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The nitrogen and hydrogen-deuterium isotope effects have been
measured for the base-promoted elimination reactions of cis- and trans-
2-phenylcyclopentyltrimethylammonium ions and cis- and trans-
2-phenylcyclohexyltrimethylammonium ions. The observations have been
interpreted as indicative of a concerted E2 mechanism for both trans
and cis elimination processes., In the cis eliminations, however, proton
transfer to base is far advanced at the transition state resulting in
a much higher degree of carbanionic character associated with the
transition state than for the trans eliminations.

The kinetic isotope effect results for these cyclic systems
establish that the two bond-rupture processes complement each other;
the greater the extent of proton transfer to base at the transition state,
the smaller is the extent of C-N bond weakening. These observations are
interpreted in terms of the coupling of the motion which extends the

lengths of the H-C and C-N bonds at the transition state and the approach

to coplanarity of the bonds involved in the elimination process.
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General Introduction

Bimolecular elimination reactions have generally been considered
to proceed most readily via a trans coplanar transition state in which
the four atoms H-C~-C-X involved in the reaction are in one plane with
the departing groups trans to one another. This geometric requirement
has been regarded as arising out of the necessity for the pair of
electrons initially in the H-CB bond to act on the a¢-carbon from one
side while the leaving group departs from the other side, In acyclic
systems, such an arrangement of atoms, with a dihedral angle of 1800,
is uswally possible because of the freedom of rotation around the Ca'CB
bond., Cyclic systems, however, do not always have the participating
atoms arranged in a trans coplanar relationship and elimination often
proceeds via a transition state in which the departing groups are cis
to one another. These cis eliminations usually proceed less readily
than trans eliminations,

In recent years, there has been considerable qontroversy over
the mechanism of both trans and cis elimination reactions. As a result,
a large number of studies have been made in order to determine the
detailed pathway of these elimination procesées. It is now generally
accepted that trans eliminations, in which the departing groups are
able to attain coplanarity at the transition state, proceed via an

E2 mechanism. Furthermore, in these processes it is now evident that

1



C-~H and C-X bond changes need not be fully synchronous and either

C~H or C-X bond rupture may be advanced over the other depending upon
the structure of the substrate and the conditions of the reaction. The
mechanism of cis elimination, as well as of trans elimination in which
the leaving groups do not have a coplanar relationship, is not clear,
Some investigators have proposed that such reactions proceed by the E2
mechanism, while others have favoured the Elcb mechanism,

Cristol suggested that the slower rate for cis elimination and
for non-coplanar trans elimination is a consequence of the inability
of the reactant to assume a transition state configuration in which the
electron pair initially associated with the C-H bond acts on the a-carbon
from the backside to displace the leaving group. He proposed that a
possible reaction pathway involves removal of the proton by base, leaving
a high-~energy carbanion which then ejects the leaving group to form an
olefin (1,2,3,4,5).

Rapid bimolecular cis eliminations have been observed in systems
where removal of the hydrogen by base is facilitated by the presence of
an electron-withdrawing group on the B-carbon atom (6,7,8,9). Results
from studies of elimination reactions in such cases clearly show that
the presence of an electron-withdrawing group on the B-carbon atom
is more effective in directing the course of elimination than is the
geometrical relationship of H and X.

Bordwell found general base rather than specific base catalysis

in both trans and cis eliminations from cyclic systems in which a sulphone



group is attached to the P-carbon (8)., This observation demonstrated
that the reactions proceed either by a concerted pathway or by a
rate-~controlling proton transfer followed by & rapid reaction of the
anion to give products. If a carbanion intermediate were to be formed
in such systems, elimination from analogous open-chain systems should
be non-stereoselective. He found (9), however, that elimination in the
open-chain systems occur stereoselectively trans. Furthermore, the
activation energy for cis elimination in the cyclic systems was smaller
than that for the trans eliminations. This observation does not provide
the basis for the assumption of an energetically unfavourable two-stage
process in cis eliminations. On the basis of these results, Bordwell
concluded that cis and trans eliminations in systems where removal
of the hydrogen by base is facilitated by the presence of an electron-
withdrawing group attached to the B-carbon proceed yia an E2 mechanism.
In 1962, DePuy proposed that the essential feature of the
geometry for an E2 process is not the trans relationship of the
eliminated atoms or groups, but coplanarity of the four centre system.
He suggested that a plot of the rate of elimination versus the dihedral
angle between the hydrogen and the departing group would show maxima
at both 0° and 180° and a minimum at 900. This means that coplanar
transition states, whether cis or trans, have a lower energy than
non-coplanar transition states, and that elimination is more facile
when the dihedral angle is 0° or 180°. Furthermore, he predicted that

as the dihedral angle deviates from 0° or 180° and approaches 900,



the elimination would approach Elcb (10).

The objectives of the work reported in this thesis were to
use the kinetic isotope effects associated with the leaving atoms,

H and X, to elucidate the mechanism of cis elimination and also to
determine the relationship between the dihedral angle and the extent
of H-C and C-X bond weakening at the transition state.

The base-promoted elimination reactions of cis~ and trans-
2-phenylcyclopentyltrimethylammonium ions and cis- and trans-2-phenyl-
cyclohexyltrimethylammonium ions were investigated at 60°C. These
compounds were chosen because one has some knowledge of the geometrical
relationship of the participating groups in such cyclic systems and
because the isotope effect associated with the departing atom, nitrogen,
can be readily determined with a high degree of precision. In addition,
the nitrogen isotope effect associated with the elimination reaction
of 2-phenylethyltrimethylammonium ion was measured, Because of the
freedom of rotation about the Cl-C2 bond, this open-chain compound
was considered to undergo E2 elimination via a trans coplanar transition
state and might be thought of as a standard of reference for the trans
E2 process.

In 1960, Cristol (11) reported the rates of reaction and
Arrhenius activation parameters for the elimination reactions of cis-
and trans-2-phenylcyclohexyltrimethylammonium ions. The corresponding
values have now been determined for the cyclopentyl series and compared

with the results for the cyclohexyl series.



When DePuy's rule is applied to these elimination reactions,
one would predict that trans elimination in the cyclohexyl system and
cis and trans eliminations in the cyclopentyl series will proceed via
an E2 mechanism. The cis elimination in the cyclohexyl system, however,
might be expected to proceed by the Elcb mechanism or by an E2 proceés
in which, at the transition state, rupture of the H-C bond is well

advanced over that of the C-X bond.



HISTORICAL INTRODUCTION

A, B-Elimination Reactions

General

The most common elimination process, called 1,2~ or B-elimina-
tion, involves the loss of two substituents from a pair of adjacent
atoms resulting in the formation of a double bond, as represented in

equation (1). In the majority of B-eliminations, hydrogen and some

e IR S RPN " s o X SRR (1)

other atom or group are removed from adjacent carbon atoms to generate

an olefin. Equation (2) illustrates this process in which B~ is a base

I ' ~ s
B™ + H-clz-?-x ——— BH + _C=C_+ X (2)

and the leaving group, X, is fluoride (12,13), chloride (14), bromide
(15), iodide (16), dialkylsulphonium (17,18,19) trialkylammonium (20,21)

or arylsulphonate (22,23).



Various mechanisms have been suggested to account for experi-
mental observations and these mechanisms will be discussed in this
section. In particular, the one-step E2 process and the two-step Elcb
process will be considered in detail, Inasmuch as a portion of this
thesis is concerned with the elucidation of the mechanism of cis elim-
ination, for which both E2 and Elcb mechanisms have been suggested, a
discussion is included on the various experimental criteria which have
been used to clarify the nature of the transition state in bimolecular
elimination reactions.

Several complete reviews (24.30) have been published in the past
few years presenting the various mechanisms suggested for B-eliminations
and deﬁailed discussions have been given concerning factors which affect
the reaction pathway. Consequently, only brief descriptions of the

mechanisms will be given here,

The E1 Mechanism

Hughes (31), in 1935, was the first to propose the mechanism in
which the slow step, involving the heterolysis of the C-X bond, gives
an intermediate carbonium ion which subsequently loses a B-hydrogen to
yield an olefin. This unimolecular mechanism is designated as El1 and
is represented by equations (3) and (4)., The carbonium ion intermediate
may proceed by three pathways: (a) it may recapture X~ regenerating the
substrate; (b) it may decompose with the loss of a beta hydrogen to give

the elimination product; or (c) it may undergo substitution as the result



I ky b e - i
H-C-C-X H-C-CZ + X (3)
k., I
k
% —"'2—‘_' >C=C< + YH (4)
H-C-CZ + Y: — -
S H..Cl-cl:..‘{
k
3

of neutralisation by a solvent molecule or any other available
nucleophile, ¥ . The partitioning of the carbonium ion is, therefore,

controlled by the relative reaction rates of the three processes.

The E2 Mechanism

Hanhart and Ingold (20),in 1927, reported on a mechanistic
study of elimination reactions in which they proposed a concerted
bimolecular mechanism for the decomposition of quaternary ammonium
salts. This mechanism for beta elimination has been extended to other
types of substrates and now appears to be the normal pathway for base-
promoted elimination reactions.

In the reaction, a base, B, which may be neutral or negatively
charged, removes a proton from the beta-carbon atom of the substrate
while the leaving group, X, splits off in a concerted process to
generate the unsaturated product. The leaving group, X, is an electron-
attracting ‘group that may be neutral or positively charged. Equation

(5) depicts the formulation for this E2 (bimolecular elimination)



mechanism with a transition state in which concerted C-H and C-X bond

rupture is accompanied by nm-bond formation between the carbon atoms.

§ =
B
| | !
- ; I . T -
B™ + -T-cl_ —— -clz-—c::— i Gl 4 BH o X (5)
% i X
transition
state

The Elcb Mechanism

In 1933, Ingold suggested another mechanism consistent with
second order kinetics and designated it as Elcb, meaning unimolecular
elimination involving the conjugate base of the substrate. In this
process proton transfer to base, giving rise to an intermediate
carbanion, is completed before any change has occurred at the C-X
bond. Unimolecular ejection of X from the conjugate base of the
substrate then generates an olefin. This is shown in equations (6) and

(7).

B Bulala) mmmem=— B % 100X (6)

|
-G — L2 e+ X (7)
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Miller (32), in 1959, was the first to demonstrate this reaction
pathway when he reported that dihaloethylenes and trichlorethylene
undergo base-catalysed deuterium exchange with solvent considerably

more rapidly than dehydrohalogenation. Isotope exchange was interpreted

D Cl C1 H C1
\C=c/ L. . "--C=C/ et \C=C/ (8)
P / LS \

Cl Cl C1 i Cl1 Cl

C=f ————aes 01~ + GlC=CE (9)

as indicating that the carbanion which is formed regenerates reactant
by abstraction of a proton from the solvent., Miller further argues
that the formation of the carbanion cannot be a side reaction for the
energy required to eject the halide from the carbanion, in which there
is a completely free electron pair, should be less than the energy
required for an E2 reaction in which, at the transition state, the
electron pair is only partially free. This test of isotopic exchange

is now widely used as a criterion for the Elcb mechanism.
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The «',B-Mechanism

The «',B-mechanism of elimination, first suggested.by Wittig
in 1956, has been observed in the reaction of 'onium compounds with
very strong bases such as phenyllithium. In this reaction, an alpha
hydrogen is abstracted by the base to form a dipolar ylide, I, which
then abstracts a beta hydrogen from another branch of the substrate by

way of a cyclic transition state, equation (10).

I N 7~
~C=C- ... . -C——C— ——== =C N(CH BH (10
. s SR e
H T(CH3)2 H\\ T(CHB)e
CH3 'Ecna

In Wittig's study of the reaction of dimethylisopropyl
(iodomethyl)ammonium ion, II, with phenyllithium, (33), the reaction

products were found to be propylene, iodobenzene and trimethylamine,

H.Li —e CH_=CH-CH, + CH_I + (CH3)3N (11)

+
(CHB)ZCH-N-(CHB)z & c6 5 s 3 efls

CHzI

II

Clearly, a normal E2 reaction has not taken place for iodobenzene,
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rather than benzene, was formed, He interpreted the results in terms
of the initial formation of alkyllithium, III, followed by an a',B-

elimination to give the products.

+ +
(CHB)Z-CH-N-(CHB)Z + C6H5L1——(CH3)2-CH—N—(CH3)2+ C6H5I (12)

o T
CHZ-I _9H2L1

I1T

r

+
CHB-TH——N-(CHB)z ——— CHB-CH=CH2 + (CHS)BN (13)
(e, =,
H

In studies on the stereochemical course of the reaction of
cyclooctyltrimethylammonium ion with different bases, Wittig (34,35,36)
observed that, with phenyllithium as the base, cis-cyclooctene is
favoured 9:1. He found, however, that trans-cyclooctene is favoured
when the base is hydroxide or amide. This was interpreted in terms of
an ordinary E2 process when hydroxide is the base and an a',B-process
when phenyllithium is the base. These conclusions are strongly supported
by the results of the reaction of methyllithium on cyclooctyldimethyl

(bromoethyl )ammonium ion which gives the same 9:1 ratio of cis- to trans-

cyclooctene,
The best test for the a',B-mechanism involves the use of deuterium

as a tracer. The hydrogenson the beta carbon are replaced by deuterium
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and the trimethylamine product is examined for the presence of this
isotope. Equation (14) illustrates that if the «',B-mechanism is

operative then one deuterium per molecule will be observed in the

trimethylamine produced.

| |+ .
.llc;_lc.i;{(m&is)2 + B —IT)/—,——(I: - + BH
3 | i
sCH

(14)
. T
_C=C_ + (CHB)ENCHz-D

Cope (37) and Shiner (38) have applied this test in studies
on the elimination reactions of the compounds IV and V, but were unable

to detect deuterium in the trimethylamine., Ayrey (39) studied the cis

+
D CH2-N-(CH3)3

+ -
CDBCHZN-(CH3)3 OH

Iv \'
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elimination of trans-2—pheny1cyclohexyltrimethylammonium-Z--g_1 ion, VI,

with ethanolic potassium hydroxide, equation (15), and also found the

OH™
H KR RN (55" - 5. W + N(CH,). (15)
65 e T 33
N(CH3)3 / \

H H Cels

resultant trimethylamine to be free of deuterium. Clearly, these results
indicate that, under normal conditions, the Hofmann reaction dces not
proceed by way of an a',B-mechanism involving an ylide, even though in
Ayrey's example (39) the E2 reaction is energetically unfavourable
because the participating groups are unable to attain an anticoplanar
relationship at the transition state. It has been suggested by Cope
(40) that here the phenyl group on the alpha carbon promotes reaction
by either an Elcb mechanism or an E2 mechanism in which C-H bond rupture
is well in advance of C-N bond rupture and, therefore, that co-planarity
considerations are of less importance than in a more synchronous E2 A
process.

Cope (40) did, however, establish the a',B-mechanism for the
decomposition of 2-t-butyl-3,3-dimethylbutylirimethylammonium-2~d

hydroxide, VII, Steric interactions make it difficult for the
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¢ CH

C(CHB)B - ( )

(CHB)BC-C-——CH2 —_— (CH ) c ?// (
+
D N (CH3)3 N (CH )
:CH2
VII
(16)
?(CHB)B
(CH ) c C=

CH + (CH3)2NCH2—D

eliminating groups to attain the anticoplanar transition state necessary
for a facile E2 process., Instead, the alternative a',B-mechanism, in
which the groups have a cis relationship, finds favour, equation (16).
Franzen (41), in an investigation of the reaction of
tri(ethyl-l,l—ga)sulphonium ion, VIII, with trityl sodiumequation (17),
found that only seventy five per cent of the triphenylmethane was
deuterated, indicating that the reaction does not proceed exclusively

by the @«'B-mechanism but that an E2 process contributes as well,

(C6H YOO % CH,=CD,

S
L + CH,CD_SCHDCH,,

+ -+
(CHBCDZ)BS + (C6H5)3CNa e (17

VIII (06H5)3CH + CH2=CD2

+ (CHBCDZ)as
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Kinetic Distinction Between the El, E2 and Elcb Mechanisms

An important diagnostic tool in the mechanistic investigation
of B-elimination reactions is the determination of the number of
molecules involved in the transition states of the various reaction
steps. The El, E2 and Elcb mechanisms will be examined separately to
see how a study of the kinetics of the reaction can contribute to the

characterisation of the elimination process.

The E1 Mechanism

The unimolecular mechanism is represented by equations (18) and

(19) and the kinetic expression for the formation of the olefinic

| | | .
EO0-K ' eclees  HLART X (18)
I k_,
~ ¥
. 6e0< + HY
" | o B
-?-C\\\+ Y: | (19)
|
ks H-C-C-Y

product is shown in equation (20).

klkz(Substrate)(Y_)
Rate of elimination = . - (20)
k__l(X ) + (k2 + kB)(Y )
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If the initial step is irreversible, in other words, if k_l(x‘)

is very small with respect to (k2 + k3)(Y—)' the rate of elimination
assumes the familiar rate expression for first-order kinetics, equation

(21). This expression then governs the rate of elimination when the

klkB(Substrate)
Rate of elimination = (21)

(k2 + k3)

initial heterolysis is rate determining and is the form usually

observed in El reactions.

The E2 Mechanism

The important distinction between the E1 and E2 mechanisms is
that the rate of the former is not affected by the addition of bases
whereas E2 processes are accelerated by base and are exceedingly slow

in the absence of added base. Referring to equation (22), formulating

= -
B
H H
o I I | N -
B™ + -T_<|:- e e e Oa0 o+ BH + X (22)
X o -
transition

state
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the E2 process, it is evident that eliminations of this type can be
expected to exhibit second-order kinetics, first order in each of

substrate and base, equation (23).

Rate of elimination = ka(Substrate)(B_) (23)

The Elcb Mechanism

The Elcb mechanism is also consistent with the observation of
second~order kinetics., In this process, the base removes the B-hydrogen
to form a carbanion which subsequently loses the leaving group to give

the olefin. From equations (24) and (25), it can be seen that the

- I ky x4
B” + H-C-C-X —_——== BH + :0-CX (2h)
| k '
-1
Tt e i e (25)
i (e o 2Us # 5

rate of elimination is given by equation (26), and that when the base

klkz(Substrate)(B~)
ky, + k_l(BH)

(26)

Rate of elimination =
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is the lyate ion of the solvent, as usually is the case, the reaction
follows simple second-order kinetics.

There are two limits, however, that must be considered, First,
the formation of the carbanion from the substrate could be an equilibrium

process in which k_l(BH)>> k,. The rate of elimination is then given by

klka(Substrate)(B )

Rate of elimination = k_l(BH) (27)

equation (27) and, because it is proportional to (B™)/(BH), specific
base catalysis will be observed. The other limit is when k_, (BH) <<k2.
Essentially, then, every carbanion formed is converted to elimination

product. The rate expression reduces to equation (28) and the reaction

Rate of elimination = kl(Substrate)(B-) (28)

proceeds by way of a rate-determining proton transfer followed by a
rapid reaction of the anion to give products. The reaction rate will
be dependent upon the sum of the reactions of all bases present and

general base catalysis will be observed.

Criteria for Distinguishing between the E2 and Elcb Mechanisms

Because of the kinetic similarities in the E2 and Elcb
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processes, it is often not possible to differentiate between them from
kinetic information alone., The usual approach to the problem of
distinguishing between Elcb and E2 processes is to test for hydrogen-
deuterium exchange between the reactant and the solvent which is the

conjugate acid of the basic reagent. It can be seen from equations (29)

K .
B™ + R.CH-CH -X 1 R.G-CH. -X + BH (29)

2 > 20UV,

x

1
iy k
RG-CH.-X ———2 s RC=CH + X" (30)
V=L | BN

and (3%0) that if a carbanion is formed deuterium may be incorporated
into the reactant by way of proton abstraction from deuterated solvent,
BD. The observation of deuterium in recovered substrate is considered
to be evidence for the formation of this reaction intermediate.

The absence of deuterium pick-up, however, does not necessarily
exclude a carbanion intermediate since its decomposition to olefinic
product may proceed at a much faster rate than its reaction with
solvent to regenerate substrate. In this case, reaction will.proceed
via a rate-determining proton transfer followed by rapid decomposition
to products. The limits of detection are such that deuterium enrichment
will only be observed if the kz/k-l(BH) ratio is less than about one

hundred (238).
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The first reported application of the deuterium exchange test
for distinguishing between the Elcb and E2 mechanisms was reported in
1945‘by Skell and Hauser (42) for the reaction of 2-phenylethyl bromide
with ethoxide ion in deuterium ethoxide. No deuterium, however, was
detected in the reactant., Hauser (43) later reported on the reactioh
of EtZCDCHaBr with sodamide in liquid ammonia in which the very strong
basic conditions might have been expected to promote hydrogen abstraction.
In this example as well, isotopic exchange was not observed. These results
are consistent with either a one-step mechanism or a two-step process
in which the carbanion decomposes rapidly to product.

A deuterium exchange test was conducted by Cristol (4%) on the
dehydrohalogenation of beta hexachlorocyclohexane, IX, which, unlike all
other isomers of hexachiorocyclohexane, is unable to undergo a facile
E2 reaction since no pair of hydrogen and chlorine atoms on adjacent
carbon atoms have a trans relationship to each other. When the reaction
was carried out with sodium ethoxide in deuterated ethanol to fifty

per cent completion, infrared analysis indicated no deuterium pickup.

C1
Cl C1

c1 & P

IX
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Mass spectrometric analysis, however, indicated that 0.079 excess atom
per cent deuterium was present in unreacted substrate and this result
was interpreted as indicative of the existence of a carbanion intermediate
in which one carbanion reverted to initial reactant for every one
hundred and fifty which passed on to products. Other workers, howevér,
have questioned this interpretation (45) because of the very small
amount of exchange that was observed and they have indicated preference
for a forced concerted process, the transition state for which has an
unfavourable geometry.

Fast deuterium exchange was found by Miller (46) in the reactions
of ¢is- and trans-dihaloethylenes with methoxide ion in deuterated
methanol, The rate of exchange was observed to be about twenty-five
times faster than the rafe of elimination and Miller interpreted this

in terms of an Elcb mechanism, equation (31).

BrCD=CHBr + CHBOH
CH_OD

- 3 .
BrCH=CHBr + CH3O (31)

HC=CBr + CH,OH + Br~

Hine (47) found in the elimination of DF from CDC1,CF, that
base-catalysed deuterium exchange with solvent occurred at a rate which

is rapid compared to the consumption of alkali, equations (22) and (33).

The undeuterated analogues, when treated with base in deuterium oxide,
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CDClZCF3 + B e :CClaCF3 + BD (32)

:cc:L2<:F3 ————pre 0012=CF2 + F (33)

exhibited changes in their infrared spectra in a manner expected for
a deuteration process. Hine interpreted these results as indicative
of an Elcb mechanism in which the rate of return of carbanion to
starting material is fast relative to the rate of conversion of carbanion
to product.

Erickson (48) investigated the dehydration of malic acid to
fumaric acid, equation (34), and observed rapid exchange of the methylene

protons in malic acid for deuterons in deuterium oxide, indicating

) H\Z /coa»
OZCCHZCH(OH)Coz + OH e /=c\ + H,0 (z4)
0,C H

reaction by a carbanion mechanism., Roberts (49), in a study of the
amination of halobenzenes, equation (35), found fast deuterium
exchange for both fluorobenzene and chlorobenzene. He concluded that
the reaction involves the initial formation of a carbanion which is

then converted into product by way of a benzyne intermediate, equation

(36).
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NHZ
M
+ KM, (35)
X . ‘H2
X NHZ "
1 NH
l slow 3 (36)
///’
Benzyne

In each example cited it has been assumed that hydrogen-deuterium
exchange accompanying elimination is indicative of the Elcb mechanism,
It is possible, however, that carbanion formation is an irrelevant
reaction and that in systems in which the presence of this ionic
species is demonstrated by hydrogen-deuterium exchange, the elimination
reaction itself proceeds by the one-step process. Hine (50) has put
forth the point of view that departure of the leaving group must
certainly be easier from a carbanion with its completely free beta-
electron pair than from an incipient carbanion in which the beta-
electron pair is only partially freed., Therefore, he argues, if a
carbanion is formed, as demonstrated by isotopic exchange, its decomposition
to elimination product should outweigh reaction by the one-step process.
Breslow (51), on the other hand, argues that because the E2
transition state has less negative charge on carbon it can be expected
to have a lower energy than the transition state leading from the

carbanion to product. Therefore, he concludes, reaction by the E2
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process will be more likely than reaction by way of a reversibly-formed
carbanion, although isotopic exchange might still be observed if the
energy of the transition state for anion formation is lower than that
for either the E2 process or the Elcb process, His argument, however,
does not include consideration of the relative energies of the partial
C-X bond in the two systems, which could very well favour the transition
state for the Elcb reaction.

Breslow also argues that electron-withdrawing groups on the
phenyl ring of 2-phenylethyl derivatives would be expected to decrease
the rate of conversion of a carbanion to product if the important
factor is the ability of the beta-electron pair to "push'" the leaving
group off as formation of the double bond occurs. Such substituents,
however, which decrease the charge density on the beta carbon, increase
the rate of elimination. He attributes this to a lowering of the energy
of the partially anionic transition state for reaction by the E2 process.
He neglects to note, however, that the transition state in an Elcb
process will also have high carbanionic character and therefore will
be stabilised by electron-withdrawing groups giving rise to an increase
in the rate of elimination. The shortcoming in Breslow's argument
based on substituent effects is that he has concentrated his attention
on the energy difference between the carbanion intermediate and the
transition state leading from it to product, rather than the energy
difference between the initial state and this transition state.

It is impossible to generalize with respect to the mechanisnm

of elimination in a system showing hydrogen-deuterium exchange,
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Demonstration of isotopic exchange can not necessarily be considered
as evidence for a carbanion intermediate in B-elimination reactions
and the absence of isotopic exchange does not establish the E2 mechanism,
In a particular case, the elimination may be proceeding by way of the
carbanion intermediate whose presence has been demonstrated by exchange
or it may be proceeding by the entirely different E2 process. Clearly,
other criteria are necessary to distinguish between these two processes.
The first attempt to distinguish between the E2 and Elcb
mechanisms for a reaction which does not exhibit deuterium exchange was
by Buncel and Bourns (52) who pointed out that this problem can be
resolved by evaluating the kinetic isotope effect associated with the
leaving group. In a concerted E2 process, the C-X bond will be broken
in the rate-determining step and this should result in an isotope
effect of considerable magnitude. In the carbanion mechanism in which
k2)> k-l' the rate~determining step is the formation of the carbanion.
The C-X bond is essentially intact at the transition state and no
isotope effect, or an extremely small one, can be expected.
Buncel and Bourns found a very small amount of deuterium

exchange in the carbonyl-elimination reaction of benzyl nitrate with

CH CH20H

- 3 -
) - e e e D T b
C6H5CH2 0 NO2 + CHBCH20 C6HSCH 0 + NO2 (37)

ethoxide ion in ethanol giving benzaldehyde, equation (37). It follows
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that if the reéction is proceeding by the Elcb mechanism, the formation
of the carbanion intermediate must be rate determining. The nitrogen
isotope effect, (qu/kl5 - 1)100, associated with the formation of

the nitrite ion, was found to be 1.96 per cent at BOOC. This isotope
effect, which is one of the largest observed for nitrogen in a rate
process, unequivocally establishes that the O-N bond is undergoing
rupture at the transition state. This result, coupled with the lack of
significant isotopic exchange, eliminates reaction by way of a carbanion
intermediate which is hydrogen bonded at the carbanionic centre with a
molecule of solvent, Not excluded, however, is reaction by way of a
carbanion which is specifically hydrogen bonded to the molecule of

ethanol formed by abstraction of the B-hydrogen by base, equation (38).

X X
L4 k | | k, s AR
(Tt —~G—C—  ———Sm= X1 + EtOH (38)
|| k_y .
H H
. /
EtO ETO

If this specifically-solvated carbanion* were in equilibrium with
reactants, the second step involving O-N bond rupture would be rate

determining and a normal isotope effect would be observed, The B~

* Cram (53 ) has reported evidence for such intermediates in the base-
catalysed hydrogen-deuterium exchange reaction of 2-octylphenylsulphone.
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hydrogen~deuterium isotope effect associated with such a process, however,
would be very small, or even less than unity, since it would arise from
an equilibrium proton transfer between carbanion and ethoxide ion (54).
The hydrogen-deuterium isotope effect, kH,/kD, observed by Buncel and
Bourns was 5.0 at 60°C., a value close to the maximum calculated (ca.
5.6) for complete loss of the carbon-hydrogen stretching frequency at
the transition state (55), and certainly much larger than that expected
for an equilibrium process. On the basis of these three observations,
namely, negligible deuterium exchange, a normal nitrogen isotope effect
and a large hydrogen-deuterium isotope effect, any mechanism involving
a carbanion intermediate is excluded and the reaction would appear to
be an E2 process.

In a similar study, Smith (54) reported on the mechanism of
the carbonyl-elimination reaction of 9-fluorenyl nitrate with acetate
ion in which no detectable deuterium exchange had been observed. The
primary nitrogen isotope effect of 0.9 per cent excludes reaction by
way of a freely-solvated carbanion intermediate and the observation of
a hydrogen-deuterium isotope effect of 4.25 at BOOC. excludes any
possibility of a pre-equilibrium formation of a specifically hydrogen-
bonded carbanion., Clearly, these results also preclude any form of a

two-step carbanion mechanism and are in accord with a concerted process.

Transition State Geometry in Bimolecular Elimination Reactions.-

The transition state for a bimolecular elimination reaction

involves partial breakage of the C-H and C-X bonds with simultaneous



formation of a carbon-carbon double bond and a base-to-hydrogen bond,

X. Until recently, these processes were apparently considered to be

transition state
for an E2 reaction

X

essentially synchronous with the C-H and C-X bonds breaking to about

the same degree, XII,

It is now evident, however, that either C-H or

C-X bond rupture may be advanced over the other and that the relative
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extent of the two bond-rupture processes depends on the structure of
the substrate and the conditions of the reaction. This means that there
can be a range of possible transition states (29). In one extreme, the
"nearly E1" transition state, XIII, extensive C-~X bond rupture occurs
while the C-H bond remains nearly intact. The alpha carbon carries
considerable positive charge but there is only a slight development of
the carbon-carbon double bond., In the other extreme, XI, C-H bond
rupture is far advanced over C~X bond rupture and the transition state
is "Elcb-like'", A variety of factors will determine the quality of
the transition state and a large portion of this thesis is concerned
with the relationship between the stereochemical disposition of the
eliminating groups and the nature of the transition state.

Concerted bimolecular elimination reactions have generally
been considered to prefer transition states in which the four atoms
H-C-C-X involved in the reaction are in one plane with the departing

groups trans to one another, XIV, (26). This geometric requirement has

trans Elimination

XIv
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been regarding as arising out of the necessity for the pair of electrons
initially in the C-H bond to act on the alpha carbon from one side
while the leaving group departs from the other side, XV. In acyclic

systems, such an arrangement of atoms, with a dihedral angle of 1800,

N(CH,)
(T Fisls

]
H

Xv

is usually possible because of the freedom of rotation around the
Ca-CB bond. Cyclic systems, however, do not always have‘the
participating atoms arranged in a trans coplanar relationship and a
much slower rate of elimination often results. For example, in the
cyclohexyl system, coplanarity with a dihedral angle of 180° requires
the departing groups to be axial and trans, When H and X have a cis
relationship this preferred stereochemistry for synchronous rupture

of the C-H and C~X bonds with simultaneous formation of the double bond

is not possible and instead one bond ruptures in advance of the other.
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When strong electron-withdrawing groups, R, are attached to the beta
carbon, XVI, it has been suggested that it is the C-H bond which is
rupturing first, and, in the extreme where complete C-H bond rupture
occurs prior to any stretching of the C-X bond, an intermediate
carbanion is formed (29).

Cristol (1) , in 1947, showed that the beta isomer of
hexachlorocyclohexane, XVII, in which there are no trans hydrogens and
chlorines, undergoes bimolecular cis elimination at a rate 1/7000 to

1/24000 as fast as the other isomers. The activation energy (ca. 31 kcal.

C1l G

XVII

mole-l) for this cis elimination is about 12 kcal. mole_1 greater than
for trans elimination in the other isomers. Cristol (2 ) suggested that
this is a consequence of the inability of the reactant to assume a
transition state configuration in which the electron pair initially

associated with the C-H bond acts on the alpha carbon from the backside
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to displace chloride ion., He proposed that a possible reaction pathway
involves removal of the proton by base leaving a high-energy carbanion
which may racemise rapidly with inversion of the beta carbon followed
by displacement of the chloride ion from the alpha carbon and formation

of the double bond, equation (39).

il b
R R
R R
R R\ /R R \\ "
AN\ /4 N v
\ slow
v ¢ Bl = C\
B:/
/R R R R
/ A
V4 (T
¢ - c c (39)
6¢/7 \\\ ~C1 // \\
H \ R R
R'R C1

The standard technique for demonstrating the existence of an
intermediate carbanion has been the deuterium exchange test. 'The reaction
is carried out to about fifty per cent completion in deuterated solvent
and the presence of deuterium in recovered reactant has been accepted
as an indication that a carbanion mechanism is operating. As was

discussed earlier in this thesis, Cristol performed such a test on the



cis elimination of beta hexachlorocyclohexane (44) and recovered a
very small amount of deuterated reactant. He interpreted this finding
as a demonstration of the existence of a carbanion intermediate in
this elimination reaction,

In a further investigation of the factors responsible for

relative reactivities in cis and trans systems, Cristol studied

elimination reactions in a number of bicyclic halides. He first
reported on the dehydrohalogenation reactions of cis~- and trans-

11512-dichloro=~9,10-dihydro~9,10-ethanocanthracene, XVIII and XIX (3).

XVIII XIX

Both reactions were found to be very sluggish with cis elimination from
the trans-compound being preferred by a factor of about eight over
trans elimination from the cis-compound. This was the'first time that
cis elimination had been observed to be faster than trans elimination.
Cristol points out that by looking down the axis through C11 and 012,
XX, it can be seen that the hydrogens and chlorines are each out of the
hypothetical plane AB by about thirty five degrees and are unable to

attain planarity owing to restriction of rotation. The substituents
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are positioned trans to each other but the requirement of coplanarity
is not fulfilled. Trans elimination becomes very slow and, in fact,
slower than cis elimination.

In 1956, Cristol (56) reported on the bimolecular dehydrohalo-
genation reactions of 1l,2-dihaloacenaphthenes, XXI. Trans elimination

is favoured over cis elimination by a factor of about 750 and Cristol

XCH—HCX

concluded from activation data that in this system there is sufficient
freedom of rotation about the Cl--C2 bond to allow the trans elimination
to approach coplanarity at the transition state. He noted that the

trans /cis ratio is not as great as in the hexachlorocyclohexanes (ca.

10u) ( 1,2 ) and he ascribed this to an increase in rate of cis
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elimination resulting from stabilisation afforded the carbanion
intermediate by the naphthalene ring system.

Cristol then turned his attention to the elimination reactions
of a series of 2,3%-norbornane derivatives, XXII, XXIII and XXIV, with
sodium l-pentoxide in l-pentanol ( 4,5 ) and observed a preference for
cis elimination over trans elimination by a factor of about 102. Cristol
considered that in these cases the preference of cis elimination does
not arise from factors increasing its rate but rather from factors
markedly decreasing the rate of trans elimination. The geometry in

the cis isomers is unfavourable for a trans coplanar transition state

H ClL OTs

C1 Cl Cl

XXII XXIII XXIV

and trans elimination becomes very slow. He interpreted the activation
data for both cis and trans eliminations on the basis of a process
involving a carbanion intermediate.

Bimolecular cis eliminations have also been observed in cases
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where removal of the hydrogen by base is facilitated by the presence

of an electron-withdrawing group on the beta carbon. In 1956, Bordwell
( 6,7 ) reported on the base-catalysed E2 reactions of cis- and trans-
2-(R-tolylsulphonyl)cyclohexyl p-toluenesulphonates, XXV and XXVI,

and the corresponding cis-~ and trans-isomers in the cyclopentane system,

XXVII and XXVIII., The trans-isomers each gave an a,B-unsaturated

sulphone corresponding to elimination of a hydrogen cis to the tosylate
group in preference to an unactivated hydrogen trans to the tosylate
group, equation (40), the latter mode of elimination being the
preferential one if a trans relationship of groups eliminated were the
dominant factor. It is clear from this result that the presence of an
electron-withdrawing group on the beta carbon is more effective in
directing the course of elimination than is the geometrical relationship
of H and X.

The ratio of trans elimination to cis elimination in the cyclohexane
series is about 435 and in the cyclopentane series is about 20, It is
interesting to note that trans elimination in the cyclopentane series
is three times faster than trans elimination in the cyclohexane series
even though a planar four-centred transition state can be achieved in
the latter case. Bordwell attributes this to relief of steric strain
in the cyclopentane series resulting from a reduction in the number of
eclipsed hydrogens or other groups as the ring is converted to a cyclo-
pentene system. He suggests that this factor is probably responsible
for the rule that "it is easier to introduce a double bond into a

five-membered ring than into a six-membered ring'" (57,58). The rate
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ratios of 435 and 20 favouring trans over cis elimination are much
smaller than the rate ratios of approximately 104 observed by Cristol
in the elimination reactions of the isomeric hexachlorocyclohéxanes.
Bordwell concludes that the reason for this is that the four-centred
transition state, with groups to be eliminated occupying trans
positions, is not nearly as important a factor in these systems where
the hydrogen being eliminated is activated by an electron-withdrawing
group.

In a subsequent publication, Bordwell reported that both the
cis and trans eliminations from isomeric 2-p-tolylsulphonylcyclohexyl
and 2-p-tolylsulphonylcyclopentyl p-toluenesulphonates are general base
rather than specific hydroxide ion catalysed (8 ). This observation
demonstrated that the reactions proceed either by a concerted pathway
or by a rate~controlling proton transfer followed by a rapid reaction
of the anion to give products.

Bordwell then extended his studies to analogous open-chain
systems in which formation of a carbanion intermediate should lead to
a non-stereoselective elimination (9 ). He found, however, that the
elimination reactions of ée-ggzgg— and N- rythro-3-p-tolylsulphonyl-
2-butyl p-bromobenzenesulphonates, XXIX and XXX, occur selectively trans,
thus ruling out the possibility of an intermediate carbanion. In addition,
he determined that cis elimination of trans-2-p-tolylsulphonylcyclopentyl
p-bromobenzenesulphonate, XXXI, under comparable conditions is seven

times faster than trans elimination in the dl-threo case, XXIX, and
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three times faster than trans elimination in the BQ-erythro case, XXX.
Furthermore, the activation energy for this cis elimination is of the
same magnitude or smaller than that for the trans eliminations.

Cristol (1,2), on the basis of a much smaller rate and about
12 kecal. mole-l higher activation energy for cis elimination compared
to trans elimination in the hexachlorocyclohexane systems, suggested
a two-step mechanism for cis elimination in beta hexachlorocyclohexane,
Subsequently, he generalised this viewpoint to include other cis
eliminations (4,5). Bordwell's data, however, does not provide the
basis for the assumption of an energetically unfavourable two-stage
process in cis eliminations., The observation of general base catalysis

in cis elimination and the observation that comparable trans eliminations
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in open-chain systems are stereoselective show that formation of a
carbanion intermediate is very unlikely in the elimination reactions

of the sulphonyl sulphonates. Bordwell concludes that these results
point to a concerted mechanism for cis as well as for trans eliminations
in systems where removal of the hydrogen by base is facilitated by

the presence of an electron-withdrawing group attached to the beta
carbon.

Since the presence of the sulphonyl group on the beta carbon
would be expected to strongly stabilise the carbanion, it would seem
unlikely that a carbanion is formed in systems where sﬁch a stabilising
influence is smaller or absent. On this basis, Bordwell was of the
opinion that all the earlier cis eliminations reported by Cristol are
probably E2 rather than Elcb reactions, bearing in mind, however, that
the distinction between Elcb and E2 vanishes as the 1ife;time of the
carbanion intermediate becomes infinitessimally small.

Cristol (11), in 1960, reported on the elimination reactions
of cis~ and>££§£§—2-phenylcyclohexyltrimethylammonium ions and cis-
and trans-2-phenylcyclohexyldimethylsulphonium ions. He found that
in the ammonium series trans elimination is 133 times faster than cis
elimination and that in the sulphonium series the trans/cis rate ratio
is 383. These results were interpreted by Cristol in terms of a
concerted E2 process for trans elimination and a multi-stage process
for cis elimination.

The trans/cis rate ratios are again smaller than that observed
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in the hexachlorocyclohexanes and Cristol explained this on the basis

of conformational considerations. A chair conformer for a trans coplanar
elimination must have the leaving groups, H and -ITI.(CHB)3 or EKCHB)Z’ in
the axial positions where there will be extreme crowding. On the

other hand, it is likely that in the ground state the 'onium groups will
reside in an equatorial position with the phenyl group in the axial
position. The slower rate of elimination could then be the result of

the increase in energy to force the ‘onium group into the axial position
required for the formation of the anti-coplanar transition state.

In 1962, DePuy (10) reported on the base-promoted eliminations

/ k

of cis~ and trans-2-arylcyclopentyl tosylates in which ktrans -

is only about 14. For the cis elimination of the trans-2-arylcyclopentyl
tosylates, he determined a Hammett rho value of 2.34% % 0.03. In previous
work (23) on a series of 2-arylethyl tosylates, which can acquire a
trans coplanar conformation, he found a rho value of 3.39 ¥ 0.29. This
must mean that there is a smaller development of negative charge at
the transition state for the cis elimination than in the trans elimination
of the acyclic compound suggesting that the former is the more concerted
process.,

On the basis of these results and the results of the other cis
elimination reaction studies previously cited; DePuy (10) proposed
that the essential feature of the geometry for an E2 process is not
the trans relationship of the eliminated atoms or groups, H and X,

but coplanarity of the four-centre system. He suggested that a plot
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of the rate of elimination versus the dihedral angle between the hydrogen
and the departing group would show maxima at both 0° and 180° and a
minimum at 900. This means that coplanar transition states, whether
cis or trans, have a lower energy than non-coplanar transition states,
and, consequently, elimination will be more facile when the dihedral
angle is 0° or 1800. As a corollary to this, he predicted that as the
dihedral angle approached 900 from either 0° or 1800, the elimination
would approach Elcb.

On the basis of these predictions, previous results reported
in the literature are more readily understood. Cristol (4) had found
that in the 2,3-dihalobicycloheptane series cis elimination is faster
than trans elimination., Here, cis elimination can proceed by way of
a coplanar transition state whereas trans elimination cannot.
Furthermore, in the study of the elimination reaction of 11,12-dichloro-

9,10-ethanoanthracene, Cristol (3) found kcis/k to be about eight.

trans
A cis coplanar transition state is attainable but coplanarity is not
possible for trans elimination.

In 1965, DePuy (59) reported in detail on the elimination
reactions of 2-arylcyclopentyl tosylates with E-butoxide ion in t-butyl-
alcohol., First, he established conclusively that the reactions of
trans-2-arylcyclopentyl tosylates are indeed cis eliminations. He then
investigated in more detail than in his first paper (10) the steric

and electronic characteristics of the transition state for these

eliminations. He found a slightly larger rho value of 2,76 t 0.04 for



cis elimination, compared to 2.34 reported earlier (10). For trans
elimination in the cis-2-arylcyclopentyl tosylates, a rho value of
1.5 was observed.

The transition state for the reaction of 2-phenylethyl tosylate
is considered to be a good model for a concerted E2 reaction lying
slightly to the carbanion side of the '"central state'" (29). A comparison
of its rho value of 3.4 (47) with the rho values for the reactions of
the 2-arylcyclopentyl tosylates shows that the transition state for
both the cis elimination and the trans elimination in the cyclic systems
have less carbanionic character than the transition state for trans
elimination in the phenylethyl system.

Although the cis elimination reaction of trans-2-arylcyclopentyl
tosylate may have some carbanion character, there is no indication
that the reaction is in fact proceeding by way of a carbanion intermediate,
First, the reaction conditions appear to be too mild to permit the
formation of a benzyl carbanion. Secondly, a rho value of 2.8 seems
too small for an Elcb mechanism, Thirdly, the hydrogen-deuterium
isotope effect, kH/kD, for cis elimination of trans-2-phenylcyclopentyl
p~toluenesulphonate is 5.6 at 50°C. If this reaction was proceeding
by a carbanion mechanism, the extent of proton transfer to base at

. the transition state would be expected to be considerably greater
than at the transition state for a concerted process. According to
present theory, page 67 of this thesis, this would result in a lower

D
isotope effect. The kH/k value for 2-phenylethyl p-toluenesulphonate
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at 30°C. is 5.7 (61) (estimated 5.2 at 50°C.). The similarity in
isotope effects for cis elimination in the 2-phenylcyclopentyl system
and trans elimination of the 2-phenylethyl system would indicate that
the two processes proceed by the same mechanism. Clearly, these results
establish rather conclusively that cis elimination from trans-2-phenyl-
cyclopentyl p-toluenesulphonate is indeed a concerted process.

LeBel (60,62), in 1963, reported on a particularly thorough
study of the E2 reactions of a number of 2,3-dihalonorbornanes with
sodium l-pentoxide in l-pentanol. The results of dehydrohalogenation
clearly confirmed the noted preference for cis elimination that Cristol
(4) had observed in his earlier work on bicyclic systems. At llOOC.,
the cis/trans rate ratios were found to be 31, 29 and 67 for dibromides,
chlorobromides and dichlorides, respectively. The enthalpies and

entropies of activation vary in the same direction and by approximately

Y X
5 %
XXXIT X=Y=Br XXXV X=Y=Pr XXXVI  X=Y=Br
XXXTIIT X=Br, Y=Cl XXXVIT X=Cl, Y=Br

XXXIV  X=Y=Cl XXXVIII X=Y=Cl



the same magnitude in the series dibromide : chlorobromide : dichloride,

regardless whether a cis or trans elimination course is followed. LeBel

interpreted this trend as indicating that both cis and trans eliminations
proceed by similar mechanistic courses.

This similarity of mechanism for these cis and trans eliminations
had been advanced by Cristol (4,5). He proposed that a multi-stage
mechanism occurs for systems in which the bonds are rigidly held in
eclipsed positions and for which a trans coplanar transition state is
geometrically improbable., It was LeBel's contention, however, that his
data permits a choice between an Elcb and an E2 mechanism and that the
evidence best fits concerted dehydrohalogenations.

If the elimination reactions proceed by way of a carbanion
mechanism, the rate-determining step will depend on the ease with which
the beta~hydrogen can be abstracted by base. In the 2,3-dihalonorbornanes,
the trans-isomers would present more hindrance to base attack than would
the endo-cis-isomers and cis eliminations might be expected to proceed
more slowly. The opposite is consistently observed, however, in keeping
with a one-step mechanism,

Additional support for the concerted mechanisﬁ is derived from
isotopic studies. When the dideuterated analogues of XXXII and XXXVI
were partially reacted no deuterium exchange was found in the recovered
substrates, This criterion does not establish the concerted nature
of the reaction; however, it is a necessary criterion.

The hydrogen-deuterium isotope effect is better evidence.
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The kH/kD value for trans elimination of XXXII is 3.4 at 126.7°C. and

for cis elimination of XXXVI is 3.6 at 96.300. For comparison, the beta-
phenylethyl system is generally considered a good model for the concerted
E2 reaction. Extrapolation of Saunders' value of kH/kD for the
dehydrobromination of 2-phenylethyl bromide with sodium ethoxide in
ethanol (61) leads to an estimate of 3.6 at 127°C. On the basis of
present theory, as mentioned earlier, the similarity in isotope effects
found in the reactions of the 2,3%-dihalonorbornanes and the E2 reaction
of the Z2-phenylethyl bromide would indicate that the two processes
proceed by the same mechanism.

Additional evidence in favour of a one-step mechanism for the
dehydrohalogenations of the 2,3-norbornanes is obtained from consideration
of the products of elimination for the bromochiorides, XXXIIT and XXXVII,
Both cis~ and trans-isomers give predominantly 2-chloro-2-norbornene.

If compounds XXXIII and XXXVII underwent elimination by an Elcb mechanism,
one would predict predominant carbanion formation at the carbon atom
bearing the bromine substituent (63), with subsequent rapid.elimination
of the chloride ion. The fact that dehydrobromination predominates in
both cis and trans elimination indicates, therefore, that bromide, the
better leaving group, is involved in the rate-determining step. This

is compelling evidence that the reactions are indeed E2 processes.

LeBel's observations support the premise that the reactions of
1,2-dihalides follow a concerted pathway with varying degrees of C-H

and C-X bond rupture depending upon the dihedral angle and the structures



of the substrate and the olefinic product. LeBel concludes, therefore,
that geometrical features ﬁreventing H and X from becoming trans and
coplénar do not necessarily lead to reaction by the carbanion mechanism.

Hine, in his investigations on the carbanion mechanism for
B-elimination reactions, became interested in Cristol's work on the
dehydrochlorination of beta hexachlorocyclohexane (1,2). It will be
recalled that, on the basis of 0.08 per cent excess deuterium found
in unreacted beta hexachlorocyclohexane after the reaction had proceeded
about fifty per cent to completion, Cristol (44) proposed an Elcb
mechanism for the elimination process. He pointed out that in a deuterated
solvent the intermediate carbanion suggested for the reaction could
either be deuterated with retention of configuration to yield labelled
starting material, be deuterated with inversion of configuration to
yield labelled delta hexachlorocyclohexane, or lose a chloride ion
to give a pentachlorocyclohexene, Either the delta isomer or the
pentachlorocyclohexene would then be rapidly dehydrochlorinated to a
mixture of trichlorobenzenes, equation (41). Reaction (64) in the
deuterated solvent will therefore lead to deuteriopentachlorocyclohexene.
Subsequent dehydrochlorination of the pentachlorocyclohexene, which
would be a cis elimination but activated by the double bond(s) already
present in the molecule, would not be likely to remove the deuterium.
Therefore, the trichlorobenzene formed would be expected to be partly
deuterated.

Hine (65) studied the dehydrochlorination of beta hexachloro-
cyclohexane with sodium methoxide in methanol-O-d and observed 0.02 to

0.05 deuterium atom per molecule in the 1,2,4~-trichlorobenzene product



49

Cl c1 H ClAC1
cL C1-£2% c1
H
bseta-HCH beta-.HCH carbanion
several
steps
06H3Cl3's
delta«~HCH carbanion (1)
] ClL o1
D
Cl
1 \\\\~\ ¢
several __ (¢ H.DCl.'s
D steps 23

after seventy per cent reaction, It was found, however, that 1,2,4-
trichlorobenzene undergoes deuterium exchange to a significant extent
under the reaction conditions and that the amount of deuterium found

is no more than would have been expected from deuterium exchange of

the trichlorobenzene after its formation. Hine concluded that if the
dehydrochlorination of beta hexachlorocyclohexane proceeds to any

major extent by carbanion formation, the intermediate carbanions must
almost always lose chloride ions and are only very rarely reprotonated
to give either the beta isomer or, after isomerisation, the delta isomer.

On the other hand, one cannot rule out the possibility that the carbanion
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formation suggested by Cristol's observation of deuterium exchange
occurs for only a very small portion of the reaction.

Dehydrochlorination of the beta hexachlorocyclohexane may proceed
by a concerted cis elimination from a boat conformer, Reaction via such
a boat conformer would require perhaps 5 kcal. mole’l additional activation
energy (66). Possibly part of the higher activation energy for the
beta isomer is due to this, Certainly, cis elimination via a boat form

would permit a small dihedral angle between the reacting C-H and C-Cl

bonds near OO, XXXIX. As was postulated by DePuy (10), such eliminations
with a dihedral angle of 0° appear to be favoured relative to those in
which the dihedral angle is of an intermediate size.

In a subsequent publication Hine (67) discussed the basis for
the relationship between dihedral angle and rates of elimination in

terms of his principle of least motion (68,69). According to this
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principle, those elementary reactions will be favoured that involve
the least change in atomic positions and electronic configuration.
A reaction should therefore occur in such a manner as to require the
least expenditure of energy in changing the relative positions of atoms.
Since the energy required to stretch or bend a bond is proportional
to the square of the distance that the bond is bent or stretched, it
is assumed that the reaction takes place so as to minimise the sums
of the squares of the atomic displacements.

Hine applied the principle of least motion to the case of the
E2 transformation of ethyl chloride to ethylene and calculated the
distances the two carbon and four hydrogen atoms must move during the
reaction. The geometry of the reactant, that minimises the sums of the
squares of the distances the six atoms must move in.assuming the transition
state was calculated for the elimination reaction with dihedral angles
of Oo, 600, 120° and 180°, A plot of the minimum sums of squares for
atomic displacements against dihedral angle is shown in Figure (1).
From the four values calculated it is clear that there should be a
tendency for pure trans eliminations (dihedral angle of 180°) to be
faster than pure cis elimination (dihedral angle of 0°) which in turn
should be faster than eliminations in which the dihedral anglé is in
the range 60° to 120°.

The principle of least motion, therefore, seems to provide
a simple and plausible explanation for the stereochemistry of elimination

reactions., It provides an explanation for the greater facility for
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Figure (1)

trans eliminations in which the dihedral angle is 180° and for cis
eliminations in which the dihedral angle is 0° and substantiates

DePuy's hypothesis (10).
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B. Isotope Effects

In this section, there will be presented a review of the general
theory of isotope effects in unidirectional processes. Emphasis will be
placed on Bigeleisen's (70) contribution in his paper on the relative
reaction velocities of isotopic molecules in which he uses the absolute
rate theory to develop a theory of chemical isotope effects. A discussion
will also be given on hydrogen-deuterium isotope effects in hydrogen-
transfer processes with particular emphasis being placed on recent
contributions by Westheimer (71), Long (72,73) and Thornton (74,75).

Classical statistical mechanics, in which kinetic energy obeys
the equipartition law and the Boltzman's equation describes the distribution
of the energies of molecules with temperature, predicts a very small
isotope effect in unidirectional reactions of an order greater than
one and no isotope effect in equilibrium processes. In both rate and
equilibrium processes, however, chemical isotope effects of considerable
magnitude have been observed and quantum phenomena are considered to be
responsible.

The kinetic energy, E, of a molecule is considered to be the
sum of the translational energy, Et' and the internal energy, Ei’ the
latter being made up of the electronic energy, Ee’ the rotational energy,

Er’ and the vibrational energy, E , equation (k2), Each of these
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energy terms is quantised. The translational energy levels are very
closely spaced and are considered to be continuous and classical. In
most reactions, the electrons are in their respective ground states
and because electronic ground states are nearly identical for isotopic
molecules, differences in electronic energy are not considered to
contribute to an isotope effect. Furthermore, except for the hydrogen
molecule and at very low temperatures, one can éonsider the rotational
energy levels to be classical. The vibrational energy levels, however,
which are relatively far apart, are affected by quantum considerations
and are considered to be the source of chemical isotope effects.

If it is accepted that a diatomic molecule behaves as a harmonic
oscillator, then quantum mechanics states that the vibrational energy
is equal to (n + 3)hd, where n is the quantum number which may be
zero or any integer, h is Plank's constant, and ﬂis the fundamental
vibration frequency of the molecule in the ground state, The frequency

of a harmonic oscillator is given by equation (43), where f is the force

)= =)t (43)
19
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constant between the two atoms and P.is the reduced mass, ( %1+ %é)—i.
The calculation of the vibrational energy is more complicated for
polyatomic molecules, but the energy levels of each normal mode of
vibration can be calculated in an analogous manner,

It is therefore seen that the vibrational energy of a molecule
is a function of the masses of the atoms which constitute the molecule,
For isotopic diatomic molecules in their lowest vibrational energy state
in which the quantum number, n, is zero, the energy difference, referred
to as the zero-point energy difference, will be given by %h(?i-Qz), where
91 and 92 are the vibrational frequencies of the light and heavy
isotopic species, respectively., In a reaction in which the bond of the
diatomic molecule is being broken, the motion of the two atoms with
respect to one another is no longer a vibration at the transition
state but a translational motion in which the two atoms are moving apart.
Consequently, the difference in zero-point energies for the two isotopic
transition states will be zero. It follows that the energy required
for the lighter isotopic molecule to reach the transition state will
be less than for the heavier isotopic molecule and the ratio of the
rate constants will be larger than unity., This, then, is the origin
of an isotope effect in a reaction involving rupture of a bond to the
isotopic atom in the rate-determining process.

Bigeleisen (76) has applied the theory of absolute reaction rates

to derive equations for the calculation of the ratio of the rate constants
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for the reaction of isotopic molecules from vibrational frequency data.
His approach is summarised in the following paragraphs.

In reactions between A ,B,C,.... to give Pl’ and AZ,B,C,....

l'
to give PZ' where Al and A2 are isotopic molecules, the rate constants

can be expressed as follows:

*
3
bk % ( KT )? '
= ¥
C* \+ ’
k, = K, = ( kT, ) % (45)
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where K1 and K2 are the transmission coefficients, C* is the concentration
of the activated complex, m*. is the effective mass of the activated complex
along the coordinate of decomposition, and d is the length of the top

of the potential energy barrier along the reaction coordinate, Transmission
coeeficients represent the fraction of transition states which cross

the energy barrier to form products and, as a first approximation, they

can be considered to be independent of isotopic mass. Also, since the
structure of the electron cloud surrounding a nucleus is nearly independent
of the atomic mass of a nucleus in isotopic molecules, the potential energy

surfaces for isotopic molecules are essentially indentical and d., is equal

1
to d2. Therefore,
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The ratios of the concentrations of the individual molecules can then
be replaced by the corresponding ratios of the complete partition

functions to give equation (47),

Njs
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Bigeleisen and Mayer (77) have shown that the ratio of the
partition functions for isotopic molecules can be expressed as a
simple function of the vibrational frequencies of these molecules and

the masses of the isotopic atoms as follows:

Zn-6

Q s m, u,
—f\_?_ _ i j(2) ‘ | ) VI e--(ui + Auy) (48)
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where mj(l) and mj(Z) are the masses of the isotopic atoms in the
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isotopic molecules, the s terms are symmetry numbers which indicate

the number of indistinguishable positions for the isotopic molecules

in question, u, = hoi/kT and refers to the heavier isotopic molecule,

and u, + Au; is the corresponding term for the lighter molecule. A

similar expression may be written for Q;/Q; the partition function

ratio for the isotopic transition states. Combining these in equation

(475 and cancelling like terms gives equation (49). This is the
fundamental equation expressing the ratio of the rate constants for

the reaction of isotopic molecules in terms of initial state and transition

state vibrational frequencies,

o~(ug + Aui)
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Heavy Atom Approximation

For all isotopes other than those of hydrogen, Aui is very
much smaller that U, . Resolution into series of each of the three
gquantities appearing in the product terms of equation (49), and
neglecting in these series terms of second and higher order, leads to

the following approximations:
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Substituting these into equation (49), multiplying and neglecting

second- and third-order terms gives
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}_S_:_L_ . 5,85 Elg 5 [l+ ol 7] +-e—‘ri—_—l Aui (50
k 5. *] -6
s m -
2 21 1 [1 + (3 - l; + ——%————) Au*
3 u; - 3
= el -1
Defining a function G(u,) = 3 - Lo b i substituting into
* e R i )

equation (50) gives equation (51).

- B .
- o 2 [1 o G(ui)Aui
Ky o iBylg [l i - (51)

2 21 \™1/ 3n'- 6

* *]
1 + G(u,) Au,
i i

-
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The product term in equation (51) can be written as a sum by i fold
multiplication and the rejection of terms of second and higher powers.

Equation (51) thus becomes

- -

3 Zn-6
* * )A
IR 2 Rt Z G(u, JAu,| (52)
* » B 31’1'-6 b
k s,8 m *
e 21\ Ll + E G(u. )ou,
. A
N p

which as a first approximation can be written as

i
ac E Zn-6 3n'-6
k s.s m
1 = "1°2 2 * *
- — |- 1+ :E:: G(ui)Auu - :E:: G(ui?Aui (53)
k S,S m X S
2 2 ok 1 -+ 1 : 8

This is the basic equation, known as the Bigeleisen equation,
for the calculation of isotope effects associated with heavier atoms,

The quantity in the square brackets of equation (53) gives a
quantitative measure of the energy differences in the initial and
transition states and is sometimes referred to as the free energy term.
Assuming that all molecules are in their ground states, the first summation
in this term refers to the zero-point energy difference for the two

isotopicmolecules in their initial states and the second to the
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corresponding differences at the transition state., The quantity (m;/ml)%
is known as the effective mass term and arises from the effect of isotopic
mass upon the rate with which a reacting molecule passes over the energy
barrier.

In the derivation of equation (53), the crossing of the barrier
has been treated as a translation and the partition function corresponding
to this motion has been treated as a vibration. An alternative approach,
and a theoretically sounder one, is to treat both motion over the
barrier and its associated partition.function as a translation., When

this is done, the expression corresponding to equation (49) has the form

Zn - 6 ug i ebui/Z S e-(ui 3 Aug
3 & u, + Au -us
3 . . 1 < 1
N oLoms )y T : (54)
= * * * *
' » pi -
k, 5,5, Jz n'- 7 u ui2 g (uy + Au,)
A : ~ug
i uy + Aui 1l -e
* *
where Jliand. J2 are imaginary frequencies corresponding to motion

along the decomposition coordinate. The degree of freedom corresponding
to this motion is therefore missing from the product term in the
denominator which now corresponds to 3n' - 7 rather than 2n' - 6
vibrational frequencies. Using the same approximations employed in
deriving equation (53%), equation (54) may be written in terms of G(ui)

functions as follows:
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# % _6 ¥ e
kl 5152 1 = ==y * *
= = = 1 g G(ui)Aui - G(ui)Aui (55)
k‘2 5,8, ;)2 5 i

*

* * *
1 and JZ have replaced My and msy respectively, and the summation

for the transition state is for %n' - 7 vibrational modes.,

where J

In the foregoing derivations, the ratio of the transmission
coefficients for isotopic molecules has been taken as unity. Model
potential energy surfaces, however, show that transmis;ion coefficients
may depend strongly on the mass of the activatea complex and its
energy. In a later treatment (70), Bigeleisen has taken this into
account and also has expressed vibrational frequency differences for
isotopic molecules in terms of isotopic masses and force‘constants

using the so~-called "sum rule" formulated by equation (56)

3n-6 30
2 2 P2 1 k|
Ly E (JL. - JE_) = zz (; i ) a, . (56)
i 5 15 2
3 J J 3

where aii is the diagonal force constant, and mj is the mass of

the jth. atom. This leads to a particularly powerful equation in which
the ratio of rate constants is expressed in terms of the change in

the force constants associated with the isotopic molecules as they are

converted from the initial to the transition state,
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* *
e e Glui) (nelP S 1 _ 2 ( *
B~ B I I e ) ECHREY (57)
% 5.8 J ui » ml m2 LX e B
2 &4 ¥2 J J J

It is readily seen from this equation that the greater is
the decrease in the force constants associated with the isotopic
atom at the transition state the larger will be the isotope effect for
the reaction in question. It follows then that one can interpret the
relative magnitude of the isotope effects observed in a reaction series
in terms of the relative extent to which the bond associated with the

isotopic atom is "weakened'" at the transition state.

Light Atom Approximation

Applying the basic equation (49), page 58,to compounds of

hydrogen and deuterium, u,. may be substituted for uy and Uy =Up, for

Di Di

u, to give equation (58). It can be assumed that all fundamental

o o 6 Y = Wyeo
. _3_ " 3 s u Hi 2U.D1 T e— Hi
i, & . - U=
ky _[mp) [Sw/Sm) ls | wgEice LY (58)
kp mﬁ SD/SB n'- 6 * . 5
] o ¥ MmN ~uys
3 Di .€ 2 - l - e
(¢ g 7 -
Hi : : 1 -e Di
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vibrational modes which do not involve important motion of the
isotopically substituted hydrogen are the same in the initial and
transition states and hence cancel out in the quotient involving the
frequency terms. There are left three vibrations in the initial state
(one stretching and two bending modes) and two bending modes in the
transition state., The vibrational fequency of most bonds to hydrogen

is greater than 1000 cm-l, therefore, e Ui terms are very much less

than one at ordinary temperatures and may be neglected., In addition,

if there is no change in the bending'frequencies in going from the initial
to the transition state, the terms for these frequencies cancel. Equation

(58) then reduces to

b 1
*y 2 Uge =W
Hi"YDi
ky  [sy/sg\(™p| . "m > (59)
k =\ s /s‘ % %8
D D' "D [\PY byich

where u, refers only to the stretching frequency which is lost in
proceeding from the initial to the transition state. Since, in
* w3
- 1 ~ 7
almost any molecule H-R, mH((mR, it follows that uDi/uHi (mH/hD)

and, therefore, equation (59) becomes

R s Cao o 2 (60)
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If, however, the bending frequencies of the carbon-hydrogen
bond approach zero at the transition state a different simplification

can be made,

_uHi u
2 lim l - e Hi
Firstly - - o ar
u,—=0 Di Di
i 1l ~-e€
* *
u - u
. { Di
Secondly, }1m e_ﬂg_z___; = 1
ui—t- (o]

Equation (58) now becomes

i

L : :
H Di, e 2 (61)
et

7
1
2]
jae]
l\;”
e o]
S!B
moxit =

L
D ;
The product ;—l is made up of three terms. One of these, namely that
lil Hi \2
corresponding to a stretching motion, cancels [—; |, while the two
oy
H

bending frequency ratios together give mH/hD. Also, it can be shown

by resolution into series that the product



YHi T Ypi
. &
ile
can be written as a sum
3
: ' gy T Ypy
2
— e
i
Hence, equation (61) becomes
3y o vy
H s o Hi - "Di
Kl MR (62)
kD sD/sD my 1

In equations (60) and (62), the frequencies of the deuterated
compound, if unknown, can be calculated from the corresponding

frequencies in the lighter molecule making use of the relationship

Uys

Sk () i
Ups J "y
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Equation (60) predicts kH/kD~t7 at room temperature for C-H
bond rupture and many hydrogen-deuterium isotope effects are close to
this value (78). Equation (61) predicts kH/kD values greater than 7
and higher values are indeed observed in some reactions. In many cases,
however, primary hydrogen-deuterium isotope effects are considerably
less than the maximum value predicted by the foregoing considerations
and it is clear that this simplified approach to the problem of
calculating hydrogen isotope effects from vibrational frequency data
is inadequate.

In 1961, it was independently pointed out by Westheimer (71)
and Melander (79) that most reactions involving the rupture of a bond

to hydrogen are three-centre displacement processes of the type

RE + B [R----H---B] ——=— R+ B (64)
where ER—---H-—--B] is a linear transition state restricted to the
x-axis. If Re-~w-H----B were a linear molecule rather than a transition

state, it would have two stretching vibrations, a symmetrical and an

anti-symmetrical one.

Symmetric Antisymmetric



Neither of these vibrations corresponds to the stretching vibration

of R-H or H-B. Since [F—-—-H----B] is a transition state, one of these
vibrations, namely the antisymmetrical one, is not a real vibration
since it is motion which leads to reaction and, therefore, it makes no
zero-point energy contribution. The symmetrical vibration, however, is
a real vibration and its contribution to the zero-point energy difference
between the two isotopic transition states will depend upon the
relative magnitude of the force constants for the two partial bonds.

If the force constants between RH and BH are the same, the hydrogen
remains motionless and the frequency of the symmetrical vibration is,
therefore, independent of the isotopic mass of the atom. The formation
of the transition state should give rise to a large isotope effect .
because the full zero-point energy difference between the ground state
vibrational modes of the C-H and C-D bonds will contribute to the
difference in activation energy for reaction of the isotopic molecules.*
When fhe strengths of the partial bonds R--H and H--B are not equal,

the "symmetrical vibration will no longer consist merely of the motion
of R and B; the proton will also move and the vibration frequency will
depend to some extent on the mass of the central atom. The zero-point
energy will be different for the two isotopic transition states and
this difference will decrease the contribution of the ground state

zero-point energy difference to the isotope effect. Consequently, the

*

It is assumed in this treatment that the contribution to the isotope
effect by changes in the frequencies of bending modes involving
hydrogen is small relative to the contribution from stretching modes.
For a different point of view on the matter see Reference (80).
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‘isotope effect will be smaller than in the previous case. This is shown
" "
in Figure (2) where the activation energy difference, ED-EH, for the

reaction in which the strengths of the partial bonds R--H and H--B are
] 1
not equal, is less than ED-EH, the activation energy difference for the

reaction in which the force constants between RH and HB are the same.

'

Zero point energies and hydrogen-deuterium

isotope effect for a proton transfer reaction.

Figure (2)

From these considerations it is seen that the maximum hydrogen-
deuterium isotope effect should be observed when the proton is half

transferred from R to B at the transition state and this is depicted

in Figure (3).
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R-=H-=~B

K /xD

RewHewawB RewwwHewB

Degree of Proton Transfer

Figure (3)

In 1967, Long (72,73) furnished experimental evidence which
supports Westheimer's theoretical prediction of a maximum hydrogen
isotope effect in the region where the transition state is symmetrical.
He reported on a study of the acid-catalysed rate of exchange of
hydrogen atoms attached to various substituted azulenes. He had noted
that experimental data available on the hydrogen isotope rate ratios
pertaining to the protonation of carbon bases (81,82,83) strongly
suggested the possibility of a maximum in the kH/kD ratio in the
region where the acidities of the protonated substrate and of the
catalysing acid are similar, Unsubstituted azulene was known to be a
relatively strong base and it is unique in that the acidity of its
conjugate acid is nearly identical with that of the hydronium ion. He

predicted, therefore, a hydrogen isotope effect close to maximum for
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the acid-catalysed proton exchange of this substrate.

The acid-catalysed exchange of hydrogen atoms attached to an
aromatic nucleus has been shown to proceed by the exchange mechanism
A-SE2 (72), equation (65). Long studied the rates of proton transfer
for azulene and some substituted azulenes with several catalysts and
determined the hydrogen isotope effects associated with these reactioms.
The results are shown in Table I together with the acidity difference
between the protonated substrate and the acid catalyst (A pK = pK
protonated substrate - pK catalyst). The kH/kD data are represented

as a function of ApK in Figure (4).

Table I
Correlation of A pK and Kinetic Isotope Effect for Hydrogen

Removal from Azulinium and Substituted Azulinium Ions

Protonated Catalyst (kH/kD)calc‘d a pK

Substrate

1. Guaiazulene H,0 6.0 343
2., Trimethylazulene HEO 9.6 2.3
3. Guaiazulene-2-sulphonate H20 ' 7.4 N ¥
4, Azulene H,0 9.2 0

5. 1,3,5-Trimethyoxybenzene H20 6.7 -3.5
6. Azulene Formate Ion 6.3 5.5

7. Azulene Acetate Ion 6.1 -6.5
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ky k_, (65)
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It is evident that the isotope ratios for the aromatic carbon
acids pass through a definite maximum. The exact position of the maximum,
however, is somewhat in doubt owing to the limits of error in the
measurement, but it is in the region close to ApK=0. In two cases,
the kH/kD value was determined to be in excess of the maximum value
(v7) predicted on the basis of simple zero-point energy differences
in the C-H and C-D bonds for the reactant species only. This prediction,
however, does not include the effect of bending modes in the initial
and transition states, or the possibility of tunneling. It appears
that one or both of these effects may be coming into piay in this
reaction.

On the basis of this data, the existence of a maximum in the
hydrogen isotope effect for carbon acids seems fairly well established.
Also, the results are in accord with the prediction that a maximum
hydrogen isotope effect will occur in the region where hydrogen is
half transferred from one base to another at the transition state.

Examination, now, of Figure (3) reveals that it is possible
for two reactions to give rise to the same hydrogen-deuterium isotope
effect while having quite different extents of C-H bond weakening at
the transition state., The transition state may be reached before the
proton is half transferred to base giving rise to an isotope effect
which is smaller than the maximum. On the other hand, the same isotope
effect may be observed if, at the transition state, the proton is

more than half transferred to base. Other criteria are therefore



necessary in order to determine the particular side of the symmetrical

situation on which the transition state lies.

Isotope Effects Arising from the Difference in Basicity between

DO~ in D.O and HO™ in H_O.
> e,

2

A further approach to the problem of determining the extent
of proton transfer to base at the transition state has recently been
advanced by Thornton (74,75). This involves a comparison of the
relative reaction rates with base DO” in DZO and HO™ in HZO'

The relative basicity of the hydroxide ion and deuteroxide ion

is determined by the equilibrium

20 + H.0

—KB—‘— 2HO™ D.O (66)

where KB can be determined from self-ionisation constants of HZO

and D0, equations (67) and (68), and from L, equation (69).

2

K
BH0 ¢ Ssnte T H,0" (67)
. P +
20,0 5" ¢ IR D3o (68)

7h



2p.ot &+ 3H,0 L 210"

b 3

4 3D20 (69)

The ratio KH/KD determines the equilibrium constants, Keq" for the

exchange reaction

2HO + DO” + D0 —%d=—— opo0 4+ HO" + HO'

5 5 5 3 (70)

where KH/KD = Keq' From these considerations it can be seen that

L (71)

and that the isotope effect for the conversion of one DO~ bond in the

solvated deuteroxide ion to one DO bond in heavy water is

= K (72)

75
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D
The maximum isotope effect, K /KH, will occur when the proton

is completely transferred from H_.O to DO, equation (66)., This value

2

is the square root of the equilibrium constant KB and it can be

calculated using values of L = 9,6, Ky =1x 10‘1h and K = 1.56 x 10~

4

? - 2,07, At 80°C., this value is

15

(75). For reaction at 25°C., Ky
expected to be 1,88 for complete proton transfer at the transition state.

For a transition state in which the proton is half transferred between

the substrate and base, the isotope effect should be (1.88)% = 1.37.
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C. The Nature of the Transition State in Bimolecular Elimination Reactions,

Insight into the effect of structural and environmental factors
on the extents of bond weakening at the transition state for bimolecular
elimination reactions can be gained from the kinetic isotope effects
associated with the rupture of the C-X bond and with the transfer of
hydrogen to base. In the previous section, which has covered the
theoretical background for an understanding and interpretation of kinetic
isotope effects, the magnitude of the leaving group isotope effect was
shown to be proportional to the decrease in the composite force constant
associated with the bond between the alpha carbon and the leaving group
at the transition state. Interpretation of the hydrogen-deuterium
isotope effect, however, is not as straight forward. The relationship
between the change in the hydrogen-~deuterium isotope effect and the extent
of hydrogen transfer to base in two reactions depends upon whether the
proton is more or less than half transferred at the transition state.

If the proton is less than half transferred from substrate to base,

then that reaction with the larger kH/kD value will have a transition
state in which the extent of hydrogen tfansfer is greater, Oﬂ the other
hand, if the proton is more than half transferred at the transition state,
a smaller hydrogen-deuterium isotope effect will be indicative of greater
proton transfer to base., Clearly, then, in order to interpret the

relationship of hydrogen-deuterium isotope effects in a reaction series
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the extent of proton transfer at the transition state must be known,

A good deal of work using kinetic isotope effects to elucidate
the nature of the transition state in elimination reactions has been
done with ammonium and sulphonium salts because their leaving groups
lend themselves to isotope effect measurements. This section will
concentrate on work reported for such compounds since the writer's
research involves analogous cyclic quaternary ammonium salts,

Recently, Thornton (75) has clarified the question of the
extent of proton transfer to base in elimination reactions of such

systems, Theory predicts that the larger the secondary isotope effect,

DO~ , HO™
kT /k s the greater will be the extent of proton transfer to base

at the transition state. It was shown in the previous section that a
maximum value of 1.88 would be expected for a reaction in which the

proton is completely transferred to base at the transition state and a

Table II

Isotope Effects for Reaction of 2-Phenylethyl

Derivatives with Hydroxide Ion in VWater,

- -b
kDo /kHO kH/kD
Substrate at 80°C. at 50°C,
N(CH.) o2
C6HSCH2CH2 CH3 5 1.79 3.0
+ a
p-C1C H, CH,CH N (CH, ) 1.73 3.48
+
C6H5CHZCH28(CH3)2 1457 505

#Saunders (105). Measured in 50% ethanol-water.
bThornton (74).


http:cHCHCHS(CH)1.57
http:E-ClC6HcH2CHN(CH)1.73
http:c6HcHCHN(CH)1.79
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value of 1.3%7 for é transition state in which the proton is half
transferred. The secondary isotope effects at 80°C. for the E2 reactions
of 2-phenylethyltrimethylammonium bromide, p-chloro-2-phenylethyltrimethyl-
bromide and 2-phenylethyldimethylsulphonium bromide are shown in Table
ITI. Thornton considered that these values, in relation to the theoretical
value for complete proton transfer, indicated a high degree of bond
formation between the proton and base at the transition state; that is,
the transition states are product-like with the proton being much more
than half transferred. Even more convincing evidence for a transition
state in which the proton is more than half transferred to base is
provided by a comparison of the change in the primary and secondary
(base strength) isotope effects for the three salts. The trend in the
kDO—/kHO- ratios show that the extent of proton transfer to base decreases
in the order C6HSCHZCH2ﬁ(CH3)3, p-C1CH ACHZCHEI:;(CHB)B and C6HSCH20H2§(CH3)2 .
This is the order, however, of increasing primary hydrogen isotope effects,
The only way in which a decrease in the extent of proton transfer to base
at the transition state can result in an increased primary hydrogen
isotope effect is for the extent of proton transfer for the two ammonium
salts, and probably for the sulphonium salt as well, to correspond to
positions on the right hand side of the maximum of Figure (3).

Saunders was the first to use primary hydrogen isotope effect
studies to obtain information concerning the nature of the transition

state in elimination processes. He measured the variation of the magnitude

of the hydrogen-deuterium isotope effect with respect to the nature of the
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leaving group for the reaction of some 2-phenylethyl derivatives with
sodium ethoxide in ethanol (61), equation (73). The results are shown

in Table III,

" EtOH -
cg%mEmEX + EtO cg%mhmh + EtOD + X (73)

Table IIX

Kinetic Isotope Effects and Hammett Reaction
Constants for the Reaction of 2-Phenylethyl

Derivatives with Sodium Ethoxide in Ethanol at BOOC.

Leaving Group kHZED (kL/kH-l)loo at 60°C. rho (ref)
Br 7.1 - 2.14  (16)
OTs 5.7 - 2,27 (23)
§(0H3)2 5.1 0.64 2.64 (100)
+ a )
N(CH3)3 3,5 0.94 3.77 (87)

%Estimated from a value of 3.0 at 50°C,

It is seen that the value of kH/kD increases in the order
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§(CH3)3( g(CH3)2< OTs <Br. At that time, it was considered that the
larger the hydrogen isotope effect associated with a reaction the greater
the extent of C-H bond weakening at the transition state. On the basis
of the argument based on Thornton's DO~ vs HO™ studies, however, it is
now clear that for the ammonium salt, at least, the PB-~hydrogen is more
than half transferred to base at the transition state. The larger
isotope effects in the other systems must, therefore, mean that the
extent of C-H bond weakening is actually decreasing in the series E(CHB)B
to Br. Indeed, the isotope effect, kH/kD, of 7.1 for the bromide is about
what would be expected if there was approximately half proton transfer
at the transition state for this reaction. In other words, the transition
state for the bromide compound would appear to correspond to a position
at about the maximum of the curve of Figure (3) with the transition
states for the others falling to the right in the order OTs, E(CHB)Z and
i
N(CH3)3.

This interpretation of Saunders' isotope effect results is
consistent with the relative magnitudes of the Hammett rho constants
for the 2-phenylethyl derivatives (see Table III), The larger extent
of proton transfer to base for the ammonium salt might>be expected to
result in a larger development of negative charge on the B-carbon and,
therefore, a greater sensitivity of reaction rates to substituent effects.
This is what is observed; the rho value for the ammonium salt elimination
is 3.77 compared to 2.1% for the bromide system.

The first leaving group isotope effect work in elimination


http:falling.to

82

reactions was also performed on the phenylethyl system. Saunders
obtained the very low sulphur isotope effect of 0.15 per cent for the
reaction of 2-phenylethyldimethylsuphonium ion with hydroxide ion

in water (18). Shortly thereafter, Ayrey and Bourns (85) reported a
nitrogen isotope effect of 0.94 per cent for the reaction of the
corresponding ammonium ion with ethoxide ion in ethanol. It would
appear then that C~N bond rupture is much more advanced at the transition
state for the ammonium salt reaction than C-S bond rupture for the
§ulphonium salt., Saunders, however, has recently reinvestigated the
sulphonium salt reaction and has come to the conclusion that the sulphur
isotope effect is actually 0.64 per cent (19). Both effects, therefore,
are about one third the theoretical maximum for complete loss of the

C-X composite force constant and, apparently, there is little difference
in the extent of C-X bond rupture in the two systems,

Smith (86), in these laboratories, undertook a study of the
kinetic isotope effects associated with the E2 reactions of ethyl-
trimethylammonium ion and Z2-phenylethyltrimethylammonium ion with sodium
ethoxide in ethanol in order to test the prediction of Bunnett (29) on
the effect of a P-aryl group on the relative timing of the two bond-
rupture processes, Bunnett maintained that the introduction of a B-aryl
substituent should stabilise a B-carbanion-like transition state and
therefore cause a shift towards the ''nearly Elcb" extreme. Furthermore,
one might intuitively expect that any structural‘change in an E2 reaction

which facilitates the departure of one atom (H or X) will cause the bond
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to that atom to be weakened more and the bond to the other atom to be
weakened less at the transition state.

The results shown in Table IV indicate that there is less C-N
bond weakening at the transition state for the reaction of 2-phenylethyl-
trimethylammonium ion than for ethyltrimethylammonium ion. Furthermore,
since the hydrogen isotope effect is larger for the former compound, one
must conclude on the basis of Westheimer's hypothesis (71) and Thornton's
DO~ versus HO™ studies (74,75) that the introduction of a phenyl group
on the B-carbon results in a transition state in which there is less

transfer of hydrogen to base than in the reaction of the unsubstituted

Table IV

Isotope Effects in the E2 Reaction of

Quaternary Ammonium Ions at 60°C.

Reaction

Ion Condition At 1)100 kAT

CH.CH.N(CH.) thoxide in ethanol 1.86%

n ethano .
5CH; 503 ethoxide i
basic hydrate (vacuum) R
hydroxide in 2.8d
triethylene glycol

. . . b

C6H5CH20H2N(CH3)3 ethoxide in ethanol 1.42
' methoxide in methanol y,2°

8Solvent -~ 95% ethanol. .

PSolvent - absolute ethanol at 40°C,

€Simon (88).

dealculated by Simon (88) from an experimental value of 1.23 at 130°C.
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salt. It would appear then that, contrary to expectations, the less
advanced the rupture of one bond at the transition state the less
advanced is the rupture of the other bond,

Smith then carried out a much more thorough investigation of
the effect of the B-aryl group on the transition state of PB-elimination
reactions by making a systematic study of the effect of substituents
on the benzene ring of Z2-arylethyltrimethylammonium ion on the magnitude
of the nitrogen and hydrogen-deuterium isotope effects (86). His results

are summarised in Table V,

Table V

Isotope Effects for the E2 Reaction
of 2-Arylethyltrimethylammonium Ion

with Sodium Ethoxide in Ethanol at 40°C.

para-Substituent in L
ArCH_ CH_N(CH_) et At?-1)100 kHQgD
e ey 22
OMe ‘ 1357 2,64
H 1.42 ; Fe23
C1 1.14 3.48
CF 0.88 4,15
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It is seen that the nitrogen isotope effect decreases and the
hydrogen isotope effect increases as the substituent in the para-position
becomes more electron withdrawing., Since it now appears to be well
established that the proton is more than half transferred to base at
the transition state for the elimination reactions of quaternary
ammonium salts, it follows that the presence of the electron-withdrawing
groups decreases the extent of C-H bond rupture as well as of C-N bond
rupture at the transition state in this reaction series., These results,
as well as the relative magnitude of the isotope effects found in the
ethyl- and 2-phenylethyltrimethylammonium ion reactions, led Smith to
postulate that any structural change which causes one bond to be
weakened more at the transition state will have a corresponding effect
on the other bond. In other words, the extent of C-H and C-X bond
rupture at the transition state for E2 reactions parallel each other,

A test for this hypothesis has been provided by investigations
made by Smith (86) and Saunders (87) into the effect that a change
in base has on the goemetry of the transition state. Smith determined
the nitrogen isotope effects associated with the reactions of ethyl-
trimethylammonium with ethoxide ion in ethanol and with t-butoxide ion
in t-butyl alcohol, while Saunders determined the hydrogen-deuterium
isotope effects and Hammett rho constants for the reactions of
2-pheny1ethyltrimethyiammonium ion with the same two bases. The results
are shown in Table VI,

The nitrogen isotope effect for the ethoxide-~promoted reaction
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Table VI

Hammett Correlations and Isotope Effects in the Reactions
of Ethyltrimethylammonium Ion and
2-Phenylethyltrimethylammonium Ion

with Ethoxide Ion and t-Butoxide Ion.

Substrate Base/Solvent 0 A0 )00 . WAD  rhe®
” 4+ - +
CH30H2N(CH3)3 EtO /95% EtOH 1.86 ¥ o.ob
- b
6HSCH20H2N(CH )3 EtO™ /EtOH 2.98 3.86
+
- 4+
CHBCHZN(CHB)B t-Bu0 /t-BuOH 1.41 2 0.03
- a
6HSCH2CH2N(CH ) £-BuO™ /t-BuOH 6.97 3.04

8Saunders (87) at 30 A
bsaunders (87) at 50 “c.
CSmith (86) at 60°C.

of ethyltrimethylammonium ion is significantly greater than for the
t-butoxide-promoted reaction showing that there is more carbon-nitrogen
bond rupture at the transition state in the former than in the latter.
Moreover, the lower hydrogen~deuterium isotope effect for reaction of

2-phenylethyltrimethylammonium ion with ethoxide ion in ethanol indicates
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a more complete proton transfer to base at the transition state than
for reaction with t-butoxide ion in t-butyl alcohol. The higher rho
value for the ethoxide-promoted reaction shows that the transition
state in this reaction has a more highly developed negative charge on
the B-carbon than has the transition state for reaction with the
stronger base. These results are therefore consistent with Smith's
hypothesis that the two bond-rupture processes parallel each other in
E2 reactions.,

It is interesting to note that the conclusions which have been
drawn from the isotope effect studies are consistent with the predictions
of the so-called Hammond hypothesis, This hypothesis, which relates
transition state geometry to the relative energy contents of reactants
and products (or intermediates), predicts that the more exothermic
is a particular reaction step the more the transition state for that
step resembles the initial state. Conversely, the more endothermic
is the reaction the more product-like will be the transition state.

It follows that increasing the electron affinity of the leaving group,
increasing the electron-withdrawing capacity of substituents on the
B-carbon, or increasing the strength of the base shoula all tend to
lower the energy of products relative to reactants and hence make the
transition state more reactant-like, For each of these changes, the
isotope effect results indicate that there has been a decrease in the
extent of proton transfer to base and C-X bond rupture at the transition

state in accordance with prediction.
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A short-coming of the Hammond hypothesis is that it involves a
comparison of the transition state with reactants, products or intermediates,
all of which may differ in energy by relatively large amounts from the
transition state. Indeed, there is a distinct possibility of "crossover"
effects in the potential energy curves for differently-substituted
systems so that predictions concerning the transition state based on
substituent effects on reactants and/or products may lead to completely
erroneous results,

Recently, Thornton (74,75) has published a simple theory for
predicting the effects of structural change on the transition state
directly without reference to the reactants or products of the reaction.
In this theory, account has been taken of the substituent effects, not
only on motion along the reaction coordinate (parallel motion), but also
on the normal modes of vibration of the transition state (motion
perpendicular to the reaction coordinate).

Thornton's approach has been to describe the effect of a
substituent on a bond by the addition of a linear perturbation to the
parabolic potential energy function for that bond. For motion along the
reaction coordinate, the potential energy as a function of distance can
be approximated as an inverted parabola in the region of the potential
energy maximum. Because of this, it turns out that the effect of a
substituent on bond length which results from its effect on the motion
along the reaction coordinate is exactly the opposite to its effect on the

normal vibrational modes of the transition state. Whereas a substituent
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change which makes an increase in the coordinate X of a transition
state more difficult leads to a perturbed equilibrium geometry in which
X is decreased if the force constant for the X motion is positive
(perpendicular motion), it leads to an equilibrium geometry in which_
X is increased if the force constant is negative (parallel motion).
Although the effect of structural change on both perpendicular
and parallel motion must be considered for a complete description of the
change in transition state geometry, in most cases consideration of
the latter is sufficient., This is because the magnitude of the change
in coordinate X is inversely proportional to the force constant, or
curvature of the potential energy surface in the region of energy
maximum. Since in most systems this curvature is considerably smaller
for parallel than for perpendicular motion, the geometrical change will
be determined largely by the substituent effect on the former.
For an E2 elimination process, the reaction coordinate motion

can be described as follows:

B
— O e— iR G e

Electron release at CB will be expected to strengthen the H-CB bond and

hence make the motion which extends this bond more difficult. On the

other hand, it will make compression of the C 'Ca bond easier, The effect

p

of the substituent on the H-CB bond can be expected to control the
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parallel motion, however, since the presence of the C —Ca'6‘ bond will

B
prevent a large change in the carbon-carbon bond length. Since, for
parallel motion, a structural feature which makes extension of a bond
more difficult will result in a transition state in which that bond is
longer than in the absence of this feature, it follows that electron

releasing substituents on C_, will lengthen the H-C_ bond while electron

p p

withdrawing substituents will shorten it. Extension of the H--CB bond
in the parallel motion is accompanied by shortening of the B-H bond and
lengthening of the Ca-X bond., Accordingly, electron releasing

substituents on CB' in addition to lengthening the H-C_, bond, will shorten

p
the B-H bond and extend the qa-X bond. In other words, the transition

state becomes more product-like. The primary hydrogen and nitrogen

o /kHO effects observed

isotope effects observed by Smith (86) and the kP

by Thornton (74,75) are all completely in accord with these predictions.
The theory predicts that increasing the base strength of B will

make compression of the B-H bond easier., If it is assumed that this effect

controls the motion, as seems reasonable since the B-H bond is closest

to the centre of structural change, then the stronger base, in addition

to increasing the B-H bond length at the transition state, will shorten

both H-CB and Ca-X. The transition state, therefore, becomes more reactant

like. This prediction is in accord with the observations of Smith (86)

and Saunders (87) relating to the effect on nitrogen and hydrogen isotope

effects, respectively, in changing base from EtO~ in EtOH to t-BuO™ .

in t-BuOH,
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Finally, it is predicted that for leaving groups which are more
basic extension of the Ca—X bond will become more difficult and, therefore,
the transition state will become more product like. The trend in the
primery hydrogen isotope effects shown in Table III for leaving groups
Br, OTs, §(CH3)2 and ﬁ(CHB)3 is in accord with these predictions as

is also the larger secondary isotope effects for the E2 reaction of

" DO~ , HO™ :
C6H5CHECH2N(CH3)3, kK /k = 1.79, compared to C6H50H2CH2N(CH3)ZC6H5'

kDO-/kHO- = 1,62, recently reported by Thornton (74).

There has been a considerable body of evidence suggesting that
the more product-like transition states have relatively more carbanionic
character. This is particularly evident from the trend in rho values
shown in Table III which show a very much higher electron density on the
B~-carbon in the 2-phenylethyltrimethylammonium ion reaction than in the
reactions of the compounds having less basic leaving groups. The
reaction coordinate motion depicted earlier accounts for this. By making

H move more relative to Ca and C, move more relative to X, it follows

B
that making the transition state more product like produces relatively
more carbanion character at CB than carbonium character at Ca‘ In other
words, the transition state becomes more Elcb like.

Although the theory of Thornton in general leads to the same
conclusions as the Hammond postulate, it is on a much sounder basis
theoretically since it focuses attention directly on the coordinate

motion of the transition state. Furthermore, by taking into account the

normal vibrational motion of the transition state as well as motion
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along the reaction coordinate, it has been able to account for a number

of observations which are in contradiction to the Hammond postulate,



RESULTS

In the Historical Introduction it was pointed out that
concerted bimolecular elimination reactions have been considered to
proceed most readily when the leaving groups occupy trans coplanar
positions. It has recently been found, however, that in certain cases
rapid cis elimination can also take place. The mechanism of cis
.eliminations, as well as of trans eliminations in which the leaving
groups do not have a coplanar relationship, is ﬁot clear, Some
investigators have proposed that such reactions proceed by the Elcb
mechanism while others have favoured the one-step E2 process.

Recently, DePuy has presented evidence suggesting that the
essential condition for rapid concerted elimination is coplanarity of
the participating groups, a relationship which is found when the
dihedral angle between such groups is either 0° or 180°. A large
deviation from this angle, he suggests, will greatly increase the
energy of activation for a concerted process and, as a consequence,
the mechanism of the process may change so that one bond—ruptufe process
is complete before the other has begun.

The purpose of the study reported in this thesis is to use
the isotope effects associated with the leaving atoms, H and X, to
determine the relationship between dihedral angle and the extent of
C-H and C-X bond weakening at the transition state using cyclic systems

93



94

in which one has some knowledge of the geometrical relationship of the
participating groups. Hydrogen-deuterium and nitrogen isotope effects
have been determined for the cis and trans elimination reactions of
2-phenylcyclohexyltrimethylammonium ions and 2-phenylcyclopentyltri-
methylammonium ions. For the gis-cyclohexyl compound, trans coplanar
elimination giving l-phenylcyclohexene can occur if the departing groups

are in the axial positions, XL. On the other hand, cis elimination

from the trans-cyclohexyl compound involves a dihedral angle of approximately
60° between the participating orbitals, XLI , whether or not X departs

from an axial or an equatorial position. The situation in the cyclopentyl
system is quite different and rather unique. In the ground state, the

ring is slightly puckered with one ring carbon above the plane of the

other four by 0.5 X, XLII . A relatively small twist in one direction

will result in a dihedral angle of 180° for trans bonds while a small

twist in the other direction will result in a dihedral angle of 0° for
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cis bonds.

H R
R H
X H
H X
I
H
R
g
XLIT

When DePuy's rule is applied to these elimination reactions,
one would predict a concerted E2 process for the trans elimination
in the cyclohexyl system and for both cis and trans elimination in the
cyclopentyl system. Cis eliminatién in the cyclohexyl system; on the

other hand,; might be expected to proceed by the Elcb mechanism or by
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an E2 process in which, at the transition state, rupture of the C-H
bond is well advanced over that of the C-X bond.

Ayrey (89), in these laboratories, has measured the hydrogen-
deuterium isotope effects and nitrogen isotope effects for the
reactions of cis- and trans-2-phenylcyclohexyltrimethylammonium ions
with sodium ethoxide in ethanol. The hydrogen-deuterium isotope effect
results, however, were not considered reliable because the labelled
compounds were not isotopically pure. These effects were therefore
remeasured by the writer., In addition, since the study required a
comparison of nitrogen isotope effects which differ by quite small
amounts, it seemed desirable to repeat Ayrey's nitrogen isotope effect
work on the cyclohexyl compounds as well. The reason for this is that
small discrepancies in the isotope effect measurements of different
investigators can lead to erroneous conclusions when the variation in
isotope effects in a reaction series is being considered. The small
systematic errors in the isotope effect measurements‘of an individual
investigator are more likely to cancel and thus the conclusions based
on the results will be more reliable,

The nitrogen isotope effect associated with the elimination
reaction of 2-phenylethyltrimethylammonium ion with ethoxide ion was
also measured. In the phenylethyl system, freedom of rotation about the
01-02 bond permits a trans coplanar transition state. This reaction,
therefore, might be thought of as a standard of reference for the trans
E2 process., Ayrey has also measured the nitrogen isotope effect for this

compound, but it was redetermined in the present study so that the best
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comparison might be made.

Cristol (11), in 1960, measured the rates of reaction and
determined the Arrhenius activation parameters for the elimination
reactions of the isomeric 2-phenylcyclohexyltrimethylammonium ions.
It was decided, therefore, to determine the corresponding parameters
for the cyclopentyl series and make comparisons with the results for

the cyclohexyl series.

Product Analyses for the Reactions of cis- and trans-2-Phenylcyclo-

pentyltrimethylammonium Ions and cis~ and trans-2-Phenylcyclohexyl-

trimethylammonium JIons with Sodium Ethoxide in Ethanol at 60°C.

The cis- and trans-2-phenylcyclopentyltrimethylammonium ions

reacted readily with sodium ethoxide to give l-phenylcyclopentene as
the sole product as determined by ultraviolet spectrophotometric
analysis and vapour phase chromatography. In these reactions, the
possibilify existed that some or all of the l-phenylcyclopentene
might have resulted from isomerisation of 3-phenylcyclopentene formed
by trans elimination. This was shown, however, not to be the case. A
mixture of the two olefins, when treated with sodium ethoxide under
the reaction conditions for a long period of time, was shown by
ultraviolet analysis and vapour phase chromatography to have undergone
no change in composition,

The reaction of cis-2-phenylcyclohexyltrimethylammonium ion

with sodium ethoxide was found to give l-phenylcyclohexene as the sole
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product using the same analytical techniques that were used for the
cyclopentyl system. Vapour phase chromatography of the reaction product
from trans-2-phenylcyclohexyltrimethylammonium ion, however, indicated
that 3-phenylcyclohexene and trans-N,N-dimethyl-2-phenylcyclohexylamine
had been formed in addition to the product of cis elimination, l-phenyl-
cyclohexene. The tertiary amine resulted from an SNZ substitution at an
N-methyl carbon.

The compositions of the products from the reactions of unlabelled
and 2-deutero-labelled trans-2-phenylcyclohexyltrimethylammonium ions
were determined in order to evaluate the hydrogen-deuterium isotope
effect for this system. The results are shown in Table VII, Four
experiments were conducted for both the unlabelled and deuterated
compounds and the products from each run were aqalysed twice by

vapour phase chromatography.

Table VII

The Relative Amounts of the Elimination and
Substitution Products from Reactions of
trans-2-Phenylcyclohexyltrimethylammonium Ion and
Eggg§-2-Phenylcyclohexyltrimethylammonium-Zﬁgl Ion with
Sodium Ethoxide at 60°C.

Substitution
Compound  1-Phenylcyclohexene 3-Phenylcyclohexene Product
trans 61 ¥ 1 3 38 &1
trans-2-d, - g | 1 62 £1
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It was decided to perform all the kinetic isotope effect
measurements at 60°C. since this was the most suitable temperature
for obtaining measurable reaction rates for most of the compounds and
also for controlling the extent of reaction in the nitrogen isotope
effect studies. At this temperature, however, the reaction of trans-
2-phenylcyclohexyl£rimethylammonium ion with sodium ethoxide is very
slow. It was not possible, therefore, to carry out the reaction to
completion in order to obtain absolute yields for the products. Ayrey
(89), working at the much higher temperature of 110°C. and using an
internal standard in the vapour phase chromatographic analysis, found
that the three products accounted for 94 per cent and 101 per cent of
the total reaction of the unlabelled and labelled compounds, respectively.
It would appear, therefore, that within the limits of error in the
analysis, the total yield of the products of elimination and substitution
is close to quantitative, At 60°C., there should be an even smaller
tendency for the formation of other products and; therefore, it can
be safely assumed that the data of Table VII correspond to absolute
as well as relative yields,

It has previously been shown by Cristol that l-phenylcyclohexene
is formed directly by a cis elimination from trans-2-phenylcyclohexyltri-
methylammonium ion and not by isomerisation of 3-phenylcyclohexene, the

product of trans elimination (11).
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Determination of Reaction Rates and Arrhenius Activation Parameters

for the Reactions of cis- and trans-2-Phenylcyclopentyltrimethylammonium

Jons with Sodium Ethoxide in Ethanol.

The reactions of cis~ and trans-2-phenylcyclopentyltrimethyl-
ammonium ions with sodium ethoxide to give l-phenylcyclopentene were
clearly second order. For the determination of the activation parameters,
the rate studies were carried out under pseudo first-order reaction
'conditions. The first-order rate constants were determined by a least
squares analysis of the data and the second-order rate constants were
calculated by dividing the first-order rate conStanfs By the concentration
of sodium ethoxide.

Rates of reaction for the trans elimination were determined at
five different temperatures, with duplicate experiments being conducted
at each temperature. For the cis elimination, reaction rates were
determined at three temperatures, again with duplicate runs at each
temperature. Fach kinetic experiment was carried out to at least 70
per cent reaction and good linear plots were obtained for both compounds.
The rate constants are shown in Tables VIII and IX and details of
representative runs at each temperature are given in Appendix A,

The Arrhenius energies of activation for these compounds were
calculated from the kinetic data by a least squares method and the
entropies of activation were determined from the corresponding enthalpies
of activation. This data is shown in Table X, and the plots of the kinetic

data for the determination of the energies of activation are shown in

Figures (5) and (6).

McMASTER UNIVERSITY LIBRARY
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Table VIII

Kinetic Results for the E2 Reaction of
trans-2-Phenylcyclopentyltrimethylammonium Iodide

With Sodium Ethoxide in Ethanol,

» x®
Temperature Initial Concentrations kl X 10'6 k2 X 105
m./1.
. BEthoxide Salt x 103. sec-1 1/mole/sec
59.9 0.203% 10,3 6.45 £ 0,11 3.17 ¥ 0.05
0.203% 7.00 6.47 + 0,07 3.19 % 0,03
mean 3,18
68.1 0.201 7.62 20.8%0,1 10,2% 0.05
0197 10.6 19.4 £ 0.1  9.83 % 0.07
mean 10.0
76.1 0.209 10.3 572.5 L ok 27.5 % 0.2
0.209 - 10.3 520 o4 - 2985 2 0.2
mean 27.5

»
The limits shown are standard deviations.,
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Figure 5. Plot of -log k, versus 1/T for the reaction of
trans-2-phenylcyclopentyltrimethylammonium iodide with

sodium ethoxide in ethanol.
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Table IX

Kinetic Results for the E2 Reaction of
cis-2-Phenylcyclopentyltrimethylammonium Iodide

with Sodium Ethoxide in Ethanol,

* *
Temperature Initial Concentrations kl % 105 k2 4 105
m, /L

“. Bthoxide  Salt i 167 T 1/mole/sec
29.7 0.198 4,53 2.25 ¥ 0,02 n.k ol
0.198 4,57 2.25 % 0,02 11.4 ¥ 0.1

mean Y14
34,9 0.199 4,82 k.62 £ 0.04 23,2 ¥ 0.2
0.199 4,77 4,58 £ 0,04 23,0 ¥ 0.2

mean 2%
39.9 0.204 L,75 9.00 £ 0.1 Lt ,1 ¥ 0.3
0,20k 4,91 9.17'= 0,1 45,1 ¥ 0.3

mean L 6
L, 9 0.196 4,69 18.0 * 0.2 91.7 ¥ 0.8
0.196 vl 18,0 ¥ 0.1 92.5 ¥ 0.7

mean 92.1
50,0 0.204 4,96 25,0 £ 0,3 372 %1 .h
0.204 4,01 35.2 ¥ 0.3 173 1.6

mean 172.5

*
The limits shown are standard deviations.
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Figure 6. Plot of -log k, versus 1/T for the reaction of

2
cis-2-phenylcyclopentyl trimethylammonium iodide with
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Table X

Arrhenius Activation Parameters for Elimination of
cis- and trans-2-Phenylcyclopentyltrimethylammonium Jons

with Sodium Ethoxide in Ethanol.

Mode of Eact A é*

Compound Elimination kcal/mole cal,/deg
cis trans 26.2 7.8
trans cis 30.6 10.5

In this study, a lack of reproducibility of rate constants
by as much as six per cent was observed for different batches of.
sodium ethoxide. DePuy (59) had experienced a similar difficulty with
potassium t-butoxide and found that the problem arose from trace
impurities in the metal. In order to achieve the best accuracy possible
in this kinetic study, the rate constants for each compound were

determined using the same batch of sodium ethoxide.

Determination of Hydrogen-Deuterium Isotope Effects for the Reactions of

cis- and trans-2-Phenvlcyclopentyltrimethvlammonium Ions and cis- and

trans~2-Phenylcyclohexyltrimethylammonium Ions with Sodium Ethoxide at 60°C.

Hydrogen-deuterium isotope effects were determined for the

reactions of cis- and trans-2-phenylcyclopentyltrimethylammonium ions
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and cis~ and trans-2-phenylcyclohexyltrimethylammonium ions with sodium
ethoxide in ethanol at‘60°C. ‘The rate studies were conducted under
pseudo - first-order reaction conditions and the rate constants were
determined by the method used in the kinetic studies for the
determination of the activation parameters for the reactions of the
isomeric cyclopentyl compounds,

The reaction rates for each pair of compounds in the
determination of the hydrogen-deuterium isotope effects were measured
simultaneously using the same batch of sodium ethoxide. This was done
in order to minimise any small discrepancies which might occur between
runs conducted at different times. The results of these studies are
given in Tables XI, XII, XIII, XIV and XV,

The reaction of c¢is-2-phenylcyclopentyltrimethylammonium ion
with sodium ethoxide was found to be too fast to follow at 60°C. The
hydrogen-deuterium isotope effect for this reaction at 60°C. was
therefore calculated by extrapolation from the hydrogen-deuterium isotope
effects measured at BOOC. and 45°C.

The reaction of trans-2-phenylcyclohexyltrimethylammonium ion
was found to be very slow at 60°C., therefore a much higher concentration
of base was used in order to obtain a reésonable rate of reaction.

This increase in base strength resulted in a five-fold increase in

ionic strength., Smith (86), in his study of the hydrogen-deuterium
isotope effect for the reaction of 2-(p-fluoromethylphenyl)ethyltrimethyl-
ammonium bromide at QOOC., found that a ten-fold increase in ionic

strength did not alter the hydrogen-deuterium isotope effect to a
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Table XI

Second Order Rate Constants and
Hydrogen-Deuterium Isotope Effects for the Reaction of
trans-2-Phenylcyclopentyltrimethylammonium JIodide with

Sodium Ethoxide in Ethanol at 60°C.

*
Initial Concentrations k2 % 105
m./1.
Compound Ethoxide Salt x 103. 1l/mole/sec
trans 0.191 4,42 3.55 £ 0,02
0.191 4,38 3,53 ¥ 0,02
mean 3,54
trans-2-d 0.191 4,37 1.15 * 0.01
0.191 4,51 .15 = 001
mean ie 1.5
kH/kD = 3,08

*
The limits shown are standard deviations.



Table XII

Second Order Rate Constants and

Hydrogen-Deuterium Isotope Effects for the Reaction of

cis-2~Phenylcyclopentyltrimethylammonium Iodide

Sodium Ethoxide in Ethanol at 30°C.

with

*
Initial Concentrations k2 b 4 lO5
m./1,
Compound Ethoxide Salt x 103. 1/mole/sec
cis 0.1988 4,86 12,1 1 0.1
0.1988 L, 86 12.3 ¥ 0.1
0.1947 4,34 12,1 £ 0,1

mean 12.1

cis-2-d, 0.1988 L,03 2,44
0.1988 k.11 2.4k

0.1947 3.99 2.45

mean 2.4k4

K P = 5,00

*®
The limits shown are standard deviations,

¥ o.02
¥ 0,02

- 0,02
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Table XIII

Second Order Rate Constants and

Hydrogen-Deuterium Isotope Effects for the Reaction of

cis-2-Phenylcyclopentyltrimethylammonium Iodide with

Sodium Ethoxide in Ethanol at 4500.

Initial Concentrations
' o 4 (8

Compound Ethoxide Salt x 103.
cis 0.1984 b,77
0.1984 5352
0.193%9 L, 45
mean
cis-2-d, 0.1984 L, 0%
0.1984 4,36
0.19%9 4,31
mean
KK -

*
The limits shown are standard deviations

5‘
k2 x 10

1/mole/sec

86.7 t 0.7
86.7 ¥ 0.8
86.6 * 0.7

86.7

18.4

4+

0.2

1+

18.1
18.8

18.4

0.2

1+

0.2

L.71
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Table XIV

Second Order Rate Constants and

Hydrogen-Deuterium Isotope Effects for the Reactions of

cis-2-Phenylcyclohexyltrimethylammonium Iodide with

Sodium Ethoxide in Ethanol at 60°C.

Initial Concentrations
e/ Vs 3
Compound Ethoxide Salt x 107,
cis 0,207 Ze52
0.207 7ol
mean
£i§-2-§l 0,207 7.64
0.207 7:32
mean
kH/kD _

*
The limits shown are standard deviations.

k. %

*
105

1/mole/sec

14,2
14,3
14.3

2,68

2.6

2.65

5.40

*o0.1

oAb N

i+

0.02
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Table XV

Second Order Rate Constants and Hydrogen-Deuterium Isctope Effects

for the Elimination and Substitution Reactions from

trans-2-Phenylcyclohexyltrimethylammonium Jcdide with

0.949 M. Sodium Ethoxide in Ethanol at 60°C.

Init. Conc.

m./1. >
Compound Salt x 107,

trans 2.0

2,11

trans—Z—g1 2.7%6

2.38

Overall‘

9.15 * 0,08
8.99 % 0.09

mean

5,68 * 0.05

14

5.67 % 0,06

mean

2

. - - *
Elimination

I 107, 1/mole/sec

: .
Substitution

5.58 10,06 3,48 £ 0,03
5.48 * 0,06 34 2 0,035
5.53 3.45

2.10 ¥ 0,02 3.52 £.0.03
g a.02 3.5 10.03
2,10 Bi5a
(kH/kD)elim (kH/kD) subst
= 2,63 = 0.98

*
The limits shown are standard deviations.
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measurable extent., The writer feels, therefore, that the hydrogen-
deuterium isotope effect determined in this study for the cis elimination
of trans-2-phenylcyclohexyltrimethylammonium ion is the same as the
isotope effect that would have been found if conditions of lower ionic
strength had been used,

In the reaction of trans-2-phenylcyclohexyltrimethylammonium
ion, in contrast to that of the other compounds, the l-phenylcycloalkene
is but one of three reaction products. The rate constants for the cis
elimination, therefore, were obtained by multiplying the overall rate
constant, measured spectrophotometrically, by the fraction of the total
reaction which proceeds by this pathway (see Table XV). Similarly, the
rate constants for substitution were obtained by multiplying the overall
rate constant by the fraction of the total reaction producing
trans-N,N-dimethyl-2-phenylcyclohexylamine.

The hydrogen-deuterium isotope effect of 5.40 found for the
trans elimination of cis-2-phenylcyclohexyltrimethylammonium iodide is
in good agreement with the value of 5,60 determined by Ayrey (89), On
the other hand, the 2.63 hydrogen-deuterium isotope effect for cis
elimination from trans-2-phenylcyclohexyltrimethylammonium iodide does
not agree well with Ayrey's value of approximately 3.2 calculated from
his value of 3.0l at 110°é. The writer believes that the value found
in the present study is the more reliable result. It was pointed out
earlier that the isotopic purity of Ayrey's deuterated material was

in doubt. In addition, the lack of reproducibility in his rate constants
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to the extent of * 8 per cent casts doubt on the reliability of the
isotope effect calculated from his data., Also, the ratio of the rate
constants found in the present work for the substitution reaction is
a much more reasonable one than that observed by Ayrey. The isotope
effect for this reaction would be expected to be very close to unity
since the site of substitution is not close to the proton attached
to the B-carbon and secondary isotope effects, therefore, should be
extremely small, In the present study, a value of 0.98 was obtained

D
for (kH/k ) subst., compared with 0.89 calculated from Ayrey's data.

The Determination of the Nitrogen Isctope Effects for the Reactions of

cis=- and trans-2-Phenyleyclopentyltrimethylammonium Ions, cis-~ and trans-

P—

2-Phenylcyclohexyltrimethylammonium JIons and 2-Phenylethyltrimethyl-

ammonium ion with Sodium Ethoxide at 60°C.

Nitrogen isotope effects were determined for the reactions of
cis- and trans-Z2-phenylcyclopentyltrimethylammonium ions, cis~ and
trans~2-phenylcyclohexyltrimethylammonium ions and 2-phenylethyltri-
methylammonium ion with sodium ethoxide in ethanol at 60°C and the
results are shown in Tables XVI, XVII, XVIII, XIX, XX, XXI, XXII and
XXIII., For each compound, the reaction was carried out under the same
conditions as were used for the determinations of the corresponding
hydrogen-deuterium isotope effects. The nitrogen isotope effects were
then evaluated from equation (74) by comparing the nitrogen isotopic

abundance in the starting material with the nitrogen isotopic abundance



JTable XVI

34 .15 ; / ; 3 : "
N™ /N77 Ratios and Kinetic Isotope Effects in the E2
Reaction of 2-Phenylethyltrimethylammonium Bromide

with Sodium Ethoxide in Ethanol at 60°C.
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Expt. Reaction Extent of ERPNES 14
_No, Temp. °C. Reaction % RatiosP Kio_
1 75 100° 272,27 K
2 75 100° 272,28 s
3 75 100% 272,35 -

4 75 1004 272.28 %

5 75 100% 272.26 -

6 60 10.0° 274,96 1.010%
7 60 10.4 274,86  1.0100
8 60 20.2 274,68 1.0099
9 60 21.2 274,61 1.0096
10 60 25.5 274,60 1.0099
11 60 28:5 274,53 - 1.0098
12 60 39.7 274,49 1.0105
1% 60 4o.0 274.25 1.0094

mean 1.0099 * 0.0004°

¥Based on the yield of trimethylamine.
The ratios are relative to a standard nitrogen source whose

L -
N N*15 Latio was arbitrarily chosen as 136.50.

CThe 1imit shown is the standard deviation.

dIsotopic ratio is based on (CH,)_N formed after 1CO per cent reaction.

®Pase strength was 5}(10"3 Molar™ (deficient base-see page 180),



Nlh/N15 Ratios and Kinetic Isotope Effects in the E2
Reaction of trans-2-Phenylcyclopentyltrimethylammonium

Todide with Sodium Ethoxide in Ethanol at 60°C.

Expt. Reaction
2 75
2 3
3 75
b 75
5 75
6 75
7 75
8 60
9 60

10 60

1k 60

12 60

13 60

a r ; :
Based on the yield of trimethylamine.
The ratios are relative to a standard nitrogen source whose

Nthlh/qule

®Base strength was 0.2 Molar.

Extent of
Reaction %

1007

lOdd

(o9

100

[}

100

Q.

100

1002

100d

9.2°
14,7
14,7
20.0
24,9

2550

5)3

Nlh/Nl

Ratios

268,42

268,17

268,18
268,02
267.39
268.12

268.15

269.59
269.79
269.65
269.46
269.71
269,43

mean

ratic was arbitrarily chosen as 136,50.
CThe limit shown is the standard deviation.
dIsotopic ratio is based on (CH

o\

o
o
ul =

1.0060
1.0070
1.0064
1.0058
1.0071

1.0059

1,0064

115

+ 0,0006°

N formed after 100 per cent reaction.



Table XVIII
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Nll‘/N15 Ratios and Kinetic Isotope Effects in the E2

Reaction of cis-2-Phenylcyclopentyltrimethylammonium

Todide with Sodium Fthoxide in Ethanol at 30°C.

Expt. Reaction

No. Temp. °C.
1 60
2 60
L 60
60
5 60
6 60
30
8 30
9 30
10 30
11 30
12 30
13 30

Extent of

Reaction %>

1004
1004
1007
1007
104
1008

e

7.8
8.8
14,3
31845
18.8
b, 5

A

2Based on the yield of trimethylamine,
The ratios ere relative to a standard nitrogen source

Nthlh/Nthlﬁ

cThe limit shown is the standard deviation,

RatiosP

274,13

274.1#
273,81

274,17
274,16

274,25

277.27
277.40
2712
277.28
277.16
276,78
276.60

mean

ratio was arbitrarily chosen as 136.50.

e
k15

1.0120
1.9125
1.0120
1,0128
120125
1.9132

1,0134

1.0126 * 0,0006°

whose

d_Isotopic ratio is based on (CH3)3N formed after 100 per cent reaction,

e
Base strength was 0.2 Molar.
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Table XIX
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Nll}/N15 Ratios and Kinetic Isotope Effects in the E2

Reaction of cis-2-Phenylcyclopentyltrimethylammonium

Iodide with Sodium Ethoxide in Ethenol at 45°C,

Expt.
No,

X

2

14
15
16
17
18

Reaction
Temp. ©C.

60
60
60
60
60
60

45
45
45
45
45

Extent of
Reaction %*

1004

1004

100%

100%

1004

1004

17.4
23.7
25.8
28.0

hs L

@Based on the yield of trimethylamine.

bThe ratios are relative to a standard nitrogen source whose

RURDYSTRT

Nlh/le
Ratiosb

27213
274.17
273,81
274,17

274,16

ratio was arbitrarily chosen as 136.50.
®The 1imit shown is the standard deviation.

x

|

~
(i
\n

1.0118
1.0111
1.0118
1.0117

1.0121

1.0117 * 0.0004°

Isotopic ratio is based on (CH3)3N formed after 100 per cent reaction,

®Base strength was 0.2 Molar,
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Table XX

Nlh/N15 Ratios and Kinetic Isotope Effects in the E2
Reaction of cis-2-Phenylcyclopentyltrimethylammonium

Iodide with Sodium Ethoxide in Ethanol at 60°C.

Expt. Reaction Extent of N4 1o ot
_No.. Temp. ©C. Reaction % Ratiosb k15
1 60 100° 274,13 -
2 60 100° 274,17 -
3 60 100° 273.81 ’
Y 60 100¢ 274,17 -
5 60 100% 274,16 s
6 60 100% 274,25 .
19 60 1o 276.75 1.0106
20 60 17.4° 276,79 1.0107
21 60 2k,0° 276,62 1.0105
22 60 2k 4¢ 276.72 1.0109
23 60 28.7° 276,46 1.0110
24 60 39.4° 276.45 1.0110
mean 1.0108 * 0.0002°

@Based on the yield of trimethylamine,
The ratios are relative to a standard nitrogen source whose

Nthlh/NthIB
CThe limit shown is the standard deviation.

dIsotopic ratio was based on (CHB) N formed after 100 per cent reaction.
€The amount of base corresponding éo the desired extent of reaction

was used., Base strength was 5,6 x 10~7 Molar.

ratio was arbitrarily chosen as 136,50.
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Table XXI

Nlh/N15 Ratios and Kinetic Isotope Effects in the E2
Reaction of cis~2-Phenylcyclohexyltrimethylammonium

Iodide with Sodium Ethoxide in Ethanol at 60°C.

Expt. Reaction Extent of Nlu/N15 14
_Ro, Temp, ©C. Reaction %2 Ratios® k=

1 75 1004 274,83 -

2 75 1007 271 2k =

3 75 100° 274,28 o

y 75 100° 274,14 %

5 75 100° 274,31 -

6 60 | 14.7° 277.39 1.0120

7 60 15.0 277.40 1.0120

8 60 15.4 27714 1.0122

9 60 23,7 279,55 1.0134

10 60 24,1 277.k2 1.0128

ki 60 29.6 277.00 1,0115
12 60 33.6 276.84 1.0112
15 60 38.8 276.88 1.0119

1k 60 40.0 276.98 1.0125
15 60 47.8 276.76 1.0123

16 : 60 48,8 276.86 1,013%0

mean 1.0125 + 0,0007°
gBased on the yield o? trimethylamine. \ 14 1k, 14 15 ‘
The ratios are relative to a standard nitrogen source whose N™ N~ /N7 'N" 7 ratio

was arbitrarily chosen as 13%6.50
€The limit shown is the standard deviation.
dIsotopic ratio is based on (CHB)EN formed after 100 per cent reaction

e
Base strength was 0.2 Molar.
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Table XXII
14 15 . : : .
N~ '/N7“ Ratios and Uncorrected Kinetic Isotope Effects in

the E2 Reaction of trans-2-Phenylcyclohexyltrimethylammonium

Todide with Sodium Ethoxide in Ethanol at 60°C.

Expt. Reaction K conigs, e T L 2 p350
_No, _ Temp. °C, Reaction % 8 Ratiosb  Uncorrected
i 120 100° 278.39 -
2 120 100% 278,15 -
3 120 1009 278,33 -
I 120 100% 278.47 3
5 60 13.50 8.5 279.15 1.0031
6 60 1.5 P 278,87 1,0020
7 60 28 19.0 279.20 1.00%5
8 60 28 19.0 279.16 1.0033
9 60 Lo 28.6 278,96 1.0027
10 60 Lo 28.6 279.09 1.0033
11 60 50 37.5 278.90 1.0026
12 60 50 W5 278.99 1.0030

mean 1.0029 % 0,0005€

8Calculated using equation (76), page 125.
PThe ratios are relative to a standard nitrogen source whose

Yoo
Nthli}/Nl+N15 ratio was arbitrarily chosen as 136,50,

€Calculated on the assumption of no isotope effect associated with
the substitution reaction.
AThe trimethylamine and the tertiary amine were collected after 100
per cent reaction.
€The limit shown is the standard deviation.
Base strength was 1.2 Molar,



Kinetic Isotope Effects in the Elimination

Table XXIII

Reaction of trans~2-Phenylcyclohexyltrimethylammonium

Todide with Sodium Ethoxide in Ethanol at 60°C.

with a Correction for the Substitution Isctope Effect.

!
Corrected Isotope Effect, k1¥/k15, Based on the

Expt. 8 Indicated Values for the Substitution Isotope Effect.
No. : 1.0% 1.5% 2.0% 2.5%
5 8.5 1.0033% 1.0035 1.0036 1.0037
6 8.5 1,0023% 1.0024 1.0025 1.0026
o 19.0 1,0040 1.0043 1,0046 1.0048
8 19.0 1.0038 1.,0042 1.0045 1.0047
9 28.6 1.0036 1.0041 1.0045 1.0050
10 28.6 1.0042 1.0047 1.0051. 1,0055
11 3745 1.0040 1.0047 1.0052 1.0059
12 32.5 1,0044 1.0051 1.0057 1,0064
means 1.0037 ZTSSZE 1.,0045 1.0048

®Calculated using equation (76), page 125.

121
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in the product after the reaction had proceeded to some known extent
Y i
of completion. In equation (74), r = (vt /le)reactant/(N1 /N15)product

and f is the mole fraction of the reactant which has undergone reaction,

kll*/k15 e lr_l__(__l_:ﬁ)__ (71+5
1n (1-rf)

The isotopic ratio for the starting material was determined
from the elimination product, trimethylamine, after the reaction had
proceeded to completion, The reaction was carried out for ten half-
lives and the trimethylamine was collected. Kjeldahl digestion of the
trimethylamine converted it to ammonia which was then oxidised by sodium
hypobromite to nitrogen gas., The nitrogen gas was purified and its
isotopic abundance was determined by mass spectrometric analysis. In
the reaction of trans-2-phenylcyclohexyltrimethylammonium ion with
sodium ethoxide, two nitrecgen-containing compounds are formed. In
this case, the substitution product, trans-N,N-dimethyl-2-phenylcyclo-
hexylamine, was isolated and combined with the trimethylamine and the
two were then converted to nitrogen gas for analysis. For each ccmpound,
at least five values for the isotopic ratio of the starting material
were obtained., The average value in each case was then used for the
calculation of the nitrogen isotope effects by equation (74).

The nitrogen isotopic abundance of the product, trimethylamine,

formed in reactions which had proceeded to some known extent of completion,



123

was determined in the same manner, In previous work in these laboratories,
it had been observed that isotope effect measurements determined from
isotopic ratios for the product formed during the first few per cent
reaction were not always reliable, The partial reactions, therefore,

were carried out to extents of reaction ranging from five to fifty per
cent, and the isotope effect was determined from an average of the isotope
effects found over this range. ZExcept for the cis elimination of trans-
2-phenylcyclohexyltrimethylammonium ion, no trends in the isotope effects
obtained in the present studies were noted over the range of extent of
reaction used.

The nitrogen isotope effect results for the 2-phenylethyl-
trimethylammonium ion are given in Table XVI., The value of 0.99 * 0,04
per cent agrees well with the value of 0.94 % 0.04 per cent reported
by Ayrey and Bourns (85).

For the cyclopent&l series, a nitrogen isotope effect of 0.64 % 0.06
per cent was found for cis elimination of the trans-salt at 60°C.

Although the nitrogen isotope effect for the trans elimination of the
cis-salt was also measured at 60°C., there was some concern about its
reliability since the reaction rate at this temperature was too fast to
permit good control of reaction conditions. Accordingly, the nitrogen
isotope effect for this reaction was determined at BOOC. and 45°C. and
an extrapolated value was calculated for 60°C. from this data. This
value turrned out to be identical with the experiment result ébtained

at 60°C. At BOOC., an isotope effect of 1.26 per cent was found while
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at 45°C, the value was 1.17 per cent. The isotope effect at 60°C. was
found to be 1.08 per cent.

The nitrogen isotope effect of 1.23 ¥ 0.07 per cent reported in
Table XXI for the trans elimination of cis-2-phenylcyclohexyltrimethyl-
ammonium ion at 60°C. agrees well with the value of 1.21 % 0,08 per éent
reported by Ayrey (89).

The determination of the nitrogen isctope effect associated
with cis elimination from trans-2-phenylcyclohexyltrimethylammonium ion
is not as straight forward as in the previous cases because there are
also nitrogen isotope effects associated with the two competing
reactions. The trans elimination reaction, giving 3-phenylcyclohexene
in one per cent yield, constitutes such a small portion of the overall
reaction that its contribution to the isotope effect associated with
trimethylamine formation is very small, of the order of 0.02 per cent,
and it therefore can be neglected., The substitution reaction, however,
presents a serious complicating factor. The isotopic ratio of reactant
will be enriched in Nl5 as the substitution reaction proceeds and this
will in turn influence the isotopic ratio of the trimethylamine product
from cis elimination. In addition, an estimate of f is made difficult
for cis elimination for now it cannot simply be taken as the mole
fraction of the reactant which has been consumed.

A somewhat similar problem was encountered in these laboratories
by Baliga in a study carried out of the isotope effects in aromatic

bromodesulphcnation reactions (90). Although the competing reaction
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in that case was not isotopically dependent, it is possible to adapt
the method of calculation employed by Baliga to the present problem,

An approximation of the quantity f in equation (74), page 122
for the elimination reaction may be made by considering that an amount
of the reactant, corresponding to that part of the reaction undergoing
substitution is actually withdrawn before the elimination reaction gets
going. If a is the initial amount of quaternary salt in moles, x is
the amount of total reaction, and p is the fraction which undergocs
substitution, then xp is the amount of reactant considered to have been
consumed prior to the elimination reaction and (a-xp) is the amount of
reactant remaining <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>