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ABSLRACT

The primary kinetic isotope effects for the base-catalysed E2
elimination from a series of substituted 2~phenethyl bromides
and 2=-phenethyldimethylsulphonium bromides in dimethyl
sulphoxide~-water as solvent at 20° have been measured. A
broad maximum in the isotope effect was observed for the
2=-phenethyl bromides. The Hammett P value for each reaction
series at 20° has also been determined and both were large and
positive. Arrhenius plots using the kﬁ/kg ratios for each of
the p-MeC substituted compounds st 20°, %0° and 40° were
carried out tc determine the importance of proton tunnelling
in thess reactions. The ucefulness of the primary kinetic
isotope effect as & neasure c¢f protom poeition in the E2
transition states fcr these reactions is discussed.
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1. INTRODUCTION

In recent years a considerable amount of data has been published
concerning primary hydrogen kinetic isotope effects and their
application to the elucidation of transition state symmetry in
E2 elimination reactions. This has given rise to much
theoretical speculation over the meaning attached to the
observed trends. However, despite the quantity of data avail-
able, conflicting views have developed over the interpretation
of the results. The work presented in this thesis is an
attempt to resolve some of the uncertainty which surrounds this
area of chemistry.

1.1 (-elimination reactions

B-elimination reactions can be defined as those reactions in

which two atoms or groups on adjacent carbon atoms are split

off with consequent formation of a new carbon-carbon multiple
bond. The overall reaction for the elimination of HX can be
written as follows,

s e B N /
-+ 29 c=€ +BH + X -
| >l< N

where B represents the base and X the leaving group. There are
three basic types of mechanism for p-elimination reactions.

1921 E1 mechanism

The C-H and C-X bonds are broken in separate steps. The
first step involves reversible formation of a carbonium ion
intermediate, while the second step involves irreversible loss
of a p=-proton to a base or solvent molecule.

—C—C—¢ —C—C— + X — (=C +BH
| | + 7N\

Pat

The reaction kinetics are first order overall.
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The C-H and C-X bonds are ruptured in the same step in a con-
certed mechanism.

] B+ | I’ \. /
it Byl e | 5 b 4 BHAK
| ) R

K 9

In the transition state botﬂ—the C-H and C-X bonds are
partially broken, while the B-H and carbon-carbon double bonds
are partially formed. The reaction kinetics are second
order.

113 Elcb mechanism

This mechanism involves initial proton abstraction from the
f-carbon to form a carbanion intermediate, followed by rupture
of the C-X bond in a second step.

———

| k | /
—-cI:”'— 4+ B __><k_'——t'—-c— +BHs o=¢ + X

X —0
.~
/

There are two possibilities within this mechanism. These are
reversible carbanion formation (kqjy ko) and irreversible
carbanion formation (k,‘ & ke).

1.2 Varisble E2 transition state theories

In 1927 Ingold! raised the possibility that C-H and C-X bond
breaking may not occur to equal extends in the E2 transition
state. However, for many years afterwards the degree of
rupture of these two bonds was treated as equal in the transi-
tion state, that is fully synchronous breaking was assumed to
occur, In 1956 Cram2 published evidence for varying E2 transi-
tion state geometry, which implied differences in the relative
extents of C-H and C-X bond breaking and also in carbon-carbon
double bond formation. Subsequently, there has been additional
evidence to support the view that although the E2 mechanism is
concerted it does not have to be entirely synchronous.
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Bunnett (1962)5 developed a 'variable transition state' theory
to account for experimental observations in E2 reactions. He
proposed a whole spectrum of transition states which differ in
the relative extents of C-X and C-H bond rupture.

Te2a Ll-like transition state

This lies on one side of the transition state spectrum where

C-X bond breaking is more advanced than C-H bond breaking.

There is little double bond character in this transition state
and the B-carbon has a partial positive charge. The transition
state in this case approaches that for the first step of the El
mechanism but differs from it in that the base is involved.

T1e2e2 Elcb-like transition state

This transition state lies on the other side of the spectrum
and involves a larger degree of C-H bond rupture than C=X

bond rupture. The p-carbon therefore has a partial negative
charge and again there is little double bond character. This
transition state approaches that for the first step of the Elcb
mechanism.,

1243 Central transition state

This transition state is intermediate between the two transi-
tion state extremes. The C-H and C-=X bonds have equal degrees
of rupture and considerable development of double bond character
is proposed.

Thornton4 has proposed a theory which predicts the effects of
substituent changes on the geometry of the E2 transition state.
He also proposes a whole spectrum of transition states but
these differ from the Bunnett theory in that they range from
'reactant-like' to 'product-like'. For a 'reactant-like'
transition state there is little double bond character and
little rupture of either the C-H and C-~X bonds, whereas a
'product-like' transition state has much double bond character
with extensive rupture of both the C-H and C-X bonds. However,
there is disagreement between some of the predictions based on
the Thornton theory and those of the Bunnett theory.
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More O'Ferrall (1970)5 suggested that the progress of
B-elimination reactions could be represented by a potential
energy surface, with C-H distance along one axis and C-X
distance along the other axis.

A schematic representation of the possible E2 mechanisms has
been adapted from the potential surface diagrams of O'Ferrall
by Fry6 (Figure 1). The Elcb mechanism is represented by
movement along the horizontal C-H axis from the reactant origin
to the carbanion, followed by vertical movement to the olefin.
Vertical movement from the origin along the C-X axis to the
carbonium ion followed by horizontal movement to the product
represents the El mechanism. Diagonal movement corresponds

to simultaneous bresking of the C-H and C-X bonds and represents
the synchronous E2 mechanism,. A whole spectrum of central
transition states ranging from reactant-like to product-like
can occur along the diagonal, one of which is represented by
(B). An El-like transition state can be represented by (E)
and an Elcb-like tramnsition state by (H). This approach can
be used to predict the effect changes in leaving group, sub-
stituents, and reaction conditions will have on transition
state structure.

163 Frimar ozen kinetic isoto fec

For reactions in which a hydrogen bond is broken in the rate
determining step different rates of reaction are observed if
deuterium is substituted for hydrogen. This occurs because

the mass difference between H and D atoms gives rise to a
larger activation energy for the breaking of the deuterium bond
compared to the hydrogen bond, hence giving a slower reaction
rate for the deuterated compound. Froton transfer occurs in
the rate determining step for all E2 reactions, hence a kinetic
isotope effect should be observed in all cases. From theoreti-
cal considerations, based on the loss of stretching vibrational
frequency for the C-H and C-~D bonds in the transition state, the
primary kinetic isotope effect expressed as a kﬂ/kn rate ratio
should be approximately 6.9?. However, there are many
experimental observations which show considerable variation in
the kinetic isotope effect with values both greater and less
than the theoretical value. weatheimer8 proposed a theory



Figure 1.

Adapted More O'Ferrall potential

surface diagram.
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189 (1972))
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to explain low kh/kIJ ratios which was based on a simple linear
three-centre model for the transition state. This theory
predicts that the maximum isotope effect will only be observed
for symmetrical transition states, with a progressive decrease
in the kH/kD ratio as the transition state becomes more
asymmetrical. Thus, for a reaction which involves the transfer
of a proton to a base in the rate determining step, the kH/kD
ratio should be a maximum when the proton is half-transferred
in the transition state, and show lower values when the proton
is either closer to the base or to the substrate. Theoretical
predictions based on multi-centre mode139’1° also suggest that
a maximum will be observed when the proton is about half-
transferred in the transition state but there is no genafgl
agreement over the size of this maximum.

Bell (’1966)'11 suggested that information about transition state
symmetry could be obtained indirectly. For the transfer of

a proton from an acidic substrate (SH) to a base (B) it was
considered reasonable to assume that the transition state
symmetry could be related to the expression,

A pK = pK(SH) = pK(BH)

where PK(SH) refers to the acid strength of the substrate and
pK(BH) refers to the acid strength of the conjugate acid of the
base. When ApK = 0 the proton should be half-transferred and so
the transition state is symmetrical. For this case the

ky/k;, ratio should be at its maximum value. If ApK has a
positive or negative value, the transition state shouid be
asymmetrical with a consequent lower than maximum kinetic
isotope effect. Therefore, in theory a plot ol kn/kD versus
ApK for such a system should produce a 'bell-shaped' curve with
the kH/kD ratio passing through a maximum when ApK = O, An
apparent maximum has experimentally been observed for proton
removal from nitroalkanesqe, but this data has been criticised
by Bordwellq3 as being inconclusive. Bordwell maintains that
either kH/kD is relatively insensitive to transition state
symmetry or that the transition state symmetry does not
appreciably change over wide ranges of ApK in systems studied
so far.
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1031 Proton 11

From the quantum mechanical viewpoint the wave nature of the
proton suggests that there is a finite probability that some
protons with less energy than the required activation energy
can still react by tunnelling through the energy barrier., The
probability for tunnelling by a deuteron is much less than for
a proton, hence the kH/kD ratio can be larger than the theoreti-
cal maximum because of tunnelling effects. Bell (ﬂ970)14 has
suggested that the kinetic isotope effect is in fact primarily
determined by proton tunnelling, thus allowing changes in the
kH/kD ratio to occur even though the proton position may remain
unchanged over a wide ApK range.

The importance of preoton tunnelling can be determined by con-
sidering the Arrhenius parameters for the reaction. From a
plot of log (kH/kD) versus (I/T) (where T is absolute tempera-
ture) the difference in activation energies for the proton
and deuteron (Eﬂ - EE) can be calculated from the slope. The
intercept gives the value of log ( /AD). Proton tunnelling
probably occurs if the value for (Ea - Eﬁ) is appreciably
greater than the theoretical maximum value based on loss ©of
stretching vibration of the C-H and C-D bonds in the transition
state15. Froton tumnelling is also indicated if the Anfwﬁ“
ratio is significantly greater than unity.

1.4 Hamme eguat

The effect of meta or para substituents in a benzene ring on
sidechain reactions has been correlated by the Hammett equation.
The original form of the equation was,

log% = PO'
o

where k is the rate constant for the sidechain reaction of a
meta- or para-substituted benzene derivative, k  is the rate
constant for the unsubstituted benzene derivative, 0" is a
substituent constant which is dependent on the substituent
and its position in the benzene ring, and P is a reaction
constant which is dependent on the nature of the substrate,
on the reaction itself, and on the reaction conditions. A
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negative value for P indicates that the reaction involves the
development positive charge in the transition state as it is
assisted by electron releasing substituents. A positive p
value indicates the development of negative charge in the
transition state for the rate determining step.

Deviations from the Hammett correlation can occur when there
is direct resonance interaction between the benzene ring
para-substituents and the sidechain. Different standard
reaction series can be used to allow for the effects of these
interactions. When a sidechain can donate electrons by
resonance interaction (+ M) to a benzene ring that contains

a para (- M) substituent, then the reactivities can be better
correlated by the O parameters based on the ionization of
anilines as the standard reaction series.

For f-elimination reactions a substituted benzene ring on
either the® ~-carbon or B-carbon can be used to obtain a
Hammett plot by varying the substituents. The P value so
determined gives an indication of whether the transition
state is positively or negatively charged, and hence gives
some information on the relative extents of C-H and C-X bond
breaking in the transition state.

15 Elim tion from Z-phenethyl s me

The 1,2-elimination of HX from 2-phenethyl compounds under
basic conditions can be written in the following general form,

CY2CH2 X CY=—CH

—*E——9 + BH +X
Z Z

where Z = meta- or para-substituent, Y = H or D, and X
represents the leaving group. The elimination exhibits
second order kinetics and reported p values are positive,
thus it appears that the E2 transition state is carbanionic
in character. It has been found16 that as the leaving
group becomes progressively poorer along the series X = Br,
OTs, §H02 and ﬁne3 the p values for elimination in ethanol-
ethoxide increase, being +2.14, +2.27, +2.75 and +3.77
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respectively. This trend indicates that the transition state
is becoming more carbanionic and thus would be expected to be
accompanied by an increase in the ratio of C-H to C-X bond
breaking. The kinetic isotope effect has been measured for
this series and the kﬂ/k ratios observed ware 711, 5,66,
5.07 (at 30°) and 2.98 (at 50°) respectively'®, These
figures have been commonly interpreted as indicating an
increasing degree of proton transfer to the eliminating base
as the transition state becomes more carbanionic in agreement
with the variable transition state theory. However, there
is disagreement about what these figures mean as regards to
the extent of the proton transfer because of the inherent
ambiguity in isotope effects which are smaller than the
maximum,

it should alsc be possible to alter the character of the
transition state by keeping the leaving group constant and
varying the (3 ~aryl substituent, as this would be expected to
affect the acidity of the 3 ~hydrogens. If the isotope effect
is reflecting the extent of proton transfer it would be
expected that it would either increase, decrease, or perhaps
exhibit a maximum as the aryl substituent became progressively
more electron-withdrawing. Blackwell et 3117 have studied
the effect of substituents on the kH/kD ratio for the elimina-
tion from a series of substituted 2-phenethyl bromides in
tert-butyl alcohol with tert-butoxide base. The aryl sub-
stituents for the series were 7 = p-MeO, H, p-Cl, m-Br, m—ﬂoa
anﬂ.;rﬁoz. However, no significant change in the magnitude
of the isotope effect was observed.

A study of the change in the kinetic isotope effect caused by
increasing the dimethyl sulphoxide (DMSO) concentration in the
tert-butoxide catalysed elimination from 2-phenethyl bromide
has been carried out by Cockerill et a118. Again, no change
was observed in the isotope effect as the DMGO concentration
was increased. Cocker11119 has studied the effect of varying
DMSO concentrations on the hydroxide ion catalysed elimination
from 2-phenethyldimethylsulphonium bromide in water.
vignificant changes in the isotope effect were observed when
the DISO concentration was varied from O% to 84%. Over this
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range the kﬂ/kD ratio increased to a maximum then decreased
again. The P value for this reaction was found to be positive
with a value of 2.11 in water at 50°, but this value increased
rapidly as DMSO was added until a solvent composition of 20%
DMSO was reached. The p value showed little further change

as more DMSO was added after this point.

1.6 Present work

It was decided to study substituent effects on the kH/kD ratio
for hydroxide ion catalysed elimination from substituted
2=phenethyldimethylsulphonium bromides in D!MSO-water in the
hope of observing a maximum in the isotope effect. A maximum
in the isotope effect for the unsubstituted compound had
previously been observed by Cockerill, as noted on page 9 ,
but he did not car—y out any substituent effect studies. The
effect of substituent changes on the 2-phenethyl bromides in
this system was also studied in order to determine whether
substituent effects on the kH/kD ratio depend on the base=-
solvent system and/or the leaving group. The solvent composi-
tion used was 50.2 mole 5 DNMSO because, according to the work
of Cockerill, this appears to be where the kH/kD ratio is at

a maximum for 2-phenethyldimethylsulphonium bromide. It was
expected that any changes in kH/kD caused by changes in the
f-aryl substituent would be more apparent if the size of the
isotope effects themselves were large rather than small,.
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2 EXISRIMIITAL

411 melting-points and boeoiling=-points are uncorrected. Unless
otherwise stated, the reference melting-points, boiling-points
and refractive indices are listed in leilbron and Bunbury's
‘Dictionary of Urpanic Compounds' or -east's (Lid) ‘Handbook

of Chemistry and rhysics'. The reference values are given

in brackets after the measured values. The infra-red spectra
were measured on a seckmun 1i=-20 infra-red spectrophotometer.
A JEOL JNM C=-60ill liigh iesolution n.m.r. spectrometer was used
to record the n.ii.r. spectra. Mess spectral data was
recorded on an ALL Mu-9 lligh lesolution mass spectrometer.

2s" itreparation of non-deuterated cowpo 8

The 2-phenethyl bromides were prepared from either the

benzyl cyanide or the phenylacetic acid. The
2=phenethyldimethylsulphonium bromides were prepared from the
corresponding S-phenetiyl bromides.

Lele1 ireparation of <-(p-chlorophenyl)ethyl bromide

2=-(p=-chlorophenyl)ethyl bromide was prepared from
p-chlorobenzyl bromide according to the following synthetic
scheme.

CH,COOH CH,COOEY

CH,CN
H"/H 0 H*/ EtOH
L;anl,.. @

PB";

Ercnlorophenyldcetic acid

+eid hydrolysis of p-chlorcbenzyl cyanide was used to prepare
p~chlorophenylacetic acid.
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kFro 20
p-chlorobenzyl cyanide (50 g) was added to a mixture of water
(50 on5), concentrated sulphuric acid (50 cn3) and glacial
acetic acid (50 cn3). The mixture was refluxed for 120 minutes
then poured into excess water (500 cmi) to form a fluffy white
crystalline solid. The crude product was filtered, washed
with water, and dried in a vacuum dessicator. The product

was recrystallized from ethanol/water to give white needle-
like erystals, mep. 104=105° (1it. 105-106°). The yield was
76 74

2-(E:chlor02hen;1)ethanol

The reduction of the acid to the alcohol was carried out by
the initial conversion of the acid to the ethyl ester followed
by reduction of the ester by lithium aluminium hydride
(LiAlHQ) to fcm the alcohol. The reduction of the ester
requires at least 0,5 moles of LiAlﬁa per mole of ester. The
reducing agent was used in excess of the minimum requirement
to allow for impurities present in the ester and also for any
water present in the diethyl ether solvent.

irocedure

p-chlorophenylacetic acid (35 g) was dissolved in ethanol
(300 em®) followed by the addition of concentrated sulphuric
acid (10 cna). The mixture was refluxed for 2 hours then
200 cm® of the ethanol were removed by distillation, followed
by the addition of water (300 cm’) after the solution was
allowed to cool. The solution was extracted with diethyl
ether (4 x 100 cma) and the combined ether extracts washed
with water (100 cm3), dried over magnesium sulphate, and then
the ether was removed on a rotary evaporator. The crude
ester was a pale yellow licuid (30 g). An infra-red analysis
showed the absence of a carboxylic =0l peak, indicating that
the acid had been successfully converted to the ethyl ester.
The crude ester was used in the reduction step without further
purification.

Lithium aluminium hydride (5.7 g) was then suspended in sodium-
dried diethyl ether (200 cm’). The ethyl ester (30 g) from
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the previous step was dissolved in sodium-dried diethyl ether
(50 cm?) and added dropwise to the diethyl ether/lithium
aluminium hydride mixture which was cooled over ice. Stirring
was carried out during the addition. The mixture was
refluxed for 2 hours under anhydrous conditions, then cooled
over iced water. Wet diethyl ether was then added dropwise
to decompose the unreacted lithium aluminium hydride. The
decomposition was completed by dropwise addition of water.

The white solid residue which formed was filtered off from the
ether layer, washed with diethyl ether (2 x 100 cm3). then
discarded. The combined ether layers were dried over
magnesium sulphate, then the ether was removed to yield a
yellow ligquid residue (25 g). An infra-red analysis showed

a very strong ~OH peak at 3400 cm"1 and no carbonyl peak, thus
it was assumed that only 2-(p-chlorophenyl) ethanol was present
in significant quantity. The n.m.r. spectrum was consistent
with structure and so the crude product was used in the
bromination ster without further purification.

2-(p-chlorophenyl) ethyl bromide

Bromination of 2-(p-chlorophenyl) ethanol with P3r5 by a
nethod similar to that of Hupez‘1 was used to prepare
2-(p-chlorophenyl) ethyl bromide.

Irocedure

FPhosphorous tribromide (10 om3) was added dropwise to the
2-(p-chlorophenyl) ethanol (25 g) from the previous step.

The mixture was cooled over ice during the addition. Reflux-
ing was carried out for 2 hours over a water bath! at 90°.
The reaction mixture was then poured into iced water (80 cn?)
and extracted with diethyl ether (4 x 50 em’). The combined
ether extracts were washed with 5% sodium hydroxide (50 em’)
followed by water (2 x 50 cm5), then dried over magnesium
sulphate. The ether was removed (rotary evaporator) and an
infra-red analysis of the crude product showed complete dis-
appearance of the -0OH peak. The product was distilled under
reduced pressure to give a clear liquid, b.p. 84-850/1.3 mm
(14t.%2 86.5°/1.6 mm) and n3! 1.5681 (1it22 n22 1.5697). The
yield was 60%, calculated from the amount of
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p-chlorophenylacetic acid originally used. The structure
of the product was confirmed by n.m.r.

2elel Preparation of 2-(m-nitro id

The synthetic scheme for the preparation of 2-(m-nitrophenyl)
ethyl bromide from m-nitrophenylacetic acid is as follows:
CHQOOH CHch 20H CH2CH28r

. @ e @ - ‘\
AICIs
NO2 0, NO»

Engg:nitrqphenyl) ethanol

Reduction of m-nitrophenylacetic acid was carried out using
sodium borohydride with aluminium trichloride as a catalyst.
Reduction of the nitro-group would occur if LiAlH4 was used
as the reducing agent.

i«rocaduree3

m-nitrophenylacetic acid (10 g) was dissolved in 95 cm’ of
anhydrous diglyme (freshly distilled and stored over sodium
wire) then sodium borohydride (4.6 g) added. Aluminium
trichloride (1.5 g) was dissolved in 12 em”® of anhydrous
diglyme and slowly added to the above mixture. Fluka
aluminium trichloride was used as this did not need to be
sublimed. The reaction mixture was heated for 3 hours..
between 50° and 60°. kExcess sodium borohydride was then
decomposed with cold dilute hydrochloric acid and the solu-
tion extracted with diethyl ether (3 x 100 an). The ether
extracts were washed with 5% potassium hydroxide (50 ca:) to
remove unreacted acid, then dried over magnesium sulphate.
The ether and remaining diglyme were removed on & rotary
evaporater to yield an orange-yellow oil (8 g). An infra-
red spectrvm showed an -OH peak at 3400 cm'1, but no carbonyl
peak, indicating the presence of the alcohol. The nitro
doublet was present at 1520 en™ and 1340 en~'. The n.m.r.
spectrum was also consistent with structure. The crude
alcohol was used in the next step without further purifica-

tion.
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2=(m-nitrophenyl) ethyl bromide

Fhosphorous tribromide (5 g) was reacted with the
2-(m-nitrophenyl)ethanol (8 g) from the previous step using
the same procedure as described for the preparation of
2=(p-chlorophenyl)ethyl bromide. The yield was 56% of
2-(m=nitrophenyl)ethyl bromide, bep. 128=130°/0.4 mm (1it.17?
136-13%8°/0.5 mm). The refractive index was n%o 1.5849
(lit.17 nge 1.5852). The infra-red spectrum showed dis-
appearance of the alcohol -CH peak, and the n.m.r. spectrum
was consistent with the structure of the product.

2¢1+3 Ereparation of 2-phenet hyls b

2-phenethyl bromide was converted to 2-phenethyldimethyl-
sulphonium bromide according to the following aynthetic scheme.

HEH, Br H,CHySCHy CH CHZS(CHB)zBr
NaSCH; _ChsBe, @

Methyl 2= lethyl 2-phenethyl sulphide

lMethyl 2-phenethyl sulphide has been prepared by Steffa and
Thornton from 2-phenethyl bromideau. This methed involves
heating a solution of sodium hydroxide in ethanol with
methanethiol (CHasH) to form the sodium salt of methanethiol
(NaSCHE). The bromide is then added dropwise and the mixture
refluxed. ©Steffa and Thornton used commercial CH5SH which is
contained in a phial. However, CﬂasH has a low bepe (6.2°),
therefore it was decided that this reactant could be handled
more conveniently by producing it in sity in the gas phase

and bubbling it through the solution of sodium hydroxide in
ethanol. This solution was cooled over ice so that the

CH5$H condensed into ths li.uid phase as it bubbled through.
The GH36H was passed through in excess to ensure that no
unreacted sodium hydroxide remained, as this could cause the
elimination of the methyl sulphide produced after the addition
of the bromide. The number of moles of sodium hydroxide used
to produce the NauCH5 was equal to the number of moles of the
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2-phenethyl bromide to be reacted. This was to prevent an
excess of NaBGH3 building up which could give rise to side
reactions.

uH§5H was produced in situ by heating the methylisothiouron-
ium salt of methanethiol in aqueous sodium hydroxide 5 The
Cﬁsoﬁ produced was passed up through a reflux condenser and
then carried by a gas line into the sodium hydroxide/ethanol
solution. [Excess GH3SH was trapped by passing it into a gas
Jar containing 1 M sodium hydroxide. The methylisothiouron-
ium salt was prepared from a mixture of thiourea, water and
Limethyl sulphateZ®,

Erocedure

To prepare the methylisothiouronium salt of methanethiol,
thiourea (76 g), water (50 cms) and dimethyl sulphate (63 g)
were warmed together until the thiourea dissolved. The
mixture was then boiled vigorously and the liquid distilled
off until a thick slurry was produced. Water (10 cni) and
ethanol (100 cn3) were added and the mixture was allowed to
cool. The solid was filtered off and the crystals dried in

a vacuum dessicator to yield 98 g of the methylisothiouronium
salt of methanethiol (m.pe. 240-245°), To 80 om” of 20%
sodium hydroxide solution were added 56 g of the methyliso-
thiouronium salt of methanethiol and the mixture heated to
produce methanethiol. The gas was bubbled through a solution
of sodium hydroxide (4.3 g) in ethanol (100 cm ) which was
cooled over ice. This solution was then heated and
2-phenylethyl bromide (20 g) was added dropwise. The reaction
mixture was refluxed for 0.5 hours. The ethanol was romoved
by distillation under reduced pressure, water (200 cm ) addod
and the mixture extracted with diethyl ether (4 x 100 mn.).
The combined ether extracts were dried over magnesium sulphate.
The ether was removed (rotary evaporator) to yield a yellow
ligquid (1% g) which had a characteristic sulphide smell. The
infra-red spectrum showed that the 2-phenethyl bromide had
reacted to form a different compound, and so the crude pro-
duct was used in the methylation step without further
purification.
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2-phenethyldimethylsulphonium bromide

The method of Saunders and ‘williams22 was used to prepare
2=phenethyldimethylsulphonium bromide from methyl 2-phenethyl
sulphide. This method involves dissolving methyl 2-phenethyl
gsulphide and methyl bromide (cﬂaBr) in nitromethane and
allowing the mixture to stand at room temperature. The
solvent is then removed to yield 2-phenethyldimethylsulphonium
bromide. Ol;Br has a low beiling-point (3. 56°), thus it was
decided to produce it in gitu by heating a mixture of sodium
bromide, conc. H,80,, and methanol 7 The LHsBr evolved was
bubbled through a solution of methyl 2-phenethyl sulphide in
nitromethane which was cooled over ice to cause the CH;Br to
condense on contact. The CHEBr was passed through in con-
siderable excess to ensure maximum yields of the product. The
excess CHBBr is easily removed owing to its low boiling point.
Yor every 100 g of sodium bromide used approximately 0.8 to
0.9 moles of CHaBr are produced.

frocedure

lethyl bromide was generated by slowly adding concentrated
sulphuric acid (25 g) to methanol (20 g) cooled over ice.
The mixture was shaken during the addition. Sodium bromide
(30 g) was suspended in the mixture which ws then heated over
a water bath at 50°. The methyl bromide gas produced was
Gried by passing it through concentrated sulphuric acid=in a
;25 jar. The temperature of the water bath was incroaaed
when the rate of gas evolution began to decrease, and heating
was terminated when the mixture became a thick slurry The
dried methyl bromide was bubbled through a solution of the
methyl 2-phenethyl sulphide (1% g) from the previous step in
nitromethane (180 cm5), cooled over ice. The reaction flask
was then loosely stoppered and allowed to stand at room
tenperature for 2 days. The nitromethane was removed at room
temperature (rotary evaporator) to leave crude white crystals.
The product was recrystallized from ethanol/ether to give
white crystals (15 g) of 2-phenethyldimethylsulphonium bromide,
GePe 136=137° (1it.“C 135-135.5°). The yield, determined from
the amount of 2-phenethyl bromide originally used in the
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previous step, was 57%. The n.m.r. spectrum of the product
using D20 was solvent was consistent with structure.

The following substituted 2-phenethyldimethylsulphonium
bromides were prepared by the methods previously outlined
from the corresponding substituted 2-phenethyl bromides.

The 2-(p-chlorophenyl)ethyl bromide used was prepared as
described on page 10 while the remaining 2-phenethyl bromides
were supplied by Dr L.F. Blackwell, The intermediate methyl
2-phenethyl sulphides prepared were recognisable by their
characteristic smell. An infra-red analysis was carried out
on both the reactant bromide and the crude sulphide to deter-
mine whether reaction had occurred. The infra-red results
combined with the characteristic smell were used as confirma-
tion that the sulphide had been formed, and so the crude
sulphides were used in the methylation step withou further
purification. The 2-phenethyldimethylsulphonium bromides
were purified by recrystallization from ethanol/diethyl ether
until a constant melting-point was obtained. An n.o.r.
analysis of the sulphonium salts was carried out using DEO

as the solvent and all the chemical shifts and integrals were
consistent with the structure of the products. A mass spectral
analysis was carried out on the products which had not
previously been reported in the literature to confirm struce
ture and purity. Yields of the sulphonium salts were
calculated on the basis of the correszponding 2-phenethyl
bromides being the starting compounds, with the 2-phenethyl
sulphides being regarded as intermediates.

2s71e#4  Ireparation of 2-(p-chlorophenyl)ethyldimethyl-
sulphonium bromide

2=(p-chlorophenyl)ethyldimethylsulphonium bromide was prepared

from 2-(p-chlorophenyl)ethyl bromide (15 g) to give fine plate=-
like white crystals (11.7 g), meps 125-126° (1it2° 126-126.5°)

yield 62/
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2¢145 Preparation of 2-(p-methoxyphenyl)ethyldimethyle-
sulphonium bromide

An 83% yield of 2«-(p-methoxyphenyl)ethyldimethylsulphonium
bromide (5.5 g) was obtained from 2-(p-methoxyphenyl)ethyl
bromide (5 g)e The white crystals of the product had a
mepe 0f 130-131° (1it.%° 133-133,5%).

2+146 FPreparation of 2-(m~bromophenyl)ethyldimethyle
sulphonium bromide

2=-(m=~bromophenyl Jethyl bromide (2 g) was ccnverted to white
crystals of 2-(g-biomophenyl)ethyldimethylsulphonium bromide
(141 g) in 45% yield, mepe 142-144°, The mass spectrum
showed a molecular ion peak at /e 229.9765 which corresponds
to 09111131'8. This is consistent with loss of OHSB:.' from

CgPiny 5

2+1.7 Freparation of 2-(p- nitrophenyl)ethyldimethyl-
aulphonium bromide

2-(p=-nitrophenyl )ethyldimethylsulphonium bromide (3.1 g) was
prepared from 2-(p-nitrophenyl)ethyl bromide (6 g) to give a
41,0 yield of pale yellow crystals of the product, me.pe 125-
126°, The masa spectrum showed a molecular ion peak at
l/e 197.0644, This is consistent with the formula cga“nozs
which corresponds to loss of Cﬂ,Br from 01°H14&H029.

2e1.8 Freparation of 2-(p-acetylphenyl)ethyldimethyle
aulphonium bromide

White crystals of 2-(p=-acetylphenyl)ethyldimethylsulphonium
bromide (3.2 §)s Mepe 119=120° (1ite22 121-121.5%), were
prepared from 2-(p-acetylphenyl)ethyl bromide (4 g) in 63%
yiﬂld.

2419 Attempted preparation of 2-(am-nitrophenyl)ethyl-
dimethylsulphonium bromide

An attempt was made to convert 2-(m-nitrophenyl)ethyl bromide
(2 g) into 2-(m=nitrophenyl)ethyldimethyl sulphonium bromide.
However, it appeared that dimerization occurred because an
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ultra-violet spectrum of the product in 50.2% DMSO showed
two peaks and the mass spectrum indicated the presence of
higher molecular weight material than that expected for the
product.

2.2 Ireparation of deuterate ompo

2e2a1 Deuteration procedure

Deuteration in the 2-position of the 2-phenethyl compounds
was carried out at the phenylacetic acid stage.

lethod I

The phenylacetic acid was converted to the sodium salt by
reaction with a slight excess of sodium hydroxide, this
neutralization being carried out in water. The water was
then taken off, the solid dried, and then it was redissolved
in a small amount of DEO. I'he solution was then refluxed
under anhydrous conditions for a few days. The D20 was then
removed, fresh 320 added, and the refluxing repeated. This
procedure was continued until a satisfactory amount of
deuterium had been incorporated into the x-position of the
pbenylacetic acid salt. The phenylacetic acid was reformed
by acidification of the salt with conc. HCl.

Method II

This method was adapted from a procedure used by Belanger
23_51?8. A solution containing the phenylacetic acid in
1M concentration and a 0,63 /1 sodium hydroxide concentration
in nao was heated at 85° under anhydrous conditions for 48
hours. Conc., HCl was then added to precipitate out the
deuterated phenylacetic acid. This procedure was found to
be more satisfactory than that of method I as it gave a
higher degree of deuteration in a shorter period of time,

2.2,2 Freparation of 2-(p-methoxyphenyl)ethyl-2,2-d,
broride,

p-nethoxyphenylacetic acid —ef eX ,=d>o

lMethod 1 was used to deuterate p-methoxyphenylacetic acid
in the of yd-position.

LISRARY
MASSEY UNIYERSITY



Procedure

p-nethoxyphenylacetic acid (20 g) was neutralized with sodium
hydroxide (5 g) in water (50 cm3). The water was removed
(rotary evaporator) and the sodium salt of the acid which
contained the excess sodium hydroxide was dried in a vacuum
dessicator. The sodium salt was dissolved in deuterium oxide
(20 cm3) and refluxed for 4 days under anhydrous conditions.
The deuterium oxide was then removed and the salt dried. The

refluxing procedure was repeated with deuterium oxide (15 °m3)
for 5 days, and again with a further quantity of deuterium
oxide (10 cma) for 4 days. The acid was precipitated out by
the addition of concentratad hydrochloric acid (20 cma), then
filtered off, followed by recrystallization from water. The
yield of p-methoxyphenylacetic acid-dgﬁ—da was 86% (17 g),
neps 85-86° (lit. 86-86.5°). The mass spectrum of the product
showed 1.68 D atoms/mol.

2-(p-methoxyphenyl)ethanol-2, 2-d.,

p-methoxyphenylacetic acid-oyot-d, (17 g) was reduced by
lithium aluminium hydride to 2-(p-methoxyphenyl)ethanol=2,
2-d2 by the method previously described for the preparation of
2-(p-chlorophenyl)ethancl. A 42 g yield of the crude liquid
product was obtained, The infra-red spectrum of the product
showed a very strong =OH peak at 3400 cm-q. The ne.m.r.
spectrum was consistent with structure and so the crude
product was used in the bromination step without further

purification.

2=(p-methoxyphenyl)ethyl-2,2-d, bromide

The 2—(2,--methox;yphenyl)ethanol-—?,z-—d2 from the previous step
was converted to 2n(prmethoxyphenyl)ethy1—2,2-d2 bromide with
phosphorous tribromide, as previously described for the
preparation of 2-(p-chlorophenyl)ethyl bromide. The infra-
red spectrum of the crude product showed almost complete dis-
appearance of the -CH peak at 3400 cm'1. The product was
distilled under reduced pressure to give 2-(p-methoxyphenyl)
ethyl-2,2-d, bromide (12 g), bep. 147-149°/18 mm (1it"7

144-146°/18 mn). The yield was 55% celculated from the
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amount of p-methoxyphenylacetic acidnngd-da originally used.
The n.m.r. spectrum was consistent with structure. The mass
spectral analysis showed 1.68 D atoms/mol.

2.243  Freparation of 2-phenethyl-2,2-d, bromide,

Phenylacetic acid-ot,ok—~d»

Thenylacetic acid was deuterested at the o,a=-position by
methed II.

rroc BQEQ

Fhenylacetic acid (26 g) was neutralized with a solution of
sodium hydroxide (8 g) in sater (50 cm3) to give sodium
phenylacetate. The water was removed and the sodium salt
dried to yield 30 g. of wnite crystals. The sodium pheny-
lacetate was then dissolved in 195 cm5 of deuterium oxide
containing sodium hydroxide (5 g). The solution was heated
at 85° under aphydrous conditions for 45 hours then allowed
to cool. The deuterated phenylacetic acid was then precipi=:
tated out of the solution with concentrated hydrochloric aeid
(25 cma),filtered off, and recrystallized from hot water. The
yield was 96 of phenylacetic acid-o,ot-d, (25 g)y, MaDe 76~

27 (1it. 77°). The n.m.r. spectrum (in deuteroacetone)
showed absence of the methylene protons, indicating almost
complete X 0= deuteration.

2—2hggxlgthgg01-2,2—d2

The phenylacetic acid was reduced directly to the alcohol by
lithium aluminium hydride using the method of Nystrom and
Brownag. This reduction does not involve the initial con=-
version of the acid tc the ethyl ester.

DZCOZH DZCHZOH
' LiHIH;,,
I (2]

Lithium aluminium hydride (10 g) was suspended in sodiume-dried
diethyl ether (300 cmﬁ). Fhenylacetic acid-o,o=d, (25 g) was
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diseolved in sodiume-dried diethyl ether (200 em”) and added
dropwise to the above suspension at such a rate, with stirring,
to produce gentle refluxing. After the addition was con=-
pleted, the reaction mixture was refluxed for ome hour under
anhydrous conditions. ‘The mixture was then cooled over ice.
Excess lithiur aluminium hydride was decomposed by the drop-
wise addition of wet diethyl ether, followed by the dropuiae
addition of water. fien per cent sulphuric acid (250 em ) was
added (cooling) to produce & clear solution. The ether layer
was drawn off and the agueous layer extracted with diethyl
ether (200 ama). The combined ether extracts were washed with
water (200 cna). % sodium bicarbonate (100 cm;). end again
with water (200 cma). The ether layer was dried over
nagnesium sulphcte and then the solvent removed to give the
crude aleohol (20 g). The infra-red spectrum of the product
showed a very strong =0H peak (3400 cm'1) and no carbonyl peake.
The n.m.r. spectrun was 21so consistent with the structure of
the product. The 2-phenylethanol-2,2-d, was used in the
bromination step without further purification.

2=-phenethyl-2,2-d, bromide

The method previously described for the preparation of
2-(p-chlorophenyl)ethyl bromide was used to convert the
2~phenylethanol-2, 2—d (19 g) from the above step to 2=
phenethyl=2,2-d, bromide (23 )y DeDe 76-7a°/3 om (1ite20
100-102°/18 mm), and ng® 1.5533 (1it.>° n3” 1.5537). The
yield was 79% based on the phenylacetic acid -uauda being

the starting material. The infra-red spectrum of the

product showed complete disappearance of the «0H peak at

3400 om™'. The nem.rs spectrum was consistent with structure.
A mass spectral analysis showed 1.90 D atoms/mol.

2e2e4  Preparation of 2-(p-nitrophenyl)ethyl-2,2-d, bromide.

Nitration of 2-phenethyl—2,2-d2 bromide with fuming nitric
acid in acetic acid/acetic anhydride was used to prepare
2=-(p-nitrophenyl)ethyl-2,2-d, bromide.
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DZCHZBr DZCHZBr
HNO3 :

Prochggqu N02
Fuming nitric acid (9 g) was added dropwise to a mixture of
acetic acid (8 g) and acetic arnhydride (14 g) cooled to -5°
over ice/salt mixture. 2-phenethyl-2,2-d, bromide (12 g)
was very slowly added dropwise with stirring. The tempera=-
ture was kept below 6° during the addition. Stirring was
continued for 2 hours (at 0°) then the reaction mixture was
poured into a suspension of sodium bicarbonate (18 g) in ice/
water mixture (20 em?). After bubbling had ceased, the
yellow product was extrmcted into benzene (3 x 100 cna);%hen
woshed with water (50 cma), 5% sodium bicarbonate (50 613),
followed by water again (50 cma). The benzene layer was
diried over magnesium sulphate, and then the solvent was
renoved to yield crude yellow crystals., The product was
recrystallized from hexasne to give 2-(p-niirophenyl)ethyl=
2,2=d,, bromide (8 g), m.p, 69-70° (1it.1” 68-69°). The yield
was 53%. The p.m.r. spectrum (in deuterochloroform) was con=
sistent with structure. A mass spectral analysis of the
product showed 1.90 D atoms/mol.

2.2.5 Preparation of 2-(p-acetylphenyl)ethyl-2,2-d. bromide

A Priedel~Crafts acylation reaction was used to prepare
2—(E-acetylphenyl)ethyl-e.a-d2 bromide from 2-phenethyl=2,2-d,

bromide. D 2C H ) Br DZCH2 Br
CH5COCI ‘
1

Procegg£g5 0CH3

A mixture of aluminium trichloride (6.7 g), carbon disulphide
(24,3 633) and acetyl chloride (3.8 cm3) was cooled over an



ice bathue 2-Hmnethyl—2 2-d, bromide (10 g) in acetyl
chloride (7.7 cnm ) was added as fast as possible with stirring.
The mixture was stirred over the ice bath until no further
hydrogen chloride was given ofif (3 hours). The reaction pro-
duct was decomposed with a mixture of concentrated hydro-
chloric acid and crushed ice. The carbon disulphide layer
was removed and the agueous layer was extracted with benzene
(2 x 100 on” Je The combined benzene and carbon disulphide
layers were waahed with dilute hydrochloric acz.d (50 on5 ) 8
water (50 cm ). and '10-4 sodium hydroxide (50 cm ). followed

by water again (100 cm 3)e The solvent was removed (rotary
evaporator) and the product was twice fractionally distilled
under reduced pressuvce. The yleld was 56/ of 2e(p=-acetylsiicny
phenyl)ethyle2,2=d, bromide (7 )y Debe 128=130%/043 mn

(2457 119-118%/021) and n 22 1,5735 (1ite”" 032 1,57244

The nemesre. spectruu was consiatent with structuro. The mass
spectrum showed 1,90 D atoms/mole.
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The following deuterated 2-phenethyldimethylsulphonium
bromides were prepared from the corresponding deuterated
2-phenethyl bromides by the methods described for the non-
deuterated sulphonium salts. The 2-(p-chlorophenyl)ethyl-
242~d, and 2-(gpbrom0pheny1)ethyl-a,a-dz bromides were
supplied by Dir L.F. Blackwell while the remainder were pre-
pared as described above. The comments on page 17 regarding
the preparation of the non-deuterated sulphonium salts also
apply to the following preparations.

2+.246 Preparation of Qsphenetgyldimethgigg&pponium—E.2-d2
bromide

Enphenethyldlmethylsulphonium—E 2-d, bromide (1 g)y mePe 135~
1%6° (1:i.t.3 136. 5-15/ ), was prepared from 2-phanethyl—2,2—d2
bromide (1.5 g) in 534 yield., The mass spectrum showed 1,90 D
atoms/mol.

2.2,7 Preparation of 2—(£rmethoxypheny1)ethyldimethylu
sulphonjum-2,2-d, bromide

2-(p-methoxyphenyl)ethyl-2, 2~d, bromide (2 g) was converted to
2~(p—methoxypheny1)ethyidimethylsulphon1um-2 2-d, bromide

(8 g) in 70% yield. The mspe of the product was 130-131°
(111:.22 123-135.5%). The mass spectrum showed the presence of
1.68 D atoms/mol,

2.2.8 Preparation of 2-(p-chlorophenyl)ethyldimethyl-
sulphonium-2,2=-d, bromide

A 64% yield of 2~-(p-chlorophenyl)ethyldimethylsulphonium-
2y2~d, bromide (2.5 g) was obtained from 2-(p-chlorophenyl)
ethyl-2,2-d, bromide (3 gé 1.86 D atoms/mol.). The product

mePe Was 125.5-126° (1it.22 126-126°).

2.2+.9 Freparation of 2-Gg:bromophenyi)ethyldinethyl-
sulphonium=2,2-3 - bromide

e

2-(m—bromophenyl)ethyldimethylsulphonium-2 2-d, bromide (1.5 g)
Depe 141=142°, was prepared from 2-Qgrbromophenyl)ethy1-
2y2-d, bromide (2 g) in 50% yield. A mass spectral analysis
showed 1.88 D atoms/mol.



2.2.7%0  Preparation of 2-(p-acetylphenyl)ethyldimethyle
sulgponium—zla-darbromide

2-(p~acetylphenyl)ethyldimethylsulphonium-2,2-d, bromide (4 g),
meps 119-120° (1it.22 121-121.5°), was prepared from
2—(2racetylphenyl)ethyl-E,E-d2 bromide (5 g) in 63% yield.

The mass spectrum showed 1.90 D atoms/mol.

i Attempted preparation of 2= nitronh et -

g;getgxlsg;phggium~g,g—de bromide

An attempt was made to prepare 2-(p-nitrophenyl)ethyl-
dimethylsulphoniumn~2,2-d, bromide from 5 g of 2=(p-nitrophenyl)
ethyl--2,2-d2 bromide. However, the product would not
crystallize out from ethanol/diethyl ether, probably owing to
impurities. The product was therefore dissolved in water,
washed with diethyl ether, and the water layer boiled for

10 minutes with decolouriziag cawrcoal., The charcoal was
filtered off, the water reuoved (rotary evaporator), and the
resultant crystals dried in a vacuum dessicator. The product
was then recrystallized from diethyl ether/ethanol to yield

2 g of pale yellow crystals, MaPDe 124-1250. However, although
the mass spectrum of the product confirmed the structure,
exchange had occurred between hydrogen and deuterium atoms

at the 2,2-position so that the extent of deuteration was only
1.08 D atoms/mol, This level of deuteration is not high
enough to be able to determine a kg value for the E2 elimina-
tion reaction.



3  KINETICS
31 i ") solve
Bete1 Dinme sulphoxi DMSO

Dimethyl sulphoxide (Ajax Unilab.) was twice distilled under
reduced pressure from calcium hydride, and stored in a
stoppered flask.

n20 = 1.4790 (1it. 00 = 1,4795)
3.1.2  HQ

Deionized water was distilled from alkaline potassium
permanganate, and stored in a stoppered glass bottle.

Sodium hydroxide solution (1M) was prepared from standard
concentrate (BDH.CVS ampoule) diluted with distilled water

to the specified volume. Base concentrations were checked
periodically with standard hydrochloric acid using bromocresol
green-methyl red as indicator.

3«3 Er f b sol

Heat is evolved when DMSO and water are mixed, therefore

stock base solutions containing both the required mole
percentage of DIMSC and the required sodium hydroxide concentra-
tion for a given kinetic run were prepared beforehand., All
the solutions were made up at 20°., The correct volume of
standard 1M sodium hydroxide to give the required concentra-
tion when diluted to a total volume of 100 on’ was added to

a 100 cm3 volumetric flask. Distilled water was then added
to give a total weight of 20 g including the weight of water
present in the sodium hydroxide solution. The solution was
then made up to 100 cm3 with DISO and reweighed, The mole
percentage of DMSO was 50,2 calculated from the respective
weights of water and DMSO in the solution. The:bano solutions
were stable at room temperature for at least two weeks.



3.4 Pre i of solvent

Distilled water (20 g) was added to a 100 en5 volumetric flask
and then made up to 100 cm3 with DMSO to give a DMSO content
of 50,2 mole %.

2«2 & ine e

The rate of styrene production by psecudo-first order kinetics
was followed spectrophotometrically at 260 nm for all sub=-
strates except p-Ac (280 nm) and -0, (310 nm). An attempt
was made to follow the elimination from 2-(m-nitrophenyl)
ethyl bromide. However, in 50.2% DMSO, the substrate peak
(275 nm) was too close to the m-nitro sytrene peak (260 nm)
for either the production of the styrene or the disappearance
of the substrate to be followed spectrophotometrically.

The excess of base over substrate was at least in the ratio

of 20 to 1. It was found that the derived second order rate
constants were independent of base concentration over at least
a 10=-fold base concentration range. Reactions with a half-
life of one minute or greater were followed on a Unicam SP 500
Spectrophotometer, while those with shorter half-lives were
measured using a Durrum-Gibson D-110 stopped flow spectro-
photometer. Both the 2-phenethyl bromides and the 2-phenethyl-
dimethylsulphonium bromides appear to be essentially come-
pletely converted into the corresponding atyreneaﬁ7'ﬂ9.

Ze5e1 Unic SP roCc

The reactvions were followed in a stoppered cell in the thermo=-
statted cell compartment (%0.1%) of the instrument. Stock
substrate solutions, containing substrate concentrations of
approximately 0,02 M, were prepared in 10 cmﬁ quantities using
50,2 mole /% DISO solvent. These substrate solutions were
stable over a period of several months, Two cells were each
filled with the base solution (2 cma) required for the kinetic
run and placed in the cell compartment, which was held at the
required temperature by the circulation of water from a
constant temperature bath .. The cells were left standing in
the compartment for at least 10 minutes so that thermal
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equilibrium was attained. An aliquot of the required stock
substrate solution (0.05 cma) was then pipetted into one of
the cells, giving a final substrate concentration of approxi-
mately 10™* M, and the reaction mixture thoroughly stirred with
a small glass stirrer. The other cell was used as the
reference blank, Initially, an attempt was made to record
the spectrophotometric changes for all kinetic runs against
time using the Direct Readomt mode onto a Unicam SP 22 chart
recorder. However, it was found for reactions with a half-
life of less than two minutes and for following the smaller
optical density changes which occur after the second half-
life that the reproducibility suffered. Hence, for the
faster reactions and for those in which readings after two
half-lives were required in the rate constant calculations,
the Null Balance mode and a stopwatch were used to measure
percentage transmission against time. The infinity readings
were recorded for the reactions after at least ten half-lives
had elapsed. The infinity value was found to be very stable
in all cases.

3e5e2 ~Gibson D=-110 pr

Equal volumes of substrate and base solutions were used in
the mixing chamber of the stopped-flow instrument, therefore
both solutions are diluted by half., However, the light path-
length of the reaction cuvette is twice that of the SP 500
instrument, therefore the same substrate concentrations as
used in the SP 500 reaction cells (i.e, approximately 104 M)
were used for the stopped-flow spectrophotometer. The base
and substrate solutions were allowed to reach thermal equili-
brium for 15 minutes in the drive syringes of the instrument
which were immersed in water circulating through a heat
exchanger in a constant temperature water bathiis, The tempera-
ture was kept to within 20,2° of the recuired value. The
instrument was then actuated and the optical density changes
were recorded against time on a Hewlett-Packard 141 B storage
oscilloscope. The traces were photographed with an Asahi
Pentax camera and the negatives were traced onto graph paper
using a Leitz Valoy II enlarger. The optical density versus
time values for the reaction were read off from the graph
paper.,
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3.6 Treatment of results
The integrated pseudo-first order rate ecuation is,

Ky
log (GOO- c'b) = - m e t + log Gm

where Oy, is the product concentration at time = infinity, Gt
is the product concentration at time t, and ky, is the pseudo-
first order rate constant. From Beer's law the concentration
is directly proportional to optical density for a constant
light path length, therefore the above rate equation can be
written as,

k
log (Dco- Dt) = ""ET;%Z‘ t + log Doy

where D is the optical density and the subscripts t and oo have
their usual meanings. The pseudo-first oder rate constants
were obtained from a least squares plot of log (D= Dt) versus
t, the slope of the plot giving the value of = ky/2.303. The
second order rate constants (k2) were obtained by dividing the
kq, value by the base concentration. In cases where
percentage transmission (T %) was measured, these values were
converted to optical density by the equation,

D=2~ log Ti.

Computations were carried out using a,ieast squares fit
programme on a B 6700 computer.

The-kg values were calculated from the optical density measure-
ments for the first 2 half-lives of the reaction of the non-
deuterated substrates. An example plot for 2-(p-methoxy~-
phenyl)ethyl bromide at 20° ( NaOH = 0,04 M) is shown in
Fige.2. The measurements from which this plot was determined
are as follows:
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Figure 2.

Plot of log (Ihrut) vss time for
2—(E¢methoxyphenyl)ethyl bromide at 20°.
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Run 27
t (min.) Dy log (D = Dt)
0 04215 0,059
2 0.36% -0,002
4 0,495 -0,063
6 0.606 =0.123
8 0.703 -0.,182
10 0.793 -0,246
12 0.863 ~0.%04
14 0.928 -04365
16 0,987 -0,428
18 1.036 =0,490
20 1.076 =0, 547
@0 14360

In the case of the deuterated substrates the presence of some
of the non-deuterated compound caused initial curvature of

the log (Dgy = Dt) versus ¢t plots. [Therefore, only the
optical demnsity values for the deuterated substrate which were
recorded after at least 8 half-lives for the non-deuterated
substrate had elapsed were used to determine kD. The example
plot (Fig.3) for EH(;rmethoxyphenyl)ethyl-a,2-42 bromide

(20°, NaOH = 0,1 M) shows the effect that non-deuterated
material has on the slope of the log (D “'Dt) versus t plot
for deuterated substrates, as indicated by the initial steep
curve before the plot becomes linear. The values which were
used in this plot are as follows:

Zun 28
t (min,) Dy log (Do~ Dy)

5 0.411 -0.114
11 0.597 =0.234
15 0.680 ~0.301
20 0.757 ~0a3574
26 0.824 =0 o 449
30 0.860 =0+.495
36 0.907 =0 564
40 0,932 -0,606

45 0.959 ~0.656
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Figure 3.

Ylot of log (Qm-Dt) vs. time for
2—(E-mothoxyphenyl)othyl—E,2—d2
bromide at 20°.

RUN 28

10°R; =389 L.molelsec™

~0.9 1
“1.0:4
0 20 40 60 80 90 _

TIME (MINS)
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Run 28 (Contd.)

t (m:l.n.) Dt 105 (nm- D'b)
50 0983 =0¢706
62 1.032 =-0¢830
72 1,063 -04932
82 1.085 -1.022
oo 1.180

The Hemmett P values for the 2Z-phenethyl bromides and the
2-phenethyldimethylsulphonium bromides were calculated from a
legst squares plot of log kg versus . The procedure which
was used is discussed more fully in Section 5.2.

4  RESULTS

The results of the reaction kinetics for both the deuterated
and non=deuterated versions of tach compound on the following
pages are headed by the nume of the non-deuterated compound.
The kinetic results for the non~deuterated substrate are sube
heeded by Y = H, while those for the deuterated substrate are
sub-~hgaded by ¥ = ' An example table showing about ten time
and optical density measurements is given for ome run of each
substrate at eacl: temperature, whereas only the k2 values are
given for any other runs at the sume temperature used to
calculate the mean k2 value, In the case of the deuterated
substrates only the optical density measurements which were
recorded after 8 half-lives for the non-deuterated substrate
had elapsed are shown. The kg/kg ratio for each pair of
deuterated and non-deuterated substrates is given at the
bottem of the page beneath the corresponding tables of results.
Summaries of the k, values and the kg/kg ratios follow the
tables of results.
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4.1 2= et ethylsulphon b
Y = H Y =D
Run 1 Run 4
NaOH = 0,02 M, temp = 20° NaOH = 0,02 M, temp = 20°
time (mins.) Dy time (mins,) D,
0 0.070 0 0,633
4 0,175 20 0.660
8 C o261 40 0.686
2 04340 60 04710
16 0,405 70 0e724
20 0.468 80 0e733
24 04513 90 04740
28 04556 110 04760
32 0.952 130 0.775
s 0.609 150 0791
oo 0.800 oo 0.920 “
10% i = 3,29 lemols™! sec.™! 107 k3 = 4.44 lomol.”! sec.”™
Run No. 103 Run 50 107k
1.mole™t.sec.™ 1.mole™" 500,
2 %o 5 4,45
3 Z.24

Mean 1o£k§ = 3,28 % 0.0% l.moles" 'sec.™

Mean 103152 = 444 & (.01 1.mol@.""stssc.'m"l
v
-;5 = 7.39 & 0,09

2
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Run 6 Run 19
NaCH = 0,02 M, temp = 20° NaOH = 0,02 M, temp = 20°

time (mins,) D time (mins,) Dy

0 0.0-11;2 0 0.717
20 0+105 60 0.735
40 Ce19 120 0.755
60 0268 180 0.772
80 0337 280 0.788

100 0.398 300 oim"
120 0450 420 0.833
140 04497 540 0.857
200 0e612 660 0.876
240 0668 7280 0.896
oo 0870 o 1.080

10%K5 = 5,04 lumole."'see.™!  10%) = 7429 l.mole."Vsec.1

1051 10’
Run No. 2 Run No. A’%
l.mole.“1aec.'1 l.molo."duc."4
Vi 4,7 18 723
8 4,93

lean 1°3kg = 4,96 & 0.05 10“19.-43”.-4

Mean 10"kD = 7426 * 0,03 Llemoles™'sece™

W
;1’9 « 6483 £ 0,10

Loy

-~
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2-(prmethoxyphenyl)ethyldimethylsulphonium bromide (Contd.)

i=4 I=0
Bun 70 Run 72
NaCH = 0.1 M, temp = 30° NaOH = 041 M, temp = 30°
time (mins,.) Dy time (mins,) IJt=
0 0095 0 14139
2 0266 4 1.170
4 0417 8 1.202
6 04548 12 1.228
8 0.664 16 1.252
10 04770 21 1.283
12 0.857 26 1:313
14 0.947 39 1.348
16 1.013 36 14368
o0 1.550 Q0 1.820
10 = 1,05 Lemole.""sec.™  10%KkD = 1.90 l.mole."Msecs™!
H w 2 Run N 10’1‘2
un Noe o
lemoles Tsecs™? ’ lemoles” 'sece™
71 1.07 73 1.86

lean 1021:2 e 1,06 £ 0,01 l.mole.""sec."q

Mean 1031:3 = 1487 & 0,02 lemolee  loece™)

i
& = 5.64 & 0,11
ko
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2~(p=methoxyphenyl)ethyldinethylsulphonivm bromide (Contd.)

=4 I=0
Fun 74 Run 76
NaOH = 0,04 M, temp = 40° NaOH = 0,04 Ii, temp = 40°

time (mins.) Dy time (mins,.) D,
0 0086 0 1452
2 04293 4 1.484
4 0469 8 1513
(3 06620 12 1.558
& 0750 16 14562
10 0854 21 1.587
12 06947 26 1.609
14 1,022 1 1.627
16 1,097 36 1.656
e o) 1440 41 1.676
46 1.695
102kg = 5,54 1.mole.'qaec."1 e 1,920

H
Rt Wois "021‘2 103k‘g = 6e54 l.mole..qsoo.-q
-1 -7
l.mole., sec. BkD
10
Run No. e
75 3.54 1.“0100-.13000-1
77 6.81

Mean 10%ks = 3.54 & 0.01 l.mole,"Tsec,™

Hean 1o5k§ = 6.61 % Col4 lemole. sece™]

4%

= 5,30 & 0,12
2

=



443 2—(Erchlorophanyl)ethyldimethylaulphonium bromide

=1
Run 11

NaOH = 0,02 M, temp = 20°

time (mins.)
040
0e5
QQO
1.5
240
2.5
340
3e5
4,0
4e5
540
(e

10 K5 = 216 l.mole. Tsec.™

10 X5
un No. -
1.51018. B€Ce
9 2.05
10 210

Mean 10 kg = 2,10 & 0,04 1.mole.'1sec.'

Dy
0155
0-250
063350
0396
Oetsts8
0e502
Oe543
Oe 582
06612
OeEts2
Ce668
04850

YeD

Run 12
NaOH = 0,02 M, temp = 20°

tiune (mina.) Dt

0«338
0.435
0.476
04515
0.545
06573
0.600
0.622
0.640
0.658
0.790

'102 kg = 2.57 1.“010.-18”.-1
0%k

.18”..1

13 2459

B8ERvEBR8EaR o

Run No.
1l.mole.

1

Mean 102k]2’ & 2.58 % 0,02 lemole." 'sece™!

N8 44

b 80'14 “ 0.22



“olk 2-(g-bmmophergl)cthyldimethylsul phoniun bromide

i=H =2
Run 14 Rhumn 16
NaOH = 0,01 I, temp = 20° NaOH = 0.01 M, temp = 20°
time (mécu,.) Dy time (mins.) l)'.=
0 0.183 0 0573
30 0302 2 0,602
60 0.596 4 0.623
90 Cel75 a 0.667
120 Oe543 12 0705
150 0600 16 0.7%8
180 0648 20 0765
210 0.690 24 0,788
240 0720 28 0,808
270 Ce?75& 30 0,817
300 Qe777 oo 0.930
w 0.930
’ ’ 102 kg = 6436 1..:4:::10..‘“.0«.""l
10 = 5,26 l.mole, 'SecC.
€ . 102 gg
10 k Run llo.
2 -1 -1
Rmn No. - o lemoles S€C,
1.“010. S€C, ll? 6.25
15 528
tiean 10 Ko = 5,27 & 0,01 l.mole. 'sec.™

Meen 10%k) = 6.2¢ # 0,06 l.mole.™'sec.™

i

—£ = 8.38 & 0,10
k2
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4.5 E-QEraoetzgpheqyl)etgyldimethgiaulphonium bromide

Y=H

Run 53
NaOH = 0,05 M, temp = 20°

time {secs.) Dt
04,0 0.120
0.2 0.180
Qe Q232
0.6 OQEBO
0.8 0320
1.0 0.35?
12 04390
1.4 04420
4*6 0.4'47
1.8 0,468
(e o Qe650
kg = 11-97 1.m01e.—13300-1
X
Run No.

1.mole. " Vsec.™

50 12.0%

52 11.73

riean kg = 11.9 % 0.1 1.mole.'qsec.'

Mean kg s 1,24 £ 0,05 lemoles

K

=D

Run 55
NaOH = 0.05 M, temp = 20°

tine (sees.) D

t

0 0135

2 0160

4 0175

6 0.190

8 0.203
10 0.218
12 0.230
14 0,235
16 Qo243
18 0250

(o o) 0310

kg = 1.19 l.mole.'qsec.'1
D
Run kz
: No.
1.moles"sec.™"
56 1.30
q
1sec.™

"%" 9.60 * 0.""8

kF
2



4.6 2—(grnitrophenyl)ethyldimethylaulphoniun bromide

run 86
NaOH = 0,05 I, temp = 20°

time (secs.) D

0,00 0,045
0.01 0,088
0.02 04137
0«03 06175
0.04 0.217
0.06 0.285
0.08 0.3%8
010 04284
0e12 0.422
D14 0.455
(o o] 0.625
kg « 175.8 l.mole. 'sec.™
kg
Run No. - -
l.nole. sec.
87 1787
38 176.1

H

llean k2 1

= ']76.? = 1,0 l.m01eu-1seco-



4,7 2=phenylethyl bromide

Y=H

Run 20

NaOH = 0,05 M, temp = 20°

X =D

Run 24

time (mins.) D, time (mins,.) Dt
060 Qo228 0 0.582
0e¢5 0307 4 0.622
1.0 0.375 8 0.654
15 Oed%4 12 0.678
200 0.482 16 0.703
2¢5 0524 20 0.726
2.0 06565 2 0,747
Diw D 0,597 28 0.765
4.0 0.625 he 0.780
S0 C.676 26 C.799
6.0 0794 (v'e] 0.910
(oo} 0.863
10% kD = 9.55 l.mole.™
2 . H - 01
10° KA = 7.97 l.nole, 'sec.
2 107 5
2. n .
10°K, Zun No. >
Run No. A -1 l.mole.
lemole. 'sece.
23 9.42
22 Be37
Hean 10° k5 = 8417 £ 0410 l.moles” 'see.™]

Mean 105 kg = 9,56 £ 0,01 l.mole.'qsec.

=
\J

W

o

Mo

= 8,54 £ 0.19

-1

S€eC.

NaOH = 0,05 M, temp = 20°

-1

-1



4,8 2-(p-methoxyphenyl)ethyl bromide

Y - H YD
Run 26 Run 28
NaOH = 0.04 M, temp = 20° NaCH = 0,1 M, temp = 20°
tine (mins,) Dy time (mins.) D,
0 0.223 0 0.860
2 04370 2 0.879
4 04496 4 0.893
6 0.607 5 0.907
8 0.699 8 0.921
10 0.788 10 04932
12 0.854 20 0,983
14 04917 32 1.032
16 0,967 42 1.063
18 1.027 52 1,085
0 10060 o0 1.180
* e 10° kg = 3,89 l.mole.” 'sec.”
10° k5 = 2,94 lemole. "sec.™ 163 12
o 2
10° x; Run No. -1
Run No. 3 » le.mole., 'SecCe
l.mole. sec, 59 3,85
27 2.90
liean 10° k = 2,92 £ 0.02 l.mole.” sec.™"
... =1

Mean 10° kg - 3,87 £ 0,02 l.mole.” sec.

iy

5 = 7.55 £ 0.09
ko

1

o
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2~(p-methoxyphenyl)etayl bromide (Contd.)

Y w X Y=0D
Run 78 un 80
NaOH = 0.04 M, temp = 30° NaOH = 0.04 M, temp = 30°
time (wins,) Dy time (mins.) Dt
0 04135 0 1.122
1 0.314 4 1.153
2 0474 10 1.203%
3 04609 14 1.234
4 0.726 18 1.253
5 0.827 22 1.275
6 0914 26 1.294
i 0.975 31 1.315
a 1.050 36 1.334
9 1.102 46 1.364
® 1400 oo 1.480
10% K3 = 6.63 l.mole. 'sec.”™ 10° kj = 1.03 l.moles” 1sec.™
102 x5 102 kg
Run No. Run No.
l.a".ole.-“sec.-" 1.mcle.'1aec.-1
79 654 24 1.02
lMean 102 kg 2 6,59 & 004 l.mole."qseo."'

Mean 10° kj = 1,03 # 0,01 l.mole,” 'sec.™"

. H

el
""t' = 6.40 & 0009

1~
K5
[ =



2-{ p=methoxyphenyl)ethyl bromide (Contd.)

=135 Y =D
Run 82 ftun 84
NaCH = 0,02 M, temp = 40° NaOH = 0,02 M, temp = 40°
time (mins,) D, time (mins,) Dy

0 0.126 0 1,125

1 04294 2 1.142

2 Colt34 4 1.155

3 0554 G 1.169

4 04658 8 1.180

5 0.740 10 1.191

6 04815 12 1.202

7 0.873 19 1.237

8 0.921 29 1.272

co 1.190 @ 1.385

10 K5 = 1.44 1.mole. Tsec.™ 102 kD « 2.41 l.mole."'sec.™
H 2
10 k3 10° )
Run No. A -1 Run No. - -
1.21010. ‘SE6Ce 1.m01e. 8€C,.

83 1e42 €5 242

Mean 10 ki = 1.43 % 0,01 l.mole.  'sec.™

Mean 10%3 = 2,41 * 0.01 l.zole.""sec.™

H

. L 5-95 S 0107
2

2

w
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4,9 2-(p=-chlorophenyl)ethyl bromide

Y¥=H

Run %0
KaOH = 0,02 M, temp = 20°

time (mins.) 4
0.0 0.104
0.5 0197
140 04277
145 04540
240 04393
2,5 0,437
3,0 0odt71
545 0,503
4.0 04527
0 0.655
10 k5 = 3.04 1.mole.” 'sec,™"
10 k5
Run No. - "
lemole. =sece
1 54035
32 S Ve

Y=D

Run 33
NaCH = 0,02 M, temp = 20°

time (mins,) D,

0 0.815
2 0.863
4 04903
6 04947
8 0.983
12 1.051
16 1102
20 1,154
24 1.195
28 1.228
(e o) 1.415
102 kg =2 3.49 1.m0100-‘1..c.-1
102kg
Run No.
l.mole.” 'sec.™
34 343
35 e 34

Yiean 10 kg = 3,01 £ 0,03 l.mole.'qseca-ﬂ

tean 10°k) - 3.42 ¥ 0,05 l.mole. 'sec.™

xH

—% = 8,81 & 0.21

k

Sl s



4410 2-q§-hromophanleethyl bromide

Y = I

Run 36

NaCH = 0,01 M, temp = 20°

time (wing.)
0e0
0.5
140
1eD
20
25
540
Jeb
440
foe)

10 kg = 5,85 l.m0le. " T5ec.™"

P . |
G “a
un No. o _
lewole. 'sece.
37 586
38 500

Mean 10

5 = 584 & 0402 lomoles ™ 'secs

%
Qe 163
0.282
0.384
0ati65
04530
0.585
04633
Ce670
0.699
0.875

Y= D
tun 39
NaCH = 0,01 M, temp = 20°
tine (mina,) Dy,

0 0.572
2 0.599
4 0.625
7 0.646
8 0.666
12 0.701
16 0725
20 0.762
24 0.783
oo 0.920

"Oekg = HJ40 10”100-".”.-1

Run ¥o.

&4

10%c)

1.mole."“nc.
630

-1

Meen 10°kh = 6435 & 0,05 l.uole.” 'sec.™

o

~% = 9,19 % 0,10

-

-
2

-1
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4,11 2-(p-acetylrheryl)ethyl bromide

Y= H Y=2D2
Run o4 Run ©66
NeOH = 0,05 M, temp = 20° NaOH = 0,05 M, temp = 20°
+time (secc.) D, tine (secs.) Dy

0.00 c.Co7 0 0.366

025 0.123 1 0381

0.50 G175 2 0.%93

0.75 0.21% % 0.40%

1,00 0.2%0 5 0.423

1450 0.715 10 0,466

2,00 0.765 15 0.500

2,50 0.408 20 0.528

3400 0. 847 o5 04551

3,50 0. A7 20 0.570

oo 0.625 @ 0.663
KD - .22 1.m01a,” teec. " 10 kJ) = 7.64 l.mole, " luee.™]

D
15 10 k3
fun Toe. Run Xo.
1..:::;334:.."4z;eac.""l 1.m019.~18000-1
65 72.63 68 7462

llean kg = 745 X 0,20 1.&018.-1890-“q

Heaa 10 kg = 7,63 & 0,01 l.mole.'1seo.'1

kS,
“"ﬁ = Jo'74 = 0,27

jid
K
o



412 2-{g~uitropbenyl ethyl bromide

k' e

Y = H Y =0
Kun 58 aun ©1
NaGH = 0,05 M, temp = 20° KoCH = 0.05 M, temp = 20°
time (sacs.) Uy, time (2ecs.) D,
040 0.010 00 0.440
0e5 0.055 Oeb 0,467
140 0165 1.0 0,492
15 Cu 165 Q513
2«0 0275 2.0 0.532
2.5 04324 2.5 0547
340 0303 3eU 0560
305 0 4CO 3.5 0.573
440 0.430 4,0 0.583
540 0,483 5.0 0599
k'g e 54,3 1.m01ee" 'sece™ ! kg = Ge01 l.xnoll.e.""socs.»"'1
¥ X
Run No. Bun Noe.
l.molc-.'qsoc.”q l.mole."“sac."‘
59 5.2 odh 63 €.26
Mean ki = 5343 ® 0.9 l.moles” secs™
lean k = 6.14 & 0412 lemolee ™ 'sece™"
]-:E

"‘ﬁ = §,68 % 0.51
) i ‘
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4.,1% .1 2-phenethyldimethylsulphoniwm bromides

. Temp, ‘IO3 k?_

- Oq 3..mole.-qnec.'1
p-iiel H 20 4,96 ® (.05
p-iie0 I 30 10,6 % 041
p-lie0 i 40 35,4 % 0,1

d 1 20 Z2.8 % 0,3
10 X,
p=Cl H 20 2.10 £ 0,04
N 5P H 20 5027 &£ 0,01
o,
“p-Ac 3 20 1.9 £ 0.1
2~N0, 1 20 176.7 % 1.0
4
107 k,
p-l1e0 D 20 7.26 £ 0,03
H D 20 an. 4 & 0,1
2
10k,
p=C1 3] o0 .58 &£ 0,02
a-—l:ir D 20 6-4?9 = 0.06
p-ic D 20 124.2 % 5,47
4.13-2 henet bromide
Tenmpe. 10
Z b 4 Zkz
% l.mole. " 1sec.™"
p-leC H 20 2.92 % 0,02
p=l1e0 H 30 6459 £ 0,04
p-le0 q 40 14,3 % 0.1
H H 20 8.17 £ 0,10



Temp. 10 k2

2
% l.mole. " 1sec.™"
p~C1 H 20 3,01 % 0,03
me-Br H 20 5.84 £ 0,02
ks
p-Ac H 20 7.43 & 0,20
2-NO,, H 20 533 & 0,9
10° x,
p-lieC D 20 3.87 £ 0,02
p=-Me0 D 30 10.3 £ 0.1
p=leC D 40 24,1 ¥ 0.1
H D 20 9.56 £ 0,01
2
10° ky
p=Cl D 20 3,42 ® 0,05
10 k,
p-Ac D 20 7.63 £ 0.01
4,14 S ¢ isotope
4.14.1 e=phenet dimeth u um (o

Temp. H,D
z 83 k2/k2

p-le0 20 6.83 ¥ 0,10
p-ileC 40 5030 £ 0,12

H 20 7.39 £ 0,09
p-C1 20 8.14 & 0,22
m-Br 20 8.38 £ 0,10
R-Ac 20 9.60 z 004'8



4.14.2

2~-phenethyl bromides
7 ng .

p~iiel 20

p-lie0 30

p-lieC 40

H 20

p~Cl 20

m-Br 20

p-Ac 20

20

ko/ ks

7.55 £ 0,09
6.40 & 0,09
5.93 & 0,07
8.54 % 0,19
8.81 % 0.21
9.19 ¥ 0.10
9.74 £ 0.27
8.68 * 0431
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5  DLSCUSSION

5.1 Agcuracy of results

The derived second order rate constants were reproducible to
within #2%, However, although it appeared to be sufficient

to use the readings obtained for the first two half-lives when
calculating the rate constants for non-deuterated substrates,
it was found that the readings for the second end third halfe
lives were required in the case of the deuteratad substrates
to maintain good reproducibility. This was because the
deuterated substrates all contained some non-deuterated
material which contributed to the initial spectrophotometric
changes observed. To enable reliable rate constants for the
deuterated compounds to be calculated the absorbance or trans-
nittance values were only recorded after the equivalent of 8
half-lives for the non-deuterated substrate (ca. one half-life
for the deuterated reaction). This time interval ensures
that all the non-deuterated material has disappeared.
Heproducibility of Ky/k, values was adversely affected if less
than the above time interval was allowed, especially in cases
vhere the degree of deuteration was leas than 1,9 atoms D per
molecule.

Although it was found that the second order rate constants
could bhe reproduced over at least a 10-fcld base concentration
range, wherever possible the same base concentration was used
for both the non-deuterated and deuterated kinetioc rums for
each substrate o minimize errors in the kn/kD ratio.

It was found, when the aforementioned precautions were taken,
that the kB/kD ratios were reproducible to better than &3j%,

5.2 Ihe Nammett Flot

it was found that for 7 = p-lieC the Hammett ¢ gave a better
corrglation than the o° value in the case of both X = Br and
X = SlMe,y hence the regression line was calculated using
rather thano® values for all substituents. Both Hammett
plots were set up using the log kg values for Z = p-lie0, H,
p=Cl and p~Br at 20°, The Hammett plot for X = Br is shown
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in Fige4, and for X = §Mea in Fig.5« The 0 values for each
substituent, along with the corresponding log xg values for
both the leaving groups, are shown in Table I.

Zable I
H
log kp log kg
4 o (X = Br) (X = &102)
3-{100 0268 "'1.555 "'2.504
H 0,000 «1,088 o484

BCl 40,226 «0,521 «0.678
&-Br "0.391 *'0025“ "00278
n“'&e +0¢516 +0.871 +1 00%
2O, 404778 414727 42,248

For X = Br the calculated P value was 24,029 # 0,012 with a
correlation coefficient (r) of 0,998, whereas for X = e,
the p value was 3.126 *+0.037 and r was 0.,996. In the case
of both X = Br and X = Jlle, the points for Z =« peic and

Z = g-EOa lie above the regression line and give derived ¢
values of 40,965 and +1.386 respectively for X « Br and
#0817 and 414192 for X = BMe,e These emhanced o values are
close to the o~ values for each substituent.

53

The p values observed for X = Br and X = gﬂaa are both fairly
large and positive. These values indicate the development
of negative charge at the g-carbon atom in the transition
state for the E2 elimination reaction. Thus, there must be
a greater degree of CH than C-X bond breaking in the trensie
tion state for both leaving groups. Doth transition states
can be considered to have a considerable degree of carbonionic
character. The exalted o values for 7 = p-ic and 2 = 210,
are consistent with the development of a large degree of
negative charge in these transition states. The obaservation
that the Hammett 0" value rather than the o © value for

Z = pelle0 gives a better correlation could be an indication
of significant double bond character in these two transition
states,
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" The Hammett o allows for conjugation with a double bond and

by implication the transition state for Z = p-le0 would
involve a similar interation. This is shown as follows,

HO~ HO_

=0 —0
ﬁ
—
quH3 + CH3

p-MeO benzoic acid

H==CH, H—TH,

+0CH,

p-lieC styrene

An inspection of the kg values (p.49 ) for the unsubstituted
compound in the case of both X = Br and X = &Me, shows that
the rate of elimination for the bromide is faster than for the
dimethylsulphonium bromide. Therefore, X = Br is : better
leaving group in this solvent-base system than X = Sﬁez. The
lower p value for X = Br indicates that this transition state
has a lower C-H/C-X bond breaking ratio than for the poorer
leaving group (X = Snea), that is, it is less carbanionic.
These results are similar to those obtained in related
2-phenethyl systems, For the elimination from 2-arylethyl
compounds with sodium ethoxide in ethanol’® it nas been shown
that as the leaving group becomes progressively poorer (as
indicaied by the relative reaction rates for the unsubstituted
compounds) the P value becomes increasingly positive. '
Cockerill’? also has shown for the elimination from
substituted 2-phenethyl arenesulphonates in g- butoxide =
t-butanol that the p value for each leaving group, determined
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by changing the substituent in the phenethyl benzene ring,
became increasingly positive as the leaving group became
poorer.

5.4 The ) ts

The primary isotope effect values observed are summarized on
page 50 and are listed in order of increasing electron-
withdrawing power of the 2-phenyl substituents. All of the
kR/kD ratios observed at 20° for both the 2-phenetiiyl bromides
and the 2-phenethyldimethylsulphonium bromides are high
compared to those expected from thooretica11° considerations.
The kH/kD values have not been corrected for eny secondary
isotope effect arising from the presence of the second
deuterium atom, but experimental evidenceBo appears to
suggest that this effect would be very small,

Another possible reason for the high kﬂ/kD values could be
proton tunnelling. The Arrhenius parameters for
2-(p-methoxyphenyl )ethyl bromide and 2-(p-methoxyphenyl)
ethyldimethylsulphonium bromide were calculated (see Table II)
in order to determine whether proton tunnelling was an
important factor.

Teble II

(Eg - E3)
1 /by

kJ, mol™
Br p_—HeO 9.5 & 004 0.15

+
SMe, p-MeO 9.7 £ 0.6 0413

X

The ky/k; ratios for the above substrates at 20%, 30° ana 40°
were used in the Arrhenius plots. The slope of the best
straight line which could be drawn through the three points
of the log kH/kD versus I/T plot was used to determine the

D g . '
(La - a) value from the relation,

slope = (Eﬁ - EE)/EJOB R

and the intercept was used to determine the Aﬂlan ratio from
the expression,



intercept = 1log Ay/Ap

Both the (ED - EE) values are significantly greater than the
theoretical*5 maximum value of 5.1 to 5.5 kJ. nnl'q. indicat~
inéfthat proton tunnelling is probably important in these
reactions. The Ay/iy ratio in both cases is considerably

less than the classical limit of unity, and also significantly
less than the possible extreme theoretical limit of 0.533. |
This observation provides further evidence for the existence
of proton tunnelling for Z = p-MeO, It is assuwied that a
gimilar situation exists for the other substrates.

2«5 Dlscugsion of isotope effects
5¢5¢1 Substituent c

A similar trend is observed in the kﬂ/kn ratios as the p-aryl
substituents become more electron-withdrawing for both the
leaving groups studied (p50). The values tend to be lower
for the dimethylsulphonium salts compared to the corresponding
bromides. There appears to be a rise in kn values from

Z = p-le0 to Z = p-ic for both X = Br and X = &fe,e In the
case of X « Br there is a slight, but significant, drop in
ky/kp from Z = p=Ac to Z = p=NO,. No kinetic isotog; effect
value was obtained for 2 = p=N0, in the case of X = e for
the reasons outlined in the experimental section. Thus, in
the case of the 2~phenethyl bromides at least, a maximum in
the kn/kD ratio appears to occur as the (J-aryl substituent

. becomes more electron-withdrawing, providing the high value
for p-Ac can be regarded as reliable, However, there is no
reason %o doubt this value. The electron-withdrawing power
of the g -aryl substituent should be proportional to theA pK
parameter of Boll1q'17. If this is the case then a fairly
large change in transition state symmetry would be expected as
%4 is changed from p-leQ to E?NOQ- Hence the maximum observed
for X = Br appears to be a broad one as the change in. the
kH/kD ratio along the series is not very great. The
significance of the changes in the kyp/k, ratio caused by a
systematic change in the substituents and the meaning to be
attached to the observed maximum is however far from obvious.
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5.5.2 Interpretation of the substituent effects

If we assume that the isotope effect does give an indication
of proton position in the transition atate, them a picture of
the transition state can be built up based purely on the
experimental evidence, and compared with current theories of
the effect of substituent changes on transition state structure.
There have been no data reported in the literature regarding
the effect of substituents on the kH/kD ratio for the elimina-
tion from 2-phenethyldimethylsulphonium bromides., However,
Thorntonzn has measured the secondary isotope effects, as
expressed by the kno'/kﬂo' ratio, for the elimination from
2=-phenethyltrimethylammonium ions in water. The theoretical
va1u9524 for this isotope effect are 1.88 for complete proton
transfer to the base in the transition state and 1.37 if the
proton is half-transferred. Values lower than 1,37 indicate
that the proton is less than half-transferred in the transi-
tion state.

For the unsubstituted compound a value of 1.79 is reported,
indicating more than 50/ transfer of the (3 ~proton to the
base. However, a smaller value of 1.75 was observed for

4 = p=Cl, indicating that the proton was not as extensively
transferred to the base for the more electron-withdrawing
substituent. The nitrogen isotope effect (for elimination
in ethanol-ethoxide solutions) in the case of Z = jr01§4 is
less than for the unsubstituted compound, indicating that
there is less C~N bond rupture as the substituent becomes more
electron-withdrawing. Thus, it appears that both C~H and
C=X bond rupture decreases as the substituent becomes more
electron-withdrawing, suggesting movement towards a more
reactant-like transition state. Some unpublished reeults§5
concerning the effect of substituents on the primary kinetic
isotope effect for this elimination show that along the
series Z = p-lie0, H, p~Cl and p=CF; the ky/k, ratios are 2,64,
3e23, 3,48 and 4.15 respectively. (These eliminations were
carried out in ethanol-ethoxide at 40%). Jince the secondary
isotope ar:tectse4 are greater than 1.37, the increase in the
kH/kIJ ratio observed along the above series must indicate
decreasing C-H bond rupture as the substituents become more
electron-withdrawing.
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If the principle that the proton is less transferred for the
more electron-withdrawing substituents can be applied to the
elimination from 2-phenethyldimethylsulphonium bromides and
2-phenethyl bromides in 50,2% DNMSO, as seems reasonable, then
the observed trend in the primaxry kﬂ/kb ratios for these
csubstrates must indicate transition states in which the proton
is more than half-transferred and which becomes more reactant-
like as the substituents change from Z = p-lie0 to Z = pe-ic.
However, the ky/k; ratio observed for Z = p-NO, and X = Br is
lower than for Z = p-ic, although the p-NO, substituent is
more electron-withdrawing. An explanation for this result
could be that the proton is now closer to thala-carbon than

to the base (i.c. less than half-transferred) and so the

kp/kp ratio begins to decrease. However, Bronsted
correlations using substituted phenoxide bases in ethanol for
2-phenethyl bromides”® show that(3= 0.54 when ZeH and (3 = 0,67
when Z = jrﬁoa. indicating that the proton is in fact closer
to the base for the p-NO, compound than for the unsubstituted
compound. Therefore, the decrease in the kE/kD ratio
observed when Z is changed from peAc to p-NO, seems to be
caused by the proton now being closer to the base for

% = p=NO, 80 that C-H bond breaking has increased rather than
continued to decrease,

5.6 Na of E2 transition stat

Thus, the experimental results for X = Br indicate that the
transition state for the p-methoxy compound involves considere
able proton transfer to the base. It is carbanionic, as
indicated by the positive p value, and it also has a signifi-
cant amount of double bond character, as indicated by the need
for the exalted Hammett o constant for this substituent. As
the substituents become more electron-withdrawing up to

4 = p=Ac the extent of proton transfer in the transition

state decreases, probably along with a decrease in C-Br bond
rupture. Thus, there is uncertainty as to whether there is a
change in carbanionic character of the transition state for
these substituents as it is not known whether the decrease in
C~H bond breaking is greater or less than that for the C-Br
bond. However, for Z = p-NO, the proton now becomes more
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transferred to the base again, hence C~H bond breaking is
increased. It would be expected32 that theC-Br bond breaking
would continue to deerease, giving an increase in the C=H/C=X
bond breaking ratio and hence an increase in carbanion
character for thelnéﬂoa compound. The changes in transition
state structure described for the X-= Br gerios from Z = p-lle0
to Z = p=Ac should also apply to the X = Sﬁea series. Although
it was not possible to measure kj/k, for the p-NO, substituent
in the case of X = EMea it is assumed that the result would be
similar to thet observed for X = Br.

If the above conclusions are accepted then the observed
maximun results from complex transition state behaviour as
the substituents are varied, rather than from the proton
passing through a half-transferred position.

57  Comparison of the results with theorgtical predictions

The picture of the E2 transition state which has been formed
using the experimental observations appears to be consistent
with the More O'Ferrall theoretical treatmants. The

positive p values observed for the 2-phenethyl bromides and the
2=-phenethyldimethylsulphcnium bromides in 50,2/ DM30 indicate
a carbanionic transition state (i.e. C-~H bond breaking is more
advanced than C-X bond breaking). Thus, the E2 transition
states will lie somewhere to the right of the diagonal line
(which represents equal C-H and C-X bond rupture) cn the
modified More O'Perrall diagram (Fig.1). The experimental
evidence obtained also suggests that the transition states

lie to the right of a vertical line through the centre of the
diagram which would represent a half-broken C~H bond., This is
because the proton appears to be more than half-transferred in
all trensition states. It is predicted” that an inerease in
the electron-withdrawing power of substituents on the g-carbon
will produce a more reactant-like transition state, resulting
in & decrease in both C-H and C=X bond breaking. However,
according to Bunnett3 electron-withdrawing substituents will
also stabilize any carbanionic character in the transition
state. The More O'Ferrall approach predicts that this latter
effect will act across rather than along the reaction
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coordinate and ¢ond %o pull the transition state towards
greater carbanionic character. If this 'perpendicular'
offect was considered alone then an increase in C-il bond
length would be predicted along the series for X = Br from

2 = p=l'eC to 2 « p=NO,, along with a decrecse in C~Br bond
length. However, if the effects along the resction
coordinste (i.e. 'parallel') are considered in conjunction
with the 'perpendicular' effects then it can be seen that

they reinforce each other with regard to C=X bond length, but
vork in opposition wvhen the C-H bond is considered. It
#ppears from the experimental results, for both X = Er and

¥ = lle;, that the 'parallel' effect which tends to make the
transition etate more resctant-iike by stabilizing the product
(and hence decreesins the C-H bond length) overrides the
'perperdicular' effect from Z = p-Meo to Z = p-Ac, giving a
ret decrease in C-H bond breaking. However, the extreme
clectron-witihidrawing nature of the p-iCU, substituent could be
expected to stabilize the carbanionic nature of the transition
state to a greater degree than it stabilizes the product,
resulting in a net increase, rather than a decrease, in CeH
bond rupture., This would explain the decrease in kﬂfkn ratio
cbserved for X = Br when the Z substituent is changed from
P-ic to p=NO, and is also consistent with the increase in the
Bronsted coefficient (B) for the p-NO, substituent. On this
bagis, o similar result would be expected for the §H02 leaving
ZYoup. It should be noted that the prineciple that the proton
is least transferred to the base for the most electron-
vithdravwing substituents only applies to situations in which
the ‘parallel' effect is most important.

A change to a poorer leaving group is predicted to make the
transition state more product-=like by stabilizing the
reactants, and also to make it more carbanionic by tending

to stabilize a potential carbanion intermediate. The
‘parallel' effect should increase both C-H and C=X bond
breaking, whereas the 'perpendicular' effect should increase
C=H bond breaking but decrease C-=X bond breaking. The over-
all effect on the transition state should be to increase C-H
bond breaking but to tend to cancel any change in C-X bond
rupture, ¢iving e net increase in the C~l[/C~X bond bLreaking
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ratioe This predictiom iu mn accordance with the larger P
value recorded for the X = uﬂea reaction series compared to
the "l = Br series, which indicates increased carbanionic
character for the sulphonium salt transition state. It is
also consxatent with the decrease in kﬂ/kD rationin going from
X = Br to X = umez (8454 t0 7439) for the unsubstituted sube
strate. Thn nrediction that there will probably be little
change in C -X bond rupture as the leaving group becones
poorer is supported by tie au.l.phur57 and nitrogen’® isotope
effects for i = amea and X = ﬁﬁe3 respectively.

Thus, there seews to Le a reasonable degree of consistency
between the expecimental observations, their eupirical inter-
pretation, end the thecorctical predictions for the elimina-
tion from 2-phenethyl systers. The essumption that the
primary kinetic isotope effect is an indicator of proton
position iu the transitior state therefcre seems to have some
validity. However, the inter~rotation of the results is
complicated by the existence of little understood factors such
as proton tunnelliug and coupling of atoamic wotions in multi-
centre reactiors. fhese factors help to deterumine the size
of the isotope effect but mny be unrelated $o the position of
the proton in the transition state. Some of the difficulties
which need to be resclved are discussed in the next section.

58 € c tic iso e

The theoretical maximum primary kinetic isotope effect which
can be observed accerding to the simple J-centre model of
uastheimera is approxinitely 7.0. However, as has been noted,
there have been many values higher than this meximum reported
in the literaturs. The wulti-centre model of Katz and
aaundersqo predicts that the iasotope effects observed will be
lower than those of the Z-¢ mire model, but a maximum is still
predicted to occur when the proton is half-tranasferred to the
base. This multi-centre model takes into account the coupling
of the proton transfer motion with other atomic vibratioms in
the transition state, and is based on the reaction of hydroxide
ion with the ethyldimethylsulphonium ion. Thus, it is
structurally related to the transition states which would occur
for the 2-phenethyldimethylsulphonium bromides. An important
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poin% which srises from the above model is the possibility
that the siz2 of the er/kn ratio for a given extent of proton
transfer can vary as the E2 transition state varies from
El=-like to Eleb-like. The possibility that the degree of
coupling of the C~H motion with other atomic vibrations can
also affect the size of the kH/kD ratio tends tc make one
wary of comparing isotope effects obtained from different
substrates or even from the same substrate in different
solvent-~base systems. For example, in the subatituent

effect studiee for substituted 2=-phenethyldimethylsulphonium
bromides in 50.2% DMSC at 20° the ky/k, ratios cover a range
from 6.83 to 9.60. However, Cocker11119 found that the
meximum kp/ky, ratio he could observe in the Dﬁ&O—Hao system
for the unsubstituted coumpound was €.85 at 30°, Even
allowing for the increase in the kﬁ/kn ratio when the tempera=-
ture is decreased to 20°, the maximum for the unsubstituted
sulphonium salt is conciderably less than the value of 9,60
otserved for the p-Ac compound. It is disturbing to find
that the highest pcssible isotope effect value which
apparently cen be cbserved for one menver of a reaction series
(and is taken es the point where the proton is about halfe
transferred) is less than some of the kﬁ/kD values observed
for other members of the same series. This eppears to be
inconsistent with the usssumptlion that the same maximum value
should be observed when the proton is half-transferred for all
meubers of & particular reaction serice, even if the maximum
can vary between different reaction series,

f8 has been noted, proton tunnelling appears to be present in
the system studied. This increases the difficulty of inter-
rreting the kinetic isctope effect values in terms of transie-
tion state structure. There arpear to he differences of
‘opinion as to the effect proton tunnelling has on the shape of
the meximum in the isotope effect. Bell et 3114 have even
¢lelmed thet the isotope effects are primarily determined by
the turnel correction. lle hes yropesed an electrostatie
model which predicts s waximum in the lsotope effect along a
reaetion seriea zlthough the position of the proton may remain
unchanged.
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Finally, the epplication of kinetic isotope effects to the
determination of transition state structure in E2 reactions

is hindered by the fact that the theoretical predictions of
the shape of the maximum differ, even in the absence of the
tunnelling ccrrection. illi et al”® predicted that the
maximum can range from being relatively sharp to being very
broad, the latter case giving rise to high kﬁ/kn values even
when the Cell bond is considerably less than or grenter than
50/ broken. liore O'Ferrail ot al’? hove stated that the
naximuwa is more likely to be sherp ratier then broad, although
it is recognised thuat the shape cannot be conclusively deterw
nined from their multi-centre medel. Therefore, the intere
pretation of the effect of different substituents on the
kH/kD ratio is subject to¢ considerable reservation, because
if the naxinum in the kinetle lsotope effect is broad, as is
the case in this study, then relatively small changes in ky/kp
ratio eould indicate quite large changes im proton position.
However, the oprosits will be the case if the maximum is
fairly sharp.

5.9 Conelusion

The results obtained in this study tend to suggest that if the
substituents are varied systematically along a reaction series
then a systematic variation in the primary kinetic isotope
effect can be observed for £2 reactions. This ocould be an
indication that the gymuetry of the transition state is
changing owing to the substituent sffects, but such an intere
pretation cannot be accepted without reservation because of the
rreseace of conflicting opinions regundins the meaning of the
kXinetic isotope effect. Further doubt arises from there being
no conmon agreement on how changes in the structure of the
reactants, solvent, or reaction conditions in 2 reactions will
alter the character of the transition state. Therafore, it
becowes a case of attemptins to resolve one uncertainty with
another. work in this field has tended to be disjointed with
no apparent attempt tc completeiy rez20lve a given system.

This has given rise to much speculation using incomplete datae.
in this respect, the syster used in thiu study appears to hold
promise as an ideal systea with which to cbtain a considerable
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amount of information about the relationship between isotope
effects and transition state structure for L2 reactions.

The substituent effect can be studied as in this thesis,
while the base strength can be dramatically changed by
altering the LMSO content of the solvent to study the effect
of the base. The effect of a range of different leaving
groups can be observed subject tc their solubility in the
VisC=-water systen. L stuldy of substituent effects on the
elimination from 2-phenethyltiimethylanmoaium salts in this
system could prove interestinz. The trimethylammonium ion
is a much poorer leaving group than either the bromide or
dimethylsulphoniun ion leaving groups and so the transition
gtate would be expected to be considerably more carbanionie,
as indicated by the large positive p value16. If the sub=
stituent effect om the kB/kB ratlo was studied for a given
leaving group at different D50 percentages then a great deal
of information may be obtained about the effect of changes in
transition state structure on the kH/kD ratio,.

It iz felt that until a fairly exhsustiwe study on a particular
system similar to that suggested sbove s carried out then no
definite conclusions can be made. 1t appears that a consider-
able amount of coordinated data has yet to be accumuliteds
before the present speculation in this area can be given more
substance,.
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