethanol, were deter-
mined and compared with the solvolysis rate (in the same medium) of the
undeuterated silane. The results of this study are summarized in Table IV,

In the following section, the term alpha-deuterium effect, refers to
the effect of a deuterium atom linked to the carbon atom beta to the sili-
con; : whilst beta-deuterium effect refers to the effect of a deuterium
atom attached to the carbon atom in the alpha position.

The ratio kH:kD has been calculated for each compound, and the sig-
nificance of the secondary isotope effects (or lack of them) will be
discussed in the light of interpretations made by previous investigators,
who have worked with similar systems,

Lewis and Boozer62 were the first to present experimental evidence
for a secondary isotope effect. They studied the rate of decomposition
of 2-pentylchlorosulphite and recorded a decrease in rate when beta-
hydrogen atoms were replaced by deuterium. Many examples of secondary
isotope effects on solvolysis rates have accumulated since this work,
and most of them are similar in magnitude: about 10-30% rate retardation
per deuterium atom. Data from a large number of papers dealing with these
effects in SNl solvolytic reactions (in which the rate-determining step

is the formation of a carbonium ion), are summarized in Table V. This
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type of effect has been exploited considerably since it was exposed by
Streitwieser and coworkers.67 The explanation for the relative consis-
tency of the isotope effect of 10-12% per deuterium atomsl'sd' (a require-
ment being that the reaction be genuinely SN]')’ substituted on an alpha-

carbon atom, will be discussed below.

TABLE v

Compound Solvent I_f_g_ AAF¥/n
Benzyl-ld-toaylate(a) CH,CO0H 50 7 ¥ 20
Benzyl-1,1d,~tosylate CH;CO0H 50 mis
faatenariol b hronviuts) D) CH,CO0H 70 7t 6
2,2-Dipheylethyl-1,1d,~tosylate CH,COOH 75 6 1 8
2(p-Methoxyphenyl)ethyl-1,1d,~tosylate CF5CO0H 75 s7t 2
2,2-Diphenylethyl-1,1d,~tosylate HCOOH 7 66 5
2(p-Methoxyphenyl)ethyl-1,1d,~tosylate HCOOH 50 58 X 10
2 Phenylethyl—l.ldz—tosylate HCOOH T5 59 -
Methyl tolyl carbinyl l-d-chloride 80% aq (CH,),CO 38 &5t 9
1-Methylheptyl-ld-brosylate CH_50H 70 63

Solvolytic ~Effects at an Aliphatic Carbon Atom in Non-aqueous Media

(a) Tosylate = p-toluenesulphonate

(b) Brosylate = p-bromobenzenesul phonate
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If the secondary isotope effect is considered in terms of the
Streitwieser hypothesis, that is by considering zero-point energy dif-
ferences between the protonated and deuterated molecules in the ground
state, the constancy of the effectss becomes less surprising., It is
known for instance, that complex molecules differing in several respects,
exhibit similar vibrational frequencies which are characteristic of cer-
tain functional groups, The carbon-hydrogen group frequencies, for ex-
ample, are sensitive to the degree of hybridization at that carbon, but
relatively insensitive to the substituents at that carbon atom. Because
of these similarities, systems which undergo reaction where a bond is
broken in a unimolecular rate-controlling process, generally should ex-—
hibit an alpha-deuterium isotope effect in the range 1.10-1,12,

According to Streitwieser,67 the most important factor involved in
the alpha-deuterium effect is ascribed to the isotopic inhibition of the
out-of-plane bending vibration of the cation, which is weaker than the
corresponding vibration in the ground state. Streitwieser suggests that
the isotope effect which should be experienced in proceeding from a
tetrahedrally hybridized atom to a trigonally hybridized atom, should be

of the order of 1.35. This may be illustrated as follows:

2
sp sp

\
1 — ) e
\.

L%
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|
B. c keg/fep= 1'1?
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In A, the maximum effect may be expected, whereas in C. the transition
state would contain both entering and leaving groups and the wagging
motion would be impeded., Streitwieser further suggests that it would not
be surprising to find that this motion was approximately the same as the
tetrahedral carbon-hydrogen bending. B, is postulated as being equi-
valent to a transition state that is independent of solvent participation,
but the leaving group X is still associated with the carbonium ion and its
presence probably impedes the ecarbon-hydrogen wagging motion. Streitwieser
also comments that should these implications be substantiated by further
work, the alpha-deuterium effect may provide a new tool for determining
the structural degree of solvent or neighbouring group assistance at the

transition state of solvolytic displacement reactions,



a). Alpha-deuterium Effect

The effect observed in the case of the solvolysis of l-dideutero-l-
bromoethyltrimethylsilane is consistent with a transition state similar
to that of type B. This result leads to a postulation for the structure
of the transition state and a possible mechanistic route. Thus, an ex-
planation of the observed isotope effect is that the rate-determining
step in the reaction, involves the separation of the halogen from the
alpha-carbon atom, Simultaneously the hybridization of this carbon atom
changes from tetrahedral to trigonal so that a p orbital becomes avail-
able, Interaction between this orbital and the alpha-carbon-silicon
bond is now possible. In order that new bonds can form as old bnes are
broken, the silicon, the two carbon atoms and the bromine atoms must be
coplanar.15 It is further suggested that if the silicon atom is trans
to the bromine atom, the transitions can take place without any great
increase in the repulsions between non-bonded atoms.

The solvolysis of l-dideutero-l-hydroxyethyltrimethylsilane in acid

media was also studied, and a rate retardation similar to that in the pre-

vious case was observed, On this basis the rate-determining step was
postulated as including a similar transition state to the halogenated
molecule. In this instance, however, a rapid pre-rate-determining equi-
librium step, involving the protonated species, is suggested:

+

+ Me SiCHCH OB 2%%  me_sicH CH OH'

- 5x51CH,CH, 551CH,CH,0H,
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The protonated hydroxy group will finally separate from the carbon atom
to which it is bound, thereby liberating a molecule of water, Bonds will
then rearrange in a similar fashion to that proposed in the case of the
halogenated silane,

The evidence obtained from the observed effect suggests therefore,
that the rate-determining step involves the rupture of the carbon-bromine
bond.

b). Beta-deuterium Effect

Although Brown prefers to interpret beta-deuterium effects in terms

of a steric effect, much evidences6' i

has accumulated supporting the
hyperconjugative interpretation, which is now widely favoured. Karabat50387
et al, come to the conclusion that in ordinary systems with hypercon-
jugation possible, probably only 2-5% of the observed effect can be at-
tributed to non-bonded interactions. In this instance an interpretation
on the basis of hyperconjugation has been invoked and certain conclusions
have been drawn. The rate of solvolysis of 2-deutero-l-bromoethyltri-
methylsilane was examined, as it seemed a suitable compound in which to
test Sommer's hypothesis that a rate-determining step involved the cleav-
age of the carbon-silicon bond., If the alpha-carbon-hydrogen bonds were
becoming more planar due to the partial detachment of the trimethylsilyl
group, an effect of the first kind in the direction kH/kD> 1, may be
expected, The lack of an effect indicates that the transition state

does not require much spatial rearrangement of the alpha-hydrogens;

faced with the normal alpha effect it must be concluded that bond rupture
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has progressed reasonably far, but that the trimethylsilyl group has not
become substantially less firmly bonded to the alpha-carbon, or attached
to the beta-carbon. This would imply that the reaction is a simple car-
bonium ion-forming solvolysis. However, from this the normal beta effect
kH/k.D"—\- 1.15 per deuterium atom, might still be expected. In order to
account for the lack of effect it must be assumed that the alpha-hydrogens
are constrained to remain below the nodal plane of the 2pz alpha-carbon
orbital.

Thus the overlap with the asymmetric combination of the carbon-
hydrogen bond orbitals is prevented; overlap with the less important
symmetric carbon-hydrogen bond orbital combination is still possible,
and should produce a retardation of approximately 4% per deuterium atom,
according to previous investigators. However, even this small effect is
absent in the systems which are believed to involve neighbouring group
participation. In the present investigation an effect of approximately
2% per deuterium atom was observed.

Assuming participation from the trimethysilyl group predominates, the
alpha-carbon-hydrogen bonds will be almost orthoganol to the developing
p orbital on the beta-carbon atom in the transition state, and as a con-
sequence hyperconjugation will be prevented, which is reflected by the
lack of an isotope effect. This lack of isotope effect, coupled with the
normal effect observed in the previous case (4, a).), tends to reinforce
the mechanism implied in the stereochemical study, in which a non-class-

ical cyclosilapropenium intermediate (or transition state) was suggested



as the predominating ion.

c). Delta-deuterium Effect

The study of the effect of deuteration of the methyl group attached
to silicon, was undertaken because hyperconjugation has been proposed to
explain the dipole moment and bond shortening of the carbon-silicon bond
length.88 Had the rate-determining step involved a rupture of the carbon-
silicon bond, then hyperconjugation might have been expected to contribute
to an isotope effect. According to Streitwieser, two factors affect
hyperconjugation:

i). The extent of the delocalized carbon-hydrogen bond orbital

overlap with the electron deficient p orbital (developing
on the carbonium ion).

ii). The degree of electron deficiency on the neighbouring car—
bon atom. The greater the overlap and the greater the
electron deficiency, the greater the extént of hypercon-
jugation,

As the experimental evidence indicated a large positive charge ac-
cumulation on the silicon atom, this would be a suitable reaction in which
to observe a beta-deuterium effect. However, in view of the fact that a
negligible isotope effect was noted in Section 4. b)., the lack of a nor-
mal effect in this case is hardly surprising. On the other hand, Jewett
and Dunlap86 have studied the solvolysis of (CD3)3CCHzc(CH3)Cl in 80%
ethanol and have found a small inverse isotope effect., They suggest that

in this instance hyperconjugation is prevented and therefore the effect
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is steric in nature, being due to the steric assistance to ionization.
By analogy with the preceding observation, it is considered possible that
the small inverse effect recorded in the case under consideration, may

also be attributed to some steric assistance to the ionization.
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V. CONCLUSION

Previous investigators have shown that the solvolytic elimination
of beta-halogenoalkyltrialkylsilane in aqueous ethanol has the following
characteristics:

1, First order kinetics are followed precisely.

2. The rate of elimination is susceptible to the ionizing

power of the medium,

3. The rate of elimination is insensitive to the nucleophilic

character of the medium,

4. The Hammett rho factor = -2.15.

5. Entropies of activation are negative and in the order of

12-14 entropy units,

6. Approximately equal rates in corresponding media for the

silane and tert-butyl chloride.

7. The rate of solvolysis varies with the halogen substituted

on the beta-alkyl group (kBr = 17k01, in the base-catalysed re-

action),

This study has been principally concerned with the investigation of

the solvolysis of beta-bromoethyltrimethylsilane, The work has yielded



further information concerning the mechanism of the reaction, from three

differing aspects:

l.

3

Stereochemistry

The stereochemical study indicated that the elimination
reaction was stereospecific, with predominant trans
elimination of trimethylbromosilane.

Rearrangement

The migration of the trimethylsilyl group observed in the
reaction of a related molecule, provided some evidence

that this group could interact with the developing positive
charge on the beta-carbon atom, during the reaction.

Isotope Effects

The magnitude of the effects experienced from the substitution
of deuterium in the three positions in the molecule, suggested
that carbon-bromine bond cleavage (with the possibility of
assistance from the trimethylsilyl group), has occurred in

the rate-determining step.

Thus the conclusion drawn from the total available evidence indicates

that in the rate-determining step, the carbon-halogen bond is ruptured,

which may be assisted by the trimethylsilyl group interacting with the

developing positive charge on the beta-carbon atom, to form a non-class-

ical intermediate (or transition state),
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VI, EXPERIMENTAL

The boiling points quoted in the following text are uncorrected.
Physical constants are mainly taken from "Organosilicon Compounds", vol-
ume 2, part I, by Bazant et a1.89 The interpretations of nmr spectra
were based on the texts of Jackman,go and Emsley, Feeney and Sutcliffe,gl
and infra-red assignments on Bellamy.92 Any other sources used in either
of the above are referred to in the section concerned.

Nmr Spectra

The proton resonance spectra were obtained using a Perkin Elmer

R10 Spectrometer, operating at 60 Mc/sec., and 35°C., Tetramethylsilane

was used as an internal reference.

Infra-red Spectra

The spectra were determined using a Perkin Elmer Infracord - 237.
Vapour-phase Chromatography

Gas chromatographic analyses and separations were carried out using
the following apparatus:

i). Analytieal

5' x 3" o.d. stainless steel 4 mm bore, packed with:
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a). Saturated silver nitrate in purified ethylene
glycolg3 (17 ml) on Chromosorb P (39 g).
b). 4% Fploxydipropionitrile on Chromosorb P.94
A Pye series 104 chromatograph was used, operating at 35°C
with a katharometer sensing device, current 195-200 mA and
a flow rate of 60 ml/min, helium carrier gas.
1i). Preparative
20" x 4" o.d. aluminium column with packings as in a). and
b). above. An Aerograph Autoprep model A-70 was used, oper-
ating at 35°C with helium as the carrier gas (50 pus.d,), at
a flow rate of 120 ml/min.
Mass Spectra
The mass spectral data were obtained using the AEI MS9 double fo-
cussing, high resolution mass spectrometer.
The silanes were for the most part purchased from Messrs, Hopkin
and Williams, The rest were kindly donated by:
ICI Nobel Division
Midland Silicones Ltd,
Dow Corning Corporation, Michigan

1. Vinyltrimethylsilane (XXIX)

A method similar to that used by Nagel and Post95 was employed,
Methyl magnesium iodide in sodium dried di-n-butyl ether (2.4 g Mg,
6.3 ml MeI) (0.006M solution) was contained in a 250 ml, 3-necked flask

equipped with stirrer, reflux condenser (with CaCl2 guard tube) and ad-
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dition funnel., Methylvinyldichlorosilane (6.5 ml, 0,05 mole) was added
over a period of 0,5 hours, After the addition, the reaction mixture
was refluxed for 2 hours, Compound XXIX was then fractionated (using
a 12" glass helix packed column) directly from the reaction vessel.
Refractionation yielded the pure product (5 ml, 70% yield) b.p. 56°C

(13t.% 54.4°C/745.4 mm); nmr, %

neat liquid, at 5.63-6.11 p.p.m. a
multiplet of intensity one (vinylic protons), at 0,06 p.p.m. a singlet

of intensity three (trimethylsilyl protons); infra-red, neat liquid,g7
maxima (cm ") at 3030m, 1600w (stretching), 950m (out of plane defor—
mation) - vinylic, 1250s (symmetric deformation), 850m (stretching) -
silicon methyl, 1412s (bending) - carbon hydrogen; mass spectrum, neat
1liquid, peaks at 100 and 85 a.m,u. due to (Ha3SiCHaCH2)+ and (M9251CH=CH2)+
respectively, both exhibiting a typical silicon cracking pattern.

2. 2-Bromoethyltrimethylsilane

The halogenosilane was prepared following the method used by Sommer

et 31.41

Hydrogen bromide, generated by the action of water on phos-—
phorus tribromide, was passed through acetone dry-ice traps, in order to
freeze out water vapour., The gas was then bubbled through ice-cooled,

dry XXIX (10 g, 0.1 mole) containing benzoyl peroxide (0,10 g), until the
infra-red absorption bands due to unsaturation disappeared. Fractionation
using a 4" column (packed with glass helices) yielded 14 g (77% yield) of
2-bromoethyltrimethylsilane, b.p. 65°¢/42 mm, (Lit.®° 64-65°C/39 mm):

nmr, neat liquid, a triplet of intensity two centred at 3.5 p.p.m. (pro—

tons on beta-carbon atom), at 1.3 p.p.m. a triplet of intensity two
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(protons on alpha-carbon), at 0 p.p.m. a singlet of intensity nine (tri-
methylsilyl protons); infra-red, neat liguid, maxima (cmrl) at 1250s
(symmetric deformation), 850s (stretching) - silicon methyl, 1415w (bend-
ing) - carbon hydrogen. An accurate determination of the amount of hal-
ide present was made by titrating with standard base. The material was
previously dissolved in neutralised acetone and titrated to a phenol-
phthalein end point; (Found: Br, 43.5. Calc. for 05H13BrSi: Br, 44.1%).
3. l=-Deutero-2-bromoethyltrimethylsilane

A procedure similar to that adopted for producing the undeuterated

material (see previous section) was employed. Deuterium bromide,37 pre-

41

pared by the addition of deuterium oxide (99.7%) to phosphorus tribromide,
was bubbled through XXIX, The resulting material, after fractionation
(b.p. 65°C/40 mm), was subjected to nmr analysis. Contamination of the
deuterated silane, by the protonated material did not exceed 3% : 1.5%.
Nmr, neat liquid, centred at 3.5 p.p.m. a doublet of intensity two
(protons on beta-carbon), centred at 1.3 p.p.m, 2 triplet of intensity
1.03 (protons on alpha-carbon), at O p.p.m. a singlet of intensity nine
(trimethylsilyl protons); infra-red, neat liquid, maxima (cm'l) at
1253s (symmetric deformation), 845s (stretching) - silicon methyl, 1410w
(bending) - carbon hydrogen; (Found: Br, 43.5. Cale. for 05H12BrDSi:
Br, 43.9%).
4. 2-H!groxx§thxltrimethglsilggega

Chloromethylmethyldichlorosilane was methylated using methyl mag-

nesium bromide, in the normal way.53 The Grignard reagent of chloro-



<18

methyltrimethylsilane was prepared in the manner suggested in the litera-

29 it was however, initiated using 1,2-dibromoethane in lieu of

ture;
ethyl bromide. By adding this Grignard reagent to ethyl chloroformate,
ethyltrimethylsilyl acetatelo0 was synthesised.

Ether (20 ml) (freshly distilled from lithium aluminium hydride)
and lithium aluminium hydride (1.0 g) were charged to a 50 ml, 3-necked
flask equipped with addition funriel, reflux condenser (with drying tube)
and magnetic stirrer. Ethyltrimethylsilyl acetate (4.0 g) in ether
(10 ml) was added to the contents of the flask, over 0,5 hours, and al-
lowed to react for a further 0.75 hours. The reaction mixture was then
hydrolysed by carefully adding distilled water, and the organic layer
separated. The aqueous layer was extracted with several 5 ml portions of
ether. The organic extracts were than combined and dried over magnesium
sulphate for 12 hours. Fractionation afforded 2-hydroxyethyltrimethyl-
silane (2.0 g, 0,017 mole) b.p. 66°C/24 mm (Lit.101 95°¢/100 mm); nmr,
neat liquid, at 4.9 p.p.m. a singlet of intensity one (hydroxyl proton),
at 2,9 p.p.m. a triplet of intensity two (protons on beta-carbon), at
0.9 p.p.m. a triplet of intensity two (protons on alpha-carbon), at
O p.p.m. a singlet of intensity nine (trimethylsilyl protons); infra-
red, neat liquid, maxima (cmfl) at 3330s broad (stretching) - hydroxyl
group, 1248s (symmetric deformation), 835s, 860s (stretching) - silicon

methyl, 1415w (bending) - carbon hydrogen; (Found: C,H,, 23.3. Cale.

for CcH,,081: C,H,, 23.7%) .

514



5. 2=Dideutero-2-hydroxyethyltrimethylsilane

The same procedure as that adopted in the previous section was fol-
lowed, with the exception that ethyltrimethylsilyl acetate was reduced
with 1ithium aluminium deuteride (obtained from CIBA laboratories;
isotopic purity ereater than 99% per molecule), in place of the hydride.
Nmr spectral analysis of the pure deuterated hydroxysilane (b.p. 85°C/63 mm)
revealed that contaminatioﬁ by the protonated silane did not exceed one
percent, Nmr, neat liquid, at 3.6 p.p.m. variable, a singlet of intensity
one (hydroxyl proton), at 0.9 p.p.m. a singlet of intensity two (protons
on alpha-carbon), at 0 p.p.m. a singlet of intensity nine (trimethylailyl
protons); infra-red, neat liquid, maxima (cm™) at 3330s broad (stretch-
ing) - hydroxyl group, 2200w, 2100w (stretching) - carbon deuterium, 1250s
(symmetric deformation), 850s (stretching) - silicon methyl; (Found:
CoHoDpy 25.0. Cale. for C.H),D,05i: CoH,D,, 25.4%).

6. Bromination of 2-dideutero-2-hydroxyethyltrimethylsilane

Phosphorus tribromide (3,0 g) was charged to a 2-necked, 50 ml flask
equipped with a magnetic stirrer, condenser (with guard tube) and an ad-
dition funnel., The flask and contents were cooled to below 0°C in an ice-
salt bath, and 2-dideutero-2-hydroxyethyltrimethylsilane was added drop-
wise with stirring, Two fractionations with a 4" column yielded 2-di-
deutero-2-bromoethyltrimethylsilane (2,0 g, 70%) b.p. 68°C/42 mm; nmr,
neat liquid, at 3.6 p.p.m. a singlet of intensity 0.905 (protons on beta-
carbon), at 1.3 p.p.m. a singlet of intensity 1.095 (protons on alpha-

carbon), at 0 p.p.m. a singlet of intensity nine (trimethylsilyl protons);
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(Found: Br, 43.1. Calec. for CgH, D,BrSi: Br, 43.6%).

7. 2-Bromoethyl-bis-(trideuteromethyl )methylsilane
102

Using the method described by Cotton et al. trideuteromethyl
iodide was prepared., Following the procedure deseribed in Section 1.
(page 75), the Grignard reagent of the deuterated iodide was added to
methylvinyldichlorosilane; bis-(trida&teromethyl)methylvinylsilane (b.p.
56°C) was then fractionated, yield 5ml, 70%; nmr, neat liquid, at 5.6-
6.1 p.p.m.la multiplet of intensity three (vinylic protons), at O p.p.m.
a singlet of intensity 4.75 (bis-(trideuteromethyl)methylsilyl protons);
mass spectrum, neat liquid, peaks between 100-106 a.m.u., corresponding
to material containing 0-6 deuterium atoms per molecule substituted on the
deuterated silyl group. Both mass and nmr spectral data indicated that
the bis-(trideuteromethyl)methylsilyl group contained 71% deuterium.

Dry hydrogen bromide bubbled through this vinylsilane (following the
procedure described in Section 2. (page 76)) yielded 2-bromoethyl-bis-
(trideuteromethyl)methylsilane, b.p. 66°C/42 mm; nmr, neat liquid, cen-
tred at 3.5 p.p.m. a triplet of intensity two (protons on beta-carbon),
centred at 1.3 p.p.m. a triplet of intensity two (protons on alpha-carbon),
at 0 p.p.m. a singlet of intensity 4.75 (bis—(trideuteromethyl)methylsilyl
protons); infra-red, neat liquid, maxima (cnfl) at 2210w (stretching) -
carbon deuterium, 1260s (symmetric deformation), 840s, 800s, (stretching)
- silicon methyl, 1415w (bending) - carbon hydrogen; (Found: Br, 42.5.

Cale, for C BrSi: Br, 42.8%).

597,75°4.,25
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8. 2-Bromosthvl-bis-(l-dideuteroethyl Jmethylsilane

The described procedure for the preparationlo3 and saponification

of monomethylethyl malonate was followed, and the acid104 synthesised,

Several exchangeslos

of this acid with deuterium oxide, followed by re-
action with silver nitrate, led to the formation of deuterated silver
prOpionate.106 Brominative degradation of the silver salt yielded 1-di-
deutero—l—bromoethane.106

Methylvinyldichlorosilane (12,5 ml, 0.096 mole) was added to the
Grignard reagent prepared from l-dideutero-l-bromoethane (4.8 g, 0.2 mole,
magnesium; 15.2 ml, 0,2 mole, deuterated bromoethane; 120 ml, dry tetra-
hydrofuran) over 0.5 hours and then refluxed for 2 hours, The solution
was then cooled and carefully added to iced water containing 10% hydro-
chloric acid, from which the organic layer separated and the aqueous layer
twice extracted with ether. The combined organic extracts were washed
twice with dilute sodium bicarbonate solution, followed by a washing with
water, and finally dried over sodium sulphate., Fractionation yielded

bis-(1-dideuteroethyl)methylvinylsilane, b.p. 1170_11800107 (

7.2 g, 58%
yield). This silane was shown by its nmr spectrum to contain not less
than 3.9 deuterium atoms per molecule,

Dry hydrogen bromide gas bubbled through the vinylsilane, as pre-
viously described, yielded 2-bromoethy1—bia-(l-dideuteroethyl)methylailane,
b.p. 80°-82°C/10 mm; nmr, neat liquid, centred at 3.6 p.p.m. a triplet of

intensity two (protons on beta-carbon), centred at 1.4 p.p.m. a triplet of

intensity two (protons on alpha-carbon), at 0.6-1.2 p.p.m. a mltiplet of
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intensity 6.1 (protons on deuterated ethyl group), at 0.1 p.p.m. a singlet
of intensity three (methylsilyl protons); infra-red, neat liquid, maxima
(cm‘l} 2100w, 2160w, 2200w (stretching) - carbon deuterium, 1255s (symmetric
deformation), 8258 (stretching) - silicon methyl, 1410m (bending) — carbon
hydrogen; (Found: Br, 37.0. Cale. for C_H. .D BrSi: Br, 37.4%).

71374
9, 2-Bromoethyl(diethyl)methylsilane

Ethylmagnesium bromide was prepared in the normal way using bromo-
ethane and magnesium turnings, The method then followed the preparation
of the deuterated material as shown in the previous section. The result-
ing 2-bromoethyl(diethyl )methylsilane was fractionated, b.p. 79°C/10 mm
(7.5 g, 60% yield). The nmr shifts of the protons of this material were
similar to those reported in the previous section. The only difference
in the spectrum is the intensity of the protons of the ethyl group (in
this case, ten). The infra-red spectrum was also similar except for the
carbon deuterium stretching vibrations, which were absent. (Found:

Br, 37.7. Calc. for C.H, BrSi: Br, 38.2%) .

10, [Trans-l-chloropropene

The method described by Allinger and Hermannlo8 was followed., A

seven foot column, packed with Dixon gauzes, fitted with a take-off head,
was used for the final fractionation (a reflux ratio of 30:1 was employed).
The purity of the isomer isolated from this fractionation was checked by

infra-red and v.p.c. (using the oxydipropionitrile column, described on

page 75).



11, Trans-l-propenyltrimethylsilane

The synthetic route followed was similar to that employed by Seyferth

9 athinm wire (11,0 g, 1.6 mole, 1,1% sodium content) was

and Vaughan,
contained in a one litre, 3-necked flask, equipped with addition funnel,
reflux condenser and stirrer, (the usual precautions were taken to exclude
moisture from the reaction vessel), together with sufficient dry ether to
Jjust cover the wire. Trans-l-chloropropene (2 g) was used to initiate

the reaction, which was then maintained at gentle reflux by adding a
mixture consisting of trans-l-chloropene (37 g, 0.48 mole) and dry ether
(140 m1)., On the completion of the addition, the contents of the flask
were stirred for a further 0.5 hours, before trimethylchlorosilane (50 g,
0.46 mole) was added, at a rate aimed at maintaining a gentle reflux.
Additional refluxing for 1.5 hours completed the reaction. The reaction
mixture was then filtered_to remove the remaining lithium metal, plus
salts, and the filtrate carefully added to water (300 ml), The aqueous
layer was extracted twice with ether and the combined ether extracts
washed with water, and dried over magnesium sulphate for 12 hours. The
ether was distilled from the material, which was then fractionated (using
a 12" column, packed with glass helices), The fraction, which boiled at
85°-89°C, proved to be pure trans-l-propenyltrimethylsilane (35 g, 65%
yield); nmr, neat liquid, at 5.6-6.6 p.p.m. a multiplet of intensity two

(vinylic protons), at 1.9 p.p.m. a doublet of intensity three (methyl pro-

tons), at 0.2 p.p.m. a singlet of intensity nine (trimethylsilyl protons);110

110

infra-red, neat liquid, maxima (cm_l) 1625s (stretching), 897s (out of



plane deformation) - trans vinylic, 1252s (symmetric deformation), 840-
R65s (stretching) - silicon methyl, 1445w (bending) - carbon hydrogen;
v.p.Cc., Silver nitrate/ethylene glycol column (see i). a)., page 75) in-

dicated that contamination of this isomer by the cis isomer was less than

0.5%.

12, Addition of deuterium bromide to trans-l-propenvltrimethylsilane
g

Deuterium bromide”  was bubbled through trans-l-propenyltrimethyl-
silane at -40°C, until the infra-red absorption bands due to unsaturation
disappeared. Traces of trimethylbromosilane,.formed during the reaction,
were removed by evacuating the flask at room temperature. The nmr spec-
trum of the remaining material was consistent with the predicted spectrum
of the deuterobrominated compound. Contamination with non-deuterated
material did not exceed 37 I 1%; a negligible quantity of trimethyl-

bromosilane was also detected.

13. Elimination reaction of l-deutero-2-bromopropyltrimethylsilane with

guinolinelll

Quinoline (17 ml), dried over potassium hydroxide pellets, was char-

ged to a 50 ml, 3-necked flask fitted with reflux condenser, addition
funnel and thermometer., The quinoline was heated to 9500 and the 1-
deutero-2-bromopropyltrimethylsilane (8 ml) added dropwise, During the
addition, the temperature in the reaction vessel rose to 100°-120°C.

The reaction was allowed to continue for an additional 0.25 hours at 9500,
before being cooled to room temperature., Excess water was added slowly

and the silicon-containing compounds separated, forming an upper layer,
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which was removed and dried over magnesium sulphate., Attempts were made
to separate the various organosilicon compounds by v.p.c., but as the de-
sired products - cis and/or trans-l-propenyltrimethylsilane, had only been
formed in less than 6% yield (see Chapter II, Section 4), this project
was abandoned.
14, Attempted isomerization of propenylsilanes in quinoline
As it had been proposed to study the ratio of the products of reaction
in the previous experiment, it was necessary to know if any isomerization
of propenylsilanes occurred in the presence of quinoline.
Trans-l-propenyltrimethylsilane was hested with excess quinoline for
several hours, A similar procedure was adopted using a mixture of cis
and trans-propenylsilanes., Analysis by v.p.c. of the resulting products
from both reactions, showed that no isomerization had taken place under
the conditions of the elimination reaction..

15, Ervthro—l.2—dibromgpronxltrimethxlsilanell2

Bromine (8 g, 0.05 mole), redistilled from phosphorus pentoxide, was
added carefully to trans-l-propenyltrimethylsilane (5.5 g, 0.048 mole),
contained in a 3-necked, 50 ml flask, fitted with stirrer, reflux conden-
ser and addition funnel., The flask was maintained at -20°C throughout
the reaction. Traces of excess bromine were finally removed under vacuum,
at room temperature. Nmr, neat liquid, at 5.5-5.0 p.p.m., a multiplet of
intensity one (protons on beta-carbon), at 3.8 p.p.m. a doublet of in-
tensity one (protons on alpha-carbon), at 1.75 p.p.m. a doublet of in-

tensity three (methyl protons), at 0,2 p.p.m. a singlet of intensity
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nine (trimethylsilyl protons). Absorptions due to a negligible quantity
of 1,1,2-tribromopane were also recorded.
16, 1,2-dibromoethyltrimethylsilane

The method of preparation of 1,2-dibromoethyltrimethylsilane was
identical with that employed in the previous section. HNmr, neat liquid,
at 3.1-4,1 p.p.m. a multiplet of intensity one (protons on alpha and beta-
carbons), at 0.2 p.p.m. a singlet of intensity three (trimethylsilyl pro-
tons).

17. Identification of products of solvolysis of 1,2-dibromopropyltri-

methylsilane

98% aqueous ethanol was used in the desilicohalogenation of the silane.
The resulting material was subjected to v.p.c. (see i). b)., page 75).
Two peaks with low retention times were identified as hexamethyldisiloxane
and ethoxytrimethylsilane, A third peak which was later collected using
the Autoprep A700, was analysed by nmr and v.p.c. Both techniques showed,
by comparison with authentic samples of cis and trans-bromopropenes, that
the collected peak was cis-bromopropene., Quantitative measurements of
the reaction products (using v.p.c.), indicated that bromopropene was for-
med in approximately 80% yield.

18, Attempted isomerization of bromopropenes in the solvents listed in

Table I
Cis-l-bromopropene and trans-l-bromopropene were allowed to stand in
the solvents listed in Table I (page 21). After 24 hours at room tem-

perature, the solutions were examined by v.p.c. using the oxydipropioni-



trile column (see Section i). b)., page 75). No detectable isomerization
had occurred,

19, Cis-l-bromopropene

This compound was prepared by the method described by Braude and

00193,113

with some minor modifications, listed as follows:

i). The dibromobutyric acid, prepared according to the instruc-
tions, was allowed to stand for only one hour after the
completion of the bromine addition.

ji). The steam distillation stage was omitted and the cis-1-
bromopropene distilled and collected in three traps,
cooled to -80°C., The material was finally dried over cal-
cium chloride for 12 hours. Fractionation yielded cis-1-
bromopropene, the purity of which was checked by infra-

red and v.p.c.

20, Cis-l-propenyltrimethylsilane

Several attempts to prepare the pure cis isomer, by modification of
the method employed in the preparation of the trans isomer, failed. The
purest material isolated contained 20% trans-l-propenyltrimethylsilane.

21, 1—Trimethylsilxlcyclohex—l-egg}14

Trimethylchlorosilane (50 ml, 0.4 mole) was slowly added to cyclo-
l-enyl 1ithium115 (53.0 g, 0.46 mole chlorocyclohex-l-ene, 6.9 g, 1.0
mole lithium metal in ether), taking the usual precautions to exclude
moisture, at a rate aimed at maintaining a gentle reflux. Subsequent to

the addition, the material was refluxed for one hour. The contents of



the flask were then filtered, and the filtrate added to 200 ml, 10%
ammonia solution. The organic layer was separated and dried over calcium
chloride for 12 hours, Fractionation yielded l-trimethylsilylcyclohex-l1-

4 111%;/752 mm) (38 g, 61% yield); nmr, neat liquid,

ene, b.p. 172°C (Lit.'?
centred at 6.2 p.p.m. a multiplet of intensity one (vinylie proton), two
broad bands in the region 1.6-2.4 p.p.m. of intensity eight (methylene
protons), at 0,3 p.p.m. a singlet of intensity nine (trimethylsilyl pro-
tons); infra-red, neat liquid, maxima (cm-lj 1622m (stretching), 945m
(out of plane deformation) - vinylic, 1255s (symmetric deformation), 840s,

860s, (stretching) - silicon methyl, 1440m, 1450m (bending) - carbon hy-

drogen.,
22, Addition of hvdrogen bromide to 1-trimethylsilyleyclohex-l-ene (XVII)

Following a similar procedure to that described on page 76, dry.
hydrogen bromide was bubbled through an ice-cold solution containing com-
pound XVII and benzoyl peroxide, Attempts made by nmr to study the stereo-
chemistry of the l-trimethylsilyl-2-bromocyclohexane formed by this re-
action, were unsuccessful, (see page 32),

23. Addition of bromine to l-trimethylsilylcyclohex-l-ene

Bromine was added to XVII under similar conditions to those described
in Section 15 (page 85). No change was observed in the nmr spectrum after
several days, when a second spectrum of the dibrominated material was ob-
tained.

24, Desilicohalogenation of erythro-1,2-dibromopropyltrimethylsilane

Trimethylbromosilane was obtained by reacting erythro-1,2-dibromo-
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propyltrimethylsilane with the solvents listed in Table I (page 21).
The desilicohalogenation was carried out at room temperature, by adding
the erythro diastereoisomer to the solvent in a ratio of 1:10 v/v res-
pectively. The elimination of trimethylbromosilane gave a mixture of
cis and trans-l-bromopropenes. These were separated by preparative v.p.c.
(columnn packing as deseribed in ii). b), - page 75), and their con-
figuration determined by nmr, by considering the proton coupling constants.
The proportions in which the cis and trans isomers were formed initially,
were determined using analytical v.p.c. (column packing as described in
i). b). - page 75).
25. Threo-1,2-dibromopropyltrimethylsilane

The addition of bromine to the material prepared in Section 20
(page 87), followed a similar procedure to that described in Section 15
(page 85), and produced threo and erythro-1,2-dibromopropyltrimethyl-
silanes,

26, Desilicohalogenation of threo-1,2-dibromopropyltrimethylsilane

Although the pure threo diastereoisomer was not isolated, the eli-

mination of trimethylbromosilane from the contaminated threo isomer
served as a useful check on the proposed stereochemical route for the
elimination reaction. Desilicohalogenation of the impure threo isomer,
using the solvents listed in Table VI, yielded results which were con-

sistent with those in Table I (page 21).



TABLE VI

Threo to ervthro Solvent mixture 1-Bromopropene
isomer ratio (ethanol : water) product ratio
cis : trans

80:20 100:0 79 LA
80:20 95:5 8.5 : 21.5

80:20 80:20 75 : 25

28:72 100:0 T0 : 30

28:72 80:20 68: § 52

Effe f var e o:threo isomer ratio and solvent composition on

1-bromopropene product ratio

27. Desilicohalogenation of l-deutero-?-bromopropyltrimethylsilane

The elimination of trimethylbromosilane from l-deutero-2-bromopropyl-
trimethylsilane in 987 aqueous ethanol, resulted in the formation of
l-deuteropropene. The method of the collection and analysis of this
deuteropropene has been described by Bothner-By and Naar-Colin.42

28, Reaction of thionyl chloride with 2-dideutero-2-hydroxyethyltri-

methylsilane

Excess thionyl chloride was added earefully to cooled 2-dideutero-
2-hydroxyethyltrimethylsilane, in an nmr tube, The nmr spectrum of the

resulting material indicated that it contained 55,07 2-dideutero-2-
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chloroethyltrimethylsilane together with 45.0% l-dideutero-2-chloroethyl-
trimethylsilane, (cf. Section 6, page 79).
Kinetic Measurements

The value of the first order rate constants for the various materials
synthesised, were determined by following the rate of ethylene evolution,
which was observed on a relatively simple apparatus. This consisted of
a thermostated reaction vessel, in which a liquid could be agitated,
connected to a manometer. The reaction vessel was attached to a shaker,
and connected to a fixed burette via a flexible coupling. To avoid errors
due to ambient temperature changes, the burette was also thermostated,

The volume of the burette was kept small in relation to the gas space in
the reaction vessel.

The silane was weighed into a small glass-stoppered container, which
was then introduced into the reaction vessel containing the previously
equilibrated solvent. The reaction vessel was reconnected to the mano-
meter, and the agitation of the vessel was sufficient to cause the release
of the stopper from the container and allow the reaction to proceed.
Timing began as soon as the two liquids came into contact. The final
reading was taken when the reaction had been in progress for at least ten
half-lives. However, in order to eliminate errors due to final reading,
the Guggenheim plot was employed.116 This method obviates the need for
an accurate infinity value.

The variation in temperature was not greater than 10.0200 over each

run, and not greater than 10.0500 over the entire series,
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In order to check that the observed rate values were not functions
of impurities, the materials were prepared in duplicate and separate
kinetic runs performed on each one, In the case of the "mother" compound,
that is, 2-bromoethyltrimethylsilane, three preparations were made:

i).  From hydrogen bromide (commercially produced) bubbled

through the vinylsilane,

ii). From hydrogen bromide (produced in the laboratory by the
action of water on phosphorus tribromide) bubbled through
the vinylsilane,

jii). From the addition of phosphorus tribromide to 2-hydroxy-
ethyltrimethylsilane.

Kinetic measurements were performed on solutions containing the si-
lane in 80% aqueous ethanol, at 25.22°C 2 0.05°C. Kinetic measurements
on the hydroxyethylsilanes were observed using 8.5 M sulphuric acid in
50% aqueous methanol as solvent, at the same temperature.

The volume of ethylene evolved during the kinetic runs was recorded,

and was 85-90% of the theoretical volume for each of the silanes,
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