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ABSTRACT

The investigation concerns the solvolytic study of
p-substituted benzyl halides in aqueous acetone. By a
suitable choice of substituents it is possible to obtain a
finely graded sequence of mechanisms, by which hydrolysis
occurs, ranging from extreme SN2 to SNj and the work aimed
at obtaining information about the mechanistic border-line
region, a region where the mechanism is almost, but not
quite, SN1. For this a new approach was necessary since
criteria which are well established for the investigation of
thé-extéem;-forms of mechanism could not be used in this
region. This approach involved the verification of the
hypothesis that the ratio of the heat capacity of activation
to the entropy of activation for the SN1 hydrolysis of an
alkyl chloride in a given solvent at a given tcmperature has
a constant value. Extension of fhe earlier work carried

out by Bensley and Koths'i:am’I

shows that this hypothesis is
essentially correct and that the ratio of the heat capacity
of activation to the entropy of activation has a lower value
for SNE reactions than for SN1 reactions. Application of
these ideas to the present experiments shows that p-methoxy-
benzyl chloride in 50% aq.acetone reacts by mechanism SN1,

p-methylbenzyl chloride is border-line and the unsubstituted
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compound and p-nitrobenzyl chloride react by a mechanism

which progressively approaches the more extreme form of SN2a

An additional problem investigated concerns the
effect of electrolyte additions on the hydrolysis rate of
benzhydryl chloride, a compound which reacts by mechanism SN1.
The specific electrolyte effecfs found are interpreted as
arising from changes in the solvent composition caused by the
solvation of the electrolyte. This effect would be super-

imposed upon the ionic-strength effect of Hughes and Ingold2°

1. Bensley and Kohnstam, J.Chem.Soc., 1957, @%47.
2. Bateman, Church, Hughes, Ingold and Taher, J.Chem.Soc.,
1940, 979.
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CHAPTER I

MECHANISM OF SUBSTITUTION AT A SATURATED CARBON ATOM1’2

Types of Substitution.

In a substitution of the fofm
Y + R - X —> Y - R + X

in which only one bond is exchanged, there are two main

types of bond fission.

(4a) Homolytic or symmetric fission.

Y.+ RJJX ———— Y:R + X
(The dots represent electrons)

This type of rupture is common in gas-phase reactions,

e.g. H + H - H ——> H - H + H

(B) Heterolytic or dissymmetric fission.

This form of fission is common for reactions in solution.
It is necessary tb distinguish between two tyﬁes of hetero-

lytic substitution.
(1) Electrophilic (labelled SE).

T + Re .Jf —> Y:R + X
In this type the substituting agent uses its electrons to

attack the nucleus of R or uges its nucleus to combine with

7% sGERGE
- 3NOV 1960. }
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the electrons of R.

e.g. D + R ~ H ——s D - R + H

(2) Nucleophilic (labelled SN)'
Y: + R|. X —=———> Y :R + X
In this type the expelled group separates with its electrons
e.go I + R - Cl =3I - R + C1l°

In nucleophilic substitution there is an electron transfer
from the substituting agent Y to the centre of substitution
in R, and from this centre to the expelled group X; so that,
in consequence of the substitution, Y becomes formally one
electronic unit more positive, and X one unit more negative.
Subject to this, there need be no restriction on the states
of elecirification of tvhe gpsecies involved. ‘‘he pregent

investigation is concerned with reactions of this type.

Mechanisms of Nucleophilic Substitution.

Two mechanisms are recognised for nucleophilic

substitution.

The first is a one stage process, in which two
molecules simultaneously undergo covalency change in the rate-
determining step; it is therefore called bimolecular and

labelled SN2' In this mechanism we have synchronous bond



making and breaking.
- §- §= -
Y + R - X I—--R---x] = Y-R +X (842)

The solvolysis of methyl bromide in aqueous ekthancol

occurs by this mechanism3.

The second mechanism involves two stages, a slow
ionisation of the compound substituted is followcd by a rapid
co-ordination between the formed carbonium ion and the sub-
stituting agent. The rate-determining stage is the first,
and gsince in that stage only one molecule is undergoing
covaloney change, the mechanism is ealled unimolecular and

labelled SN1. B

§ 5- -
R - X~ [If—---x] =R + X~ (slow) (8y1)
R*+ " — R - ¥ (fast)

At one time it was thought that organic compounds did
not ionise in this way in view of the large activation energy
which would be required4’5. It is now postulated however
that ionisation does occur due to the activation energy being
reduced to acceséible values by the solvation of the polar

3

transition state in the ionisation process”.

This mechanism operates in the solvolysis of tert.-

butyl chloride in aqueous acetones.



Formation of Ion-pairs.

An extension of the Syl mechanism has been proposed
by Winstein and co-workers to explain '"special salt effects"
in the acetolysis of some toluenesulphonates and benzene-
sulphonates in acetic acid7’8. These authors hold the view
that two types of ion-pair may be concerned in these
heterolyses; the first, an "internal®” ion-pair, in which the
partly separated pa®ticles are surrounded by a common solvation
shell; the second, an "external" or "solvent-separated" ion-
pair.

RX — [ﬁ-“ z‘] — [B‘+// x‘] =R + x~

Internal External Dissociated
ion-pair ion-pair ions

These ion-pairs,which exist as metastable intermediates, are
capable of reacting directly with the solvent and anions.

Although the evidence for ion-pair formation cited by
Winstein appears to be satisfactory for acetolysis, the
intervention of ion-pairs in hydrolysis has yet to be
e stablished. For example, it has been shown9’1° that even
if the SN1 heterolysis of the C-Cl linkage involves inter-
mediate ion-pairs, these need not react significantly relative
to the fully developed carbonium ion with water and with
anions. This has been demonstrated for the hydrolysis of

dichlorodiphenylmethane in aqueous acetone.



Determination of Mechanism.

The present investigation is essentially concerned
with the mechanism operating in solvolysis. Several methods
are available for the recognition of mechanism and these will

now be discussed.

I. The kinetic criterion. Provided both reacting species
are in small and controllable concentration, the bimolecular
mechanism of substitution should lead to second order kinetics,

as expressed in the equation,

Rete = kY J[Rx]

When however, as in the present case, the substituting agent

is a main constituent of the solvent and therefore preseﬁt in
constant excess, the bimolecular mechanism leads to first

order kinetvics. The unimolecular mechanism alse giveg firot
order kinetiecs, with an overall rate equal to the heterolysis
rate, provided that the rate of reversal of the heterolysis

is much smaller than the rate of co-~ordination of the carbonium
ion with the substituting agent. Thus in solvolytic reactions
the kinetic order of a reaction cannot be used as a criterion

of mechanism.

II. The effect of structural changes in the compound
substituted on reaction rate. This will be discussed fully

in the following pages.
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III. The effect of systematic changes in the substituting

agent on reaction rate.

IV. The effect of solvent changes on reaction rate and on
the products. The effect on rate will be discussed in
connection with the work of Winstein, Grunwald and Jones11

(see page 11).

V. The stereochemical course of the substitution.

VI. The kinetic form of the substitution reaction.
VII. The effect of salt additions on rate and products.

Full details of the above methods are given in a -

review by Hushes12.

Effect of Substituents on Mechanism and Rate.

Bimolecular nucleophilic substitutions involve simul-~
taneous electron transfers from the substituting agent to the
reaction centre and from the latter to the expelled group.

In general, these transfers will not be exactly balanced in
the transition state of the reaction, so that a polar effect
on the rate is to be expected. When the nucleophilic reagent
is negative, this effect is only small. When the reagent is
neutral however (e.g. water) the effect may be quite large, as
is observed when the rate of hydrolysis of p-nitrobenzyl
chloride is compared with that of the parent compound (see
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Table IV 3). It should be emphasised that even in this
latter category the effect on the rate is not so large as

for SN1 reactions.

The rate-determining stage of unimolecular nucleophilic
substitutions involves an electron transfer from the reaction
centre to the displaced group, without any compensating gain
of electrons by the reaction centre. A large kinetic polar
effect, of certain direction, is therefore expected. Electron
release to the reaction centre must facilitate such substitu-
tions by stabilising the tramsition state.

Ls a geénéral rulc, the inductive mechanism of electron
releage is the important one. Since the inductive effect for
the methyl group is greater than for hydrogen, it follows that
electron releaco to tho roacticn ccntre should imorease along

the following series of alkyl halides.

Me < Bt < i-Pr < tert.-Bu

As already stated, electron release faclilitates SN1
substitutions, and this series must therefore have an increas-
ing tendency to react by mechanism SN1 on going from left to
right. This may be demonstrated by examining the alkaline
hydrolysis of methyl, ethyl, iso-propyl and tert.-butyl
bromides13’3’6. For this series it is possible to determine
the molecularity of the reaction from the kinetic order. For
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methyl, ethyl and iso-propyl bromides second order kinetics
were found showing that the reaction was bimolecular.
tert.-Butyl bromide exhibited first order kinetics and was
therefore unimolecular. Fo the solvolysis of these bromides
the kinetic eriterion of molecularity no longer holds (see
P.-5 ). Although the methyl and ethyl compounds still react
by mechanism SNZ and the tert.-butyl compound by mechanism
SN1 the position regarding iso-propyl bromide is not so
certain. While the reaction with hydroxide ion may be SNZ,
this does not necessarily bold for the reaction with water
since an hydroxide ion is a better nucleophile than water, a
factor which increases the tendency to react by mechanism.smz.
The mechanism for the solvolysis of iso-propyl bromide is

however probably SN2 rather than SN1' This type of effect
has already been demonstrated on a provicus cccasion.
4

Ballinger, de la Mare, Kohnstam and Prestt examined the
reaction of chlorcdimethyl ether in ethanol and in mixtures

of ethanol and diethyl ether in both the presence and absence
of ethoxide ions. Whilst the solvolysis was shown to be
unimolecular, reactions in the presence of ethoxide ion, a
better nucleophile than ethanol, were found to be substantially

bimolecular.

In aralphyl compounds containing @-phenyl substituents,

the more powerful mechanism of conjugative electron
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displacements is available to assist the separation of the
displaced group and a formed carbonium ion is stabilised by
conjugative mesomerism. It is found, in accordance with
prediction, that g-phenyl substituents in aralphyl groups
exert a strong facilitating polar effect on mechanism SN1
and a weaker one on mechanism SNZ. One g-phenyl group is
roughly about as effective as two g~methyl substituents for
the purpose of determining the relative importance of the

two mechanisms.

In the selvelysis of the fellowing series of chlorides

in aqueous solvents, .

cn;cl PRCH,C1 PhCHC1 PthCl
methyl chloride is SN2’ whilst benzhydryl chloride and tri-
phonylmevhyl ehleride axe Sgﬁ. ‘"here has been much contro-
versy concerning the mechanism by which benzyl chloride
reacts. An examination of the available evidence led Bensley

and Kohnstam15 to conclude that the mechanism was mainly, if
not entirely, SNZ in 50% aqueous acetone.

A detailed picture of the manner in which a change from
mechanism 8,1 to mechhnism SNE occurs is of interest.

Mechanism in the "border-line" region.

Several views have been put forward about the
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mechanistic "border-line" region, which marks the transition
from one mechanism to the other. It is convenient to regard
the transition state of nucleophilic substitution reactions
as the resonance hybrid of the following three canonical

structures11

W+
Q
-

Y R - Cl I-R Cl Y
I II III

If the reaction is extreme sz there is no comtribution from
structure II1I whereas if the reaction goes entirely by mechan-

ism SN1, gtructure II doecs notv contibute to the transition

‘state structure. If structures I, II and IIT all contribute

to the structure of the transition state, the reaction must
be regarded as bimolccular since covalent participation by
vhe reageonv Y ig still am coscntial feature of the aetivaiien

proeess16.

There are two possibilities for a reaction occurring

by the "border-line" mechanism.

(1) The reaction proceeds via a single intermediate
transition state with contributions from I, II and III and
which is therefore bimolecular. The more the reaction
conditions favour mechanism SN1, the greater is the contri-

bution from III relative to I1I.

(ii) The individual molecular acts occur via any one
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of a continuous spectrum of transition states each with
varying contributions from II and III and some having no
contributions from If i.e. concurrent SN1 and. SNZ. A variant
on this view is that the reaction occurs via one SN1 and one

sz process.

In order to obtain further information concerning the
"borderdine" mechanism, Winstein, Grunwald and J‘ones11 studied
the dependence of solvolysis rate on solvent on the basis
that the relevant solvent properties which affect the rate,
nuclecphilie charsoter and ioniging power, vary independenitly.
Nucleopihllic solvolyses were divided into two categories -
the limiting class, (Lim), rate constaat k1, whose rates
depend on the ionising power of the solvent, and the nucleo-
philic class (N), rate constunt k, . whose rates depend on both
vie lonising power and the nucleophilie character. ‘These
clasgses correspond roughly to SN1 and SNE respectively. The
variation of solvolysis rate with solvent was represented by
the following linear free energy relationship which applies
to both Lim and N classes

logk = 108 ko + mY -..lo.ool-I"1

where k and k° are the rate constants in a solvent and in
the standard solvent respectively, Y a measure of the solvent
ionising power, and m is a constant independent of the sub-

strate with one value for Lim reactions and another for N
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reactions.

The solvolysis of iso-propyl bromide, a reaction
expected to be berder-line, was studied for the entire solvent
range from ethanol to pure water. Assuming two simultaneous

processes for the solvolysis
k = k; + ki cecesescsel=2
Applying equation I-1 for each process
log k1 = qu + log k: I ]
and log kg = mY + log ko VTR SV

- Substituting fer k an&-k; in equation I-2 givesn

1

-n Y Y -nyY
My p o (101 T & ) k: + k: e..I-5

m, wag assuned to bc the same as fer Hems.-butyl bromido

(10

(which reacts by the limiting mechanism) and My s for ethyl
bromide (which reacts by the nucleophilic mechanism).
Substituting for m in equation I-5 gave values of k: and k;
which were then used to calculate k1, kx and thus k. The
agreement with the observed values of k was poor, a single
m value between n, and m, giving a better fit to the experi-

mental data.

The asuthors therefore hold the view that solvolysis in
the border-line region should be regarded as a single process

and not as two simultaneously occurring processes.
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Bird, Hughes and Ingold'’, while agreeing with the
above conclusion, have pointed out that it was ensured by
the procedure used. In addition they emphasised that the
free energy relation used is non-linear for methyl and ethyl
bromides (compounds solvolysing by the N mechanism). 1In a
later paper Winstein, Fainberg and Grunwald1sshowed that there
are definite structural limitations to the use of the free
energy relationship for the quantitative interpretation of
solvolysis rates. In conclusion it should be noted that
even if this relationship is valid it only shows the general
trend in the mechanistic change between S,1 and Sy2 and not
the point of mechanistic change.

Bird, Hughes and Insold17 have studied substitution in
m-chlorobenzhydryl chloride by fluoride ion, pyridine and
triethylamine using sulphur dioxide as solvent. If the
substitutions are unimolecular the initial rates of the
different reactions should be equal to one another and indep-
endent of reagent concentrations. If however some of the
substitutions are bimolecular, then the initial rates, although
varying for the different substitutions following this mechan-
ism, should each converge on zero as the reagent concentration
is diminished. If unimolecular and bimelecular reactions run
concurrently, then the rates should converge on a finite value

as the initial concentration of the reagent is diminished.
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The authors found that substitution by the amines showed
common-ion retardations, the most diagnostic kinetic feature
of mechanism SN1, but deviated from the requirements of that
mechanism in at least two important respects. The rates

were sensitive firstly to the nature of the substituting agent,
and secondly to the concentrations of the reagents although in
each respect not nearly to the extent appropriate te bimolecul-
ar reactions. In addition it was found for the reactions of
pyridine and triethylamine that an equation derived assuming
the operation of mechanism SE1 reproduced the observed eccursc
of the reaction more accurately than one obteined by assuming
a bimolecular process, though not as perfectly as for the
fluoride ion reaction. A suggested explanation was that the
mechanism has some degree of bimolecular character. Concurrent
Sﬁﬂ and gﬁa procesges were not envigaged oince the ratos did
not converge when the concentration of the reagent was low.

The results obtained thus favoured the view that reaction
occurs via tramnsition states intermediate between the two

mechanistic extmemes.

It has often been assumed that the solvolysis of
benzoyl chloride occurs by a border-line mechanism. This
reaction has been studied by several sets of workers and their

conclusions will now be discussed.

Gold, Hilton and Jefferson19 examined the hydrolysis
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of benzoyl chloride and acetic amhydride im aqueous acetone
in the presence of different amounts of an aromatic amine,
which can compete with the solvent for the acylating agent.
The relative contributions of unimolecular and bimolecular
mechanisms to the acylation of the amine and to the acylation
of water were determined by examining the influence of the
amine on the rate and final product composition. The authors
concluded froﬁ their results that acetic anhydride in 56%
acetone and benzoyl chloride in 80% acetone react by the
bimolecular mechanism, but only half of the total reaction of
benzoyl chloride with 50% acetone proceeds by this mechanism.
fhe bordef-liﬁe mechaﬁism was_regarded as the concurrence of
an Sy1 and an SN2 process.

Crunden and Hudsonzo

studied the effect of added

formate ions and solvent variation on the rate of solvolysis

of p-methyl-, p-bromo- and p-nitrobenzoyl chloride and the
parent compound in aqueous formic acid. The authors concluded
from their results that the p-nitro compound reacts by mechan-
ism sﬁz and the p-methyl and parent compounds react by mechan-
ism SN1. The reaction rates were found to be less in formic
acid than in 65% aqueous acetone, a solvent with the seame
solvating power (denoted by Y by Grunwald and‘Winstein21);
the greater the ease of electron release to the reaction

centre, the closer were the two corresponding rate constants.
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The authors assumed that concurrent unimolecular and bimolecul-
ar mechanisms eperate and that the rate of the SN1 process is
equal in the two solvents, the excess rate in the aqueous
acetone being due to reaction by mechanism SNZ. Values for
the percentage of_SN1 reaction in the aqueous acetone were
obtained.

Kelly and Watson22

have studied the effect of solvent
composition on the selvelysis rate of benzoyl chloride in

aqueous acetone. They proposed that when hydrolysis ocours
by the unimolecular mechanism the observed rate constant ean

be_:epgggegggd by

q
k;bg. - K, [nzo] AU -

where k1 and q are constants, independent of solvent composi-
tion, and that whon the bimolecular mechanism eperates, the

observed rate constant kéés is given by

k:ﬂ',s . = k2 [Hao]n[HZO] ........ JI-7

where k2 and n are constants, independent of solvent composi-

tion.

Assuming concurrent unimolecular and bimolecular
processes, the observed rate comstant is then given by the

expression

Ebs = ko [HZO]n[H2°] + k1[BQOJ :



1.
and therefore

Kobs q=1

[0]

Q-1
At low water concemtration k1E52é] " wag assumed to

k, [32°]n + k[ Hy0]

be negligible, i.e. no unimolecular contribution, and a linear
relationship between log(kobs/[ﬂao])aad log [320] was therofore
expected in this region. The experimental results verified
this predictien. At higher water concentrations however

this curve showed departures from linearity, thereby indicating

a mechanisgtic change. Analysis of this curve gave values for

- the relative contributions from the unimoleécular and bimolecul- ~

ar mechanisms to the total reaction.

An equation of the type

ko’b = k[B'Zo]m
where k and m are constants, independent of solvent composi-
tion, is however unlikely to hold over the whole solvent
composition range for mechanism S,1 or mechanism SN2'

Bunton, Iewis and Llewellynaa, by studying Oqaexchange
between some benzoyl chlorides and water during hydrolysis,
showed that intermediates are formed, of finite life, which

contain a water molecule. Further work2

4 led them to conclude
that these reactions should be regarded not in terms of the SN
mechanisms but as two stage processes in which the reagent

adds to the carbonyl carbon atom to give an intermediate,

- 4
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which breaks down with loss of halide ion, or reagent. This
mechanism, analogous to acyl-oxygen fission for carboxyl ester
hydrolysis can be represented by two limiting representations
of the reaction pathzs,

~ 0 -~
e | ¥
ff Y ----(i---—-cl ﬁ
Y+ 0 -C1 ;=ﬁ< R ’e=iI - ? + X
R cla' R
Y*——(I: —C1
L R ]

Bince at least part of the solvolysis of benzoyl chlorides
goes by this mechanism, conclusions reached concerning the
border-line mechanism in nucleophilic substitution using this
roaction are therefore rendered Aoubtfwl.

Nair26 has studied the reaction between 0.04}M benzyl

chloride and potessium cyanide in 80% ethanol kinetically and
uging isotopes. The rate of formation of chloride ions
produced from the reaction with potassium cyanide and the con-
current seivolysis of benzyl chloride for a cyanide concentra-
tion of 0.05M showed good first order kineties, thus excluding
the possibility of a straight bimolecular displacenment of
halogen by cyanide ion. For smaller concentrations of
potassium cyanide however thelfirst order rate constants

decreased with time. The initial first order rates showed a
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dependence on the concentration of cyanide ions which could
not be attributed to a salt effect, showing that at least
part of the reaction which produces the nitrile does not take
place by mechanism SN1' The author postulates the existence
of intermediates with "pentacovalent carbon atoms" having
structures like IV, V and VI, a postulate made by Doering and

co-workers to account for stereochemical resu1t527.

&+ l5+ §- &+ lS+ 5+ &- IS + §+

I, A §mw—eCmmmm=§ Y----C==--8
/\ /\ /\
v v VI

Attack by a solvent molecule S results in the partially
ionised intermediate IV, from which a lateral displacement of
solvent could femove X, the displaced halogen, to give V,
deseribed as a covalently solvated carborium ion. X can alse
be displaced by Y , the negatively charged cyamide ion to give
VI, which is also formed by the attack of Y on V. If the
degradation of intermediate V is the rate-determining step

for solvolysis and if the formation of VI from IV is the rate-
determining step for nitrile formation the expression obtained
for the formation of chloride ions explains the data. " Phe
intermediate character of the mechanism is also reflected in
the isotope effects obtained. The ¢137- ¢137 isotope effect
showed the reaction to be nearly half way between the two
mechanistic types while a significant amount of bond formation



.
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before bond rupture is complete was indicated by the 012- c14
isotope effect for the benzyl carbon atom. Am approximate
value obtained for the 012- 014 effect at the cyanide carbon

atom was consistent with the other isotope effects.

A similar vie® on bonding has been proposed by
Gillespie28 who suggests that carbon can utilise one or more
of its 34 orbitals for bond formation. For example, the
transition state of a bimolecular substitution reaction is
described as an unstable compound of guinquevalent carben,
where the carbon atom iz using #£ive orbitals fer bond forma-

tion, one 25, three 2p and one 3d.

It has however veen shown by Dewar29 that any contri-
butions from 3d orbitals to the valency states of carbon
leaves the general configuration of the valomey cloetrons
unchanged, a demonstration which is inconsistent with tho
mechanistic picture proposed by Nair.

Le Roux and Swart’C have interpreted kinetic data
which they obtained for the isotope-exchange reaction between
radioactive bromine and tert.-butyl bromide in anhydrous
acetone in terms of concurrent unimolecular and bimolecular
processes. Their experimental evidence was not however
confirmed by later work31.

32

Hyne and Robertson”™ have interpreted activation

energies for the solvolyses of benzenesulphonic esters on the
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basis of a continuous spectrum of mechanisms intermediate
between BN1 and extreme SNZ and have presented a semi-empirical
equation relating the activation emergies to physical proper-
ties of the solvolysing medium. This correlation is not
thought to be particularly relevant to the border-line

qusstion’B.

Bensley and Kohnstam15 using an approach similar to
that which will be used for the solvolysis of p-methylbenzyl
chloride in the present investigation (see Chapter IV) ,
examined the solvolysis of benzyl ehloride in 50% aqueous
acetone and ghowed that both general mechanistic alternmatives -
were consistent witlg the data obtained. The concurrence of
mechanism SN1 with extreme_SNZ is however not supported by

the evidence.

Kohnstam, Queen and Bhillaker34 have shown that SN1
and SN2 processes operate simultaneously in the attack of
azide ions on p-methoxybenzyl chloride. ' The reactien was
carried out in 70% aqueous acetone where hydrolysis occurs

exclusively by mechanism Byt (see p. 51 ).

For the investigation of mechanism in the border-line
region the criteria of mechanism already outlined (p. 5 )
are insufficient. A reaction in the border-line region may
have a transition state with a large contribution from struc-

ture III but also some contribution from II. The stability
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of the tranmsition state will thus be largely controlled by
factors affecting'III. An BNZ reaction could thus behave
more like 8y1 than SNZ with both solvent variation and changes
in substituents and mechanistic tests based on the sensitivity
to solvent changes and the effeet of substituent groups would

therefore not give an unambiguous indication of mechaniem.

Stercochemical evidence is equally unsatisfactory since
SN1 reactions show inversion of configuration when the carbon-
ium ion is unstable (i.e. has a very short lifetime) as there
is then comsiderable chielding by the legviag group55,

The- mass~law effect (discussed in detall in Part II)
does not always show up in SN1 reactions where there is am
unstable carbonium ion, since the solvatiorn shell collapses
with the formation of the aleohol before tho carbonium ien has
completely freed itself from the bound anion. Since the
carbonium ion would be destroyed too rapidly to participate in
the equilibrium between any added common-ions, the effect of
these ions would not be observed. Thus, although the obser-
vation of mass;law retardation is dlagnostic of mechanism SN1,
the absence of this effect could mean that the mechanism is
either SN2 or By1 with a highly unstable carbonium ion.

A further test of mechanism has recently been proposed
by Bensley and Kohnstamﬂs. For SN1 solvolysis it has been

found that the activation energy decreases with increasing
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temperature, an observation which will be discussed in

Chapter II. BEyring's absolute rate equation shows that this
decrease in activation energy, related to a decrease in
enthalpy, is due to a negative heat capacity of activation.

It is an essential feature of an SN1 solvolysis that the

} activation energy is reduced to accessible values by the

‘ solvation of the transition state, involving a definite
orientation of solvent molecules around the ions. These mole-
j cules are less free to move than those in the bulk of the

; solvent and are therefore expected to have a lower heat

capacity This solvation of the transition state relatlve to

|
the 1nitlal state is also the most 1mportant factor controlllng
‘ the magnitude of the entropy of activation. It is therefore
reasonable to expect that the ratio AC'/AS°, where Act

and [58* are the heat capacity and entropy of activation
respectively, for the SN1 solvolysis of organic chlorides
depends only on the solvent snd the temperature, AS" would

be expected to be more negative for SNZ solvolyses since the
transition state of the rate;determining step involves some
covalent attachment of a solvent molecule, requiring a less
random arrangement of this solvent molecule than when it
solvates. When the change in heat capacity for an SNZ process
is considered, the considerations used to determine the effect
on [38. are no longer applicable. In fact, the loss in

heat capacity on solvation by a water molecule is equivalent
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to the loss involved in forming a partial covalent bond.
The ratio [30'/ A;S' for an SN2 reaction should therefore
have a lower value than for an SN1 reaction under the same

conditions.

The ratio AC./ Asf appeared to have a constant value
for SN1 reactions investigated prior to the commencement of
the present work. These predictions however still required
confirmation and it was fherefore necessary to investigate
further the value of this ratio. Once the predictions had
been confirmed, it was intended to use this mechanistic test

for a detailed investigation of the border-line region.. .. — -

The compounds chosen for this study were a series of
para-substituted benzyl chlorides a@®d by a suitable choice of
substituents the electron supply to the reaction centre can be
varied and a finely graded sequence of reaction mechanism
obtained. Moreover, any change in mechanism along this series
is due to polar effects and not to steric effects. The follow-
ing substituents were used:- nitro, methyl and methoxy. The
kinetics of the unsubstituted compound had already been

studied in sufficient detaill”.

When an electropositive group is attached to an
unsaturated residue e.g. benzyl, the conjugative mechanism of
electron displacement always operates in such a way as %o

decrease the electron content at X, and increase that of the
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unsaturated residue. The halide atom thus becomes more

negative in the substituted benzyl chloride

xq ¥ CH, -/8'1
(§+) (5-)

In the transition state of SN1 substitution reactions the
stretching of the C-Cl bond requires an increased amount of
electrons which is met by the increased supply available by
the electromeric release of X. It is possible by successively
making the group X more electropositive to cause a reaction

~“which prOCEEdE“by‘meéhﬁﬁiéﬁ-SﬁZ t6 have an iﬁéféEEEH_SN1
character. If the electron releasing ability is large

enough the reaction will be entirely SN1.

Electron releasing groups,. such as p-methyl and p-
methoxy, show a marked increase in solvolysis rate56, the
effect of the p~methoxy group being pa:tieularly large. This
is due to the oxygen atom being able to accept a considerable
fraction of the positive charge via resonance structures such

as

\c/

+
OCH3
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37 38

Olivier and Bennett and Jones”  had previously
studied the solvolysis of several p-substituted benzyl
chlorides in 50% aqueous acetone and Fierens and co-worker559
had studied the solvolysis of p-methoxy- and p-methylbenzyl
chlorides in 50% and 80% aqueous dioxan. Unfortunately these
investigations fail to provide sufficiemnt data for the deter-
mination of [50'/[§S= ratios since Olivier and Bennett
measured rates for ;ach compound at only two temperatures,
whilst although Fierens measured the rates at several tempera-
tures, the data obtained were too inaccurate (see Chapter III).
From the variation of rate with solvent however, F;qrens__ __
conéluded that the solvolysés_of p-methyl- and p-methoxybenzyl

chlorides were, if not SN1, not far from this limit.
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CHAPTER  II

TEMPERATURE DEPENDENCE OF THE ARRHENIUS PARAMETERS

The Arrhenius equation, which describes the variation

4o,defines the

of the rate of a reaction with temperature
activation energy E in terms of the differential equation

E = RTZL& ....l.l.........l.II=1
ar

The activation energy has usually been -assumed to be

constant and Eqn.II-1 may therefore be integrated to give

lnk = B - % PR -
The non-eéxponéntial term B can be identified with tho
frequency factor 1n(PZ) of the collision theory, which
predicts k = PZ*E/RT, where Z is the collision number and
P the sgteric faecter. B thus roprooonts tho probability of

attaining the transition state.

As the Arrhemius equation is empirical, a theoretical
rate equation is accepted in order to interpret the signifi-
cance of the Arrhenius parameters. The most satisfactory

equation of this type is due to Eyring41,

*  J
In ¥ = m(E-ET-) % - -%—‘T’ eeeenn I1-3

where k is in concentration units.

As® and AU' refer to the standard changes of S, the
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entropy and U, the internal energy, on going ffom the
initial reactants to the transition state

k is the Boltzmann constant

R is the gas constant

h is the Planck constant

T is the absolute temperature.

Differentiation of Eqn.II-3 with respect to T leads to

dlnk _ 1 . AU
arT T R T°

which on comparison with Egqn.II-1 gives Eqn.II-4

) E -=. RT- + AU o.-oococoo-oooII-l“
Since for reactions in solution, ZXU' = ZXH*, where [§H*

is the enthalpy or heat of activation, then
E = RT + AH .oooou-o.-o.I.I-s

Differentiation of Eqn.II-5 and application of Kirchoff's

law gives

€ . r + A" II-6
aT

where [30‘ is the heat capacity of activation and represents
the difference in heat capacity between the initial and
transition states. Thus, the temperature dependence of E

arises from a difference in heat capacity.

Several workers42’45’44 have previously pointed out on
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theoretical grounds that if the heat capacity of the
activated complex differs appreclably from that of the initial
state, the activation energy is expected to vary with tempera-

ture.

Observed Variation of Activation Energy.

The temperature dependence of activation energy for

reactions in solution has been reported on several occasions“s’

46'47'48’59 and these observations have been reviewed in

deta115°’51’52. Many early obgservaticns of rcacticn rates at

- peveral -different temperatures—are not sufficiently accurate — —

to establish whether the activation energy varies with tempera-
ture, and this also applies to a few of the reactions for
which such a variation hss been elaimed53’44, Reeently,
however, accurate data have been reported for solvolytic
reactions, where the transition state 1s more polar than the
initial state, which show that the activation energy decreases
with increasing temperature. These data are summarised in

Table II-1.

Causes for Changes in Heat Capacity.

Solvation of the Transition Stat958

Differences in the heat capacities of the initial and
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TABL [T-1
OBSERVED VARIATION OF ACTIVATION ENERGY WITH TEMPERATURE
(@B/4T in cal.deg.'1)

Reaction -dBE/4dT Reference

Methyl benzenesulphonate in water 31 54
Ethyl benzenesulphonate in water 32 54
igo~-Fropyl bengenesulphonate im water 39 54
n-Fropyl benzenesulphonate in water 29 54
Methyl p-methylbenzenesulphonate in water 31 55
Mothyl p-nitrobenzornesulphonate in ethanol 19 56
tort.-Butyl chloride im 50% acetone 25 57
Benzyl chloride in 50% acetone 19 15
Benzylidene chloride in 50% acetone 27 15
Benzotrichloride in 50% acetone 44 15
Benoyl chleridc in 5875 othanel 29 15
Bonzylidone chloridec in 50% cthamol 57 15
Benzotrichloride in 509 ethanol 71 15
Ethyl bromide in 50% acetone 33 52
n-Propyl bromide in 50% acetone 21 52
n-Butyl bromide in 50% acetone 31 52
E-Methylbenzyl chloride in aqueous acetone 55‘ 59
ErNitrobénzyl chloride in aqueous acetone 24‘ 59

* These values are probably subject to considerable errors

(see page 57 ).
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transition states in the SN solvolyses of organic halides are
usually conéidered as being due to an increase in solvation
as the reactants pass into the more polar transition state
(see Chapter I). This "freezing out" of solvent molecules
in the immediate neighbourhood of charged particles has been
stated to account for the negative partial molar heat

0

capacities of eleetrolytes6 and the negative values obtained

for the change in heat capacity in the ionisation of weak

acid961.

As well ac applying to fully dcvoleped ions in soclution, .
these considerations should also apply to reactions involving -
an increase of electric charge in solution and these should
therefore show negative [30' values. Negative [§C° values
have in fact been observed for several reaetions, where the
trangition state is more polar than the initial reactants
(see p. 29). These have been summarised by Bensley and

Kohnstamss.

Dielectric Constant Theory

The prediction that an increase of electric charge on
passing over into the transition state reduces the heat
capacity, also arises out of the electrostatic approach which
does not take solvation into account and regards the mixed

solvent as a continuous dielectric.
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Kirkwood's equatien62 gives the change in free energy

for the transfer of a dipole from a continuous medium of
dielectric constant unity to a similar medium of dielectric

constant D,
2
u D -1
AG‘ /;'3( +1) -o-...u--cII?

where Vi is the dipole moment and r is the radius of tho
molecule containing the dipole.

For a unimolecular reaction', one then obtainse3 (from

the transition state theory)

u e u 2
lnk =1n k, - 1. D=1 /i _/ % | ...II-8
: T kT D+ 1 1-13 rt}

where k 1s the rate comstant in a medium of dielectric

constant D

'k_ is the rate comstant in a medium of diolectric
constant unity

E is the Boltzmann constant

T is the absolute temperature

/u and r are the dipole moment and molecular radius
respectively and the subscripts 1 and:t refer to the
initial state and transition state respectively.

* TFor a bimolecular reaction 5 5 3
}

1. D-1 |/ /B _/%
—— 5 2 3
kT D +1 |7, /9B Ty
where the subscripts A and B refer to the initial state.

ln k = 1n ko-




35.

The dipole moment of the transition state is much
greater than the dipole moment of the initial state in an

ionisation reaction and therefore k exceeds ko.

It is apparent that- if this approach is valid a linear
relation between log k and (D - 12D + 1) is expected.

Plotes of log k against (D - 1)/(2D + 1) have been made for

the solvolyses of acetic anhydride64’19 19,65

66

s benzoyl chloride

and benzyl and substituted benzy167 p-toluenesulphonates in

aqueous acetone; for tert.-butyl chlorid963 and ethylene

bromo- and iodohydrins®®

69

in aqueous ethanol; for p-nitro-
bengyl bromide 7 in -aqueous dioxam; and for methyl-chloro-
meﬁhyl ether7o in mixgures of ethanol with dioxan, benzene

and carbon tetrachloride, and of n-butanol with benzene. In
most cases the solvent range in which the dielectric constant
was investigated was not large, so that linearity of the plot
was tested over only limited portions of the possible ranges.
Even s0, definite departures from linearity are observable in

a number of the plots,'and in some, the curvature is consider-
able. Fainberg and Winstein’ ' plotted log k vs.(D-1)/(2D+1)
for gggg.-butyi chloride for all the data in the solvent
mixtures for which dielectric constants are available. These
solvent pairs included 0-90% aqueous dioxan (D=78-6)72, 0-95%
aqueous acetone (D=78-22)75, 0-100% aqueous ethanol (D=78-24)74
and 0-100% aqueous methanol (D=78—33)75. The resulting graph
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showed a large dispersion of the plot into separate lines for
each solvent pair and a pronounced curvature of the separate
lines. The linear portions of the plots extended only over
the ranges of solvent composition of dielectric constant
greater than about 53. These regions included 0-30% aqueous
dioxan and 0-50% aqueous acetone, ethanol and methanol.

Laidler and Landskroener76 in a recent paper concluded
that log k should vary linearly with (14D)/(1#ﬁ) or approxi-
mately so with 1/D. It is however impossible to decide
between the functions 1/D and (D~-1)/(2D+1) on the basis of

linearity of log k plots for dielectric constants greater tham -

about 871. This‘is readily seen by dividing (D-1) by (2D+1).

L2=-1 _ 12 2 - - -
P + 1 2 * 75 +' ég? ;é%z *

For D=8, the error involved in neglecting terms in D2 and

higher powers is less than one per cent. Therefore,
(D=1)/(2D+1) is linear in 1/D to an excellent approximation.
This is true in all solvent nixtures of water with acetone,
ethanol and methanol. This approximation would become
inexact only for such solvent mixtures as aqueous dioxan
containing less than 10% water. Plots of log k vs. 1/D must
therefore show a similar curvature to the plots of log k vs.

(D-1)/(2D+1).

The evidence discussed above shows that there are
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serious discrepancies between the predictions of the electro-

static theory and experimental observations.

The electrostatic contribution to the entropy and heat
capacity of activation will now be examined.

The electrostatic contribution to é&s' is obtained
from Kirkwood's equation77 using the relationship
da( AG)/a& = - NS,

2 2
po o ) sn amy
r,’ rﬁ3 (20 + 1) ap

Using AB= A6 -+ -T-/yS -the electrostatic contri-
bution to [}H‘, the enthalpy of activation and thus to E, the
activation energy is readily obtained

0 2 utz q |
Aﬁﬁ = ED 02 - /—-i-3 - /—3 E — ‘I - D : . LI_E_D_ 3911-1@.
Ty r.” |2+ 1 (2D + 1) ar

For all known solvents D decreases with increasing temperature,
so that ED and hence E can be expected to be temperature

dependent.

If (4 1nD / 4T) is independent of temperature, the
electrostatic contribution to AC  is obtained using
* *
a(ns'y sar = pc'/r B
2

2 2
2¢ a,
D ri3 rt3 (2 + 1) ar
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Bensley and Kohnstam58 compared the experimental values
for 8" and AC" with those calculated for NSy amd AC
for the ionisation of the C-Cl linkage in aqueous acetone and
aqueous ethanol, solvents for which 4 1lm D / 4 is independ-

ent of T78

» and found serious discrepancies. A change of
solvent should affect [XS' and [}C‘ in the same manner. It
was found however that the two compounds studied, benzylidene
chloride and benzotrichloride, both showed an increase in [58'
and an appreciable decrease in [Sc‘ on going from 50% acetone

64 ond Amis’?'80 have found that

to 50% ethanol. Gold
temperature~dependent E values are not in accordance with
congstant isodielectric activation energies% as required by the

theory. In addition Caldin and Peacoek&i

have compared
enthalpies and entropies of activation derived from Kirkwood's
equation with the experimental yalues for a pumber of bimolecu-
lar reactions which involve an increase in polarity on passage
into the transition state and found that the simple electro-
static theory is inadequate when the range of solvents is

considerable.

In view of the above exceptions, the dielectric constant
effect cannot be regarded as a satisfactory explanation for the

variation of activation energy with temperature.

# Isodielectric activation energies are determined by varying
the solvent composition in such a way that D is independent
of the temperature.
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Extension of the Collision Theory.

Moelwyn—Eughes“a accounts for the negative value of

ne’ by assuming that H‘, the partial molar enthalpy of the
activated complex, is constant with temperature and has the
maximum value which the molecules can possess in solution.
The transition state is thus regarded as having zero hoat
capacit¥, AC  being equal to -C° of the initial state. If
H is the partial molar heat content of the initial state,
then E = H - H and therefore d2/d¥ = =dH/dTF. The varia-
tion of E with T ic explained as being due to the variation _
of H with T. | -

Serious objections to this explanation have however
been raisedsz. It is difficult to Justify the assumption
that HF is constant. Lt would be reasonable to agsume that
the energy contained in the breaking bond is at its limiting
value, but as the temperature rises, the energy distributed
amongst the various degrees of freedom in the rest of the
molecule must increase. Another objection to this approach
is that it contradicts the assumptions of the transition state
theory which treats the activatéd complex as a normal molecule
with one degree of vibrational freedom missing. In addition,
it is very difficult to visualise why the heat capacity of
such a molecule should differ greatly from a molecule in the

initial state as this approach does not take into account
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solvation; an ensnential feature of the activation procoeas.
Furthermore ity is difficult vo understand why the heal
capacity of activation should rise, maximise and then fall
as is observed, since there is little reason to expect such
behaviour for the partial molar heat capacity of the initial

state,

1t may be concluded therefore that the heat capacity
of activation can best be explained as due to changes in the
degree of solvation on passage into the transition state,
his explanation only aoplies if the traosition state structure
is indepcndent of temperaturc, a point which will be consid-
ered further when the solvolysis of p-methylbenzyl chloride in

L% aqueous acetone is &tscussed. .



39.

CHAPTER II. APPENDIX

Bxperimental Determination of the ArrheniusiParameters.51’52
(1) Activation Energy
The experimental activation energy, Eobs’ for the
temperature range 'I'1 - T2 was calculated from Egqn.II-12
EobS = S—E%-gg . 1ln (El) s II-12
1 2 2
where k,l and k, are the fate constants at the absolute
temperatures Tq and Ty respectively.
The true Arrhenius activation energy, EA s at the
Bemperature T 1is given by Eqn. II-13
— a(ln x) _ ZA(T) el TIoB

ar RT®
Assuming EA varies linearly with temperature over the range

EA(T) = EA(Tq) + c(T - Tq) ceveeeanas
where ¢ is a constant and T lies between '.[‘,I and T2.
Thereforé

Bamy | Fam, . ¥ | dnw)

RT® RT®  Rr  RT ar

Integration between the limits Tq, k1, and T2, k2 gives

2 AT c ll\2 CT’IAT _ AT
1n — = EA(T ) + = 1ln — - —— = Eobs
I
k,I 1 RT1T2 R 'l‘,I Rf1T2 RT1T2
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*» Bops Ba(r,) - on, + ¢.1n(T,/T,). 2%@2
From Eqn. 1I-14
Po-T
EA(Eﬂiﬂa) = EA(T1) + o 4 1)

.*. B T 4T,

T
= B, R4+4T2 T 12 1
A + 1 2 — -
obs ( ) ¢ 1n( /T1) °(-2_'

Writing 1n('1'2/1r1) in the form 1n(1 + AT) it can be expanded

)

as a power series,

ln(’l+AT)= AV, .(é_é_ SA_%_----:LZ 1<.r {1

T

Pypical values of AT and T are 10 and 300 respectively.
These give the first three terms of the series the values,
0.0333, -=0.00056, and +0.00001; only the first two terms
nood thorcfore BC compiderod
e Egpg o By@gslay - o(AD®

2 2T1
A typical value of ¢ is 50 cals/mole.deg.; ig%—l is thus
of the order of 10 cals. and, therefore, is negligible with

respect to activation energies of the order of 20,000 cals.

If E determined in this way varies linearly with temperature
over the experimental range then the initial assumption that



49.

E varies linearly with temperature between T, and T2 is

1
Justified. Within the limits of experimental error, this is
always found to be the case in the present work and Eobs is
thus identified with the true Arrhenius activation emergy at
the mean temperature of the interval for which it was

calculated.

(ii) B Factor

The true Arrhenius B factor at temperature T is defined

by the equation

S B, , o L
= - AT -
1nk(T) B RT .ooooco-cooII 15

Differentiation with respect to T gives

ar
Q‘;‘z o. __.;4: (R‘l‘)=1 ...........II-16
ar ar

Bince EA is not constant. This means that B is also
temperature dependent.

The experimental B factor in the temperature range
T1 - T2 is given by

Eobs

RT

B 000.000011-17

obs = ln k(T1) *

1
and the temperature coefficient of B when E varies linearly
with temperature is ¢/RT (from Eqn. II-16).

It follows that
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T, + T
B o B =2 2, ln—l_£ ..ctuooII-18
o (T R [ ar,
Since 1t has been shown that Eobs = EA(Tstz)
it follows that | |
B = 1ln k + E, .4 SR
obs (T,) A(_1.52) RT,

From Eqn.I1I-18

2 1 |

1
. B . efl T2t 7,1,
T4+T - 1ln |1 ¢+ =50
122 R 27
2 1 2T

which on expanding and taking the first two terms, leads to

- 2
¢ AT

Bobe *= BT1+'1‘2+IT'&EZ
2 1

A typical value of B is 25 and if ¢, AT and T have values

as before,

2
e, (LD . 6.0035
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and is therefore negligible.

Thus, B

obs 1Y be identified with B(T1+T2) i.e. the

2
experimentally determined B factor is equal to the true
Arrhenius B factor at the mean temperature of the interval

for which it was calculated.

(iii) Entropy of Activation

On consideration of the equations

Eo, ., AOs® H
mxgy = wEhH + S8 - L

*

. 'i
_E_A_(_T..). = NH ..+ RT L

it follows that
i E
a JAY:} A(T)
1n k(T) ln( ) + 1 + R '

which on comparicon with Eqn.II-15 shows that

B = 1 +1n(k )+%§

where B and ZSS' refer to the temperature T and therefore [58-
may be calculated from a knowledge of B.

Since Eqn.II-17 leads to the identification of Bobs

Tq+T
with B at temperature 12 2, as[&S' is calculated from Bobs?

Tq+T .
it too must correspond to 12 e i.e. AS at 21523 is given by
E 7, + 7T
1 2 *
BObB = 1 + 1ln( —- )——2-— + A\S



CHAPTER III

RESULTS

o The solvolysis of p-methoxy~ p-methyl-, and p-nitro-
bonzyl chlorides was investigated mainly in 50% aqueous
acetone though some of the compounds were also studied in
the corresponding 70% and 80% solvents. The reaction of
p-methylbenzylidene chloride with 50% aqueous acetone was
also examined as the data for this compound were required for
a digcussion of the extent of simultaneous Sp1 and SN2

roactions in p-mothylbensyl chloride (sce page 69 ).

Phe results are summarised in Tables III-41 to III-8,
details of the experimental procedures and methods employed
in the calculation of the results being given in Chapter VI.
Threughoeus the Tables k reprogents tho first erder rate
coefficient (in see.=1), o the standard error in k, E the
activation energy (in kecal./mole), [58. the entropy (in cal./
mole/deg.) and ZSC‘ the heat capacity of activation (imn cal./
mole/deg.). The units of temperature are degrees centigrade
and dE/AT values are in cal./mole/deg. o (dBE/4T), the
standard error in dE/AT, was obtained in two ways

(1) Prom the deviations of experimental values of E
from the 'best' straight line, E vs. T
(ii) From the standard deviations of E ( o (B) ).
Full details are given in Chapter VI.
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For the solvolysis of grmethoxybenaymu and
p-methylbenzylidene chlorides, both SN1 reactions (see
Chapter IV), the rates were found to be affected by changes
in the concentration of the organic chloride. It was
necessary to establish whether this concentration ef#ect,
which is greatest for SN1 reactions, arises out of competing
ionic-strength and mass-law effects. Experiments carried
out in the presence of 0.02 N. HCl, the same concentration
as the organic chloride used, suggest that part of the con-
contration effect is due vo these factors but since ionic-
strength effects are independent of temperature (see Part II) _
and the differences in the magnitude of mass-law effects
over the experimental temperature range are relatively small,
the results are not affected apart from a very small effect

on A8". Pull details arc given in Chapter VI.

The results are discussed in detail in Chapters IV and
V. Since a negative value for dE/4T for the solvolysis of
p-methyl- and p-methoxybenzyl chlorides is expected, due to
the transdtion state being more polar than the initial state,
it is therefore noteworthy that the observed dE/AT is virtually
zero for both these compounds in 50% aqueous acetone. It
must be emphasised however that the zero dE/4T for p-methoxy-
benzyl chloride was obtained from mean rate constantw at only

three temperatures since the reaction was too fast to measure
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accurately at 20° (time of half change is two minutes) and
ice was precipitated from the solvent at -20°, The probable
error in the activation energies is such that 4AE/AT could be
equal to -15 cal.deg.'1 (see p. 107). The zero 4E/dT for
p-methylbenzyl chloride was obtained using two separate
geries and must therefore be regarded as genuine (see Tables
ITII-2 and III-3). It is considered that this observation
is connected with the reaction mechanism (see Chapter IV).

It is also noteworthy that on changing to 70% aqueeus acetone
the expocted negative dE/4T Was obtained for both the above
compounds. . _ L L

It is useful to compare the present results with those

obtalned by previous workers.

Comparison with Previous Results.

The solvolysis of p-substituted bemzyl chlorides in

aqueous acetone has previously been investigated by Olivier37,

59

Bennett and Jones38 and Tommila and co-workerai

Table III-9 compares the results obtained.

The rates are not expected to be precisely the same
for solvents made up by volume, a 20% difference being easily
permitted. Slight changes in solvent composition should
have no effect on E and a 20% change in rate leads to only
a 0.4 cal. change in [}S‘.
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Rates on the whole correspond quite well throughout.
Olivier and Bennett obtained their data from rates at only
two temperatures and the values they obtained for E and ZSS'
must therefore refer to the mean temperature. 'he present
values obtained for E and [BS‘ have been correocted to this
mean temperature in order that comparisons can be made. The
values for B and [58‘ obtained in the present investigation
for p-methylbenzyl chloride in 50% acetone are in good agree-
ment with the valucs obtained by Olivier and Bennett. The
value obbained by Fomnilia for H howOvare apposcos 4o be raihes
low and the value for [305 t00 megavive. The same critieisu
can be made of his results for p-methylbenzyl chloride in 70%
aqueous acetone. Foxr prnitrobénZylc chloride in 50% aqueous
aecetone the present valnes for E and ZSE‘ show the e¢losest
agreement; with those ohtained by Olivier, The [SS! vaine
obtained by Bennett is much too negative whilst the values

obtained by Tommila for this compound show similar discrepan-
cies to those for the p-methyl compound.

The present values for HE/AT can only be compared
with those obtained by Tommila, who quotes an average for
several solvents. For p-methylbenzyl chloride, a compound
for which the present results were obtained in duplicate there
is serious disagreement, although the values for p-nitrobenzyl

are comparable. The value quoted by Tommila for benzyl
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chloride is roughly twice that obtained by Bensley and
Kohnstam15. A detailed examination of Tommila's paper does
not reveal how the values for dEB/4T were obtained. Using

his mean rate coefficients and the method of calculation
employed in the present investigation showed that dE/4T is
solvent dependent (though not in any regmlar manner) and |
that it is subject to such large errors that it is difficult a;
to attach much value to the quoted figures. This is illus-
trated in Table III-10 for p-methyl- and p-nitrobenzyl
chlorides. It is noteworthy that a recalculation of
Tommila's data shows p-nitrobenzyl chloride to havq_g_pqg%tive;
dE/4T whereas Tommila quotes a negative wvalue for this com-
pound. The values quoted by Tommila are regarded as too
inaccurate to merit serious consideration and the results

obtained in the present investigation are therefore preferred.

TABIE III - 10

VALUES FOR dE/AT
(dE/&T in cal.deg> )

| Solvent
40% acetone 50% acetone 60% acetone

Compound

p-Methylbenzyl Chloride| -89.6+ 29.5 <~51.8+ 23.8 +23.5+125.7

p-Nitrobenzyl Chloride

+ 7.8+ 3.9 +36.7+ 4.4 +18.2+100.9
4 .
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Fierens and co—workers59 nave investigated the
solvolysis of p-methoxy- and p~methylbenzyl chlorides in
aqueous dioxan at several temperatures. SHSome of the data,
recalculated in Table III-11, show that there is no regular
variation of activation energy with temperature and thus no

value for dE/AT can be obtained.

TABLE III - 11

EfMe.CaﬂhaCH?Cl AND prMeQ.Ceﬁh,ﬁhéﬁl IN AQUisOU3 DIOQXAN

(B ia xeal.)
i
50% aq. dioxan 80% aq. dioxan 50% aq. dioxan
Temp. 5 Temp. B Temp. B
04.0 21 .44 R 20.92 17.5 18,71
85.5 20.60 52.5 20.42 5.0 20.35
75.5 21.30
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CHAPTER IV

MECHANISM OF SOLVOLYSIS

Validity of A¢c'/ 8" Criterion.

Bengley and .Kohnstam15 originally proposed that the
ratio AC'/ AS‘ could be used as a criterion of mechanism
(see page 22) and further data are now available which support
the validity of this.

In 50% aqueous acotone the ratio AG'/ AS' for four
compounds, which go by meéhanism'Sﬁ1£-is-eenstanx.(sea Table
IV-1) the greatest error in [50' being + 4 cal.deg.'1 (for
benzotrichloride). It should be taken into account that [50'
values are oubjeev to a 10% errer and probably further
inaccuracies, due to oxtrapolation of data outside the experi-
mental temperature range. In 70% and 85% aqueous acetone,
the ratio [BC‘/'[SS. for Syl solvolyses is also constant. 1In
addition, two Smﬂ reactions which have been investigated in
50% aqueous ethanol15 have the same value for this ratio. It

therefore seems reasonable to accept the criterion that SN1

¥ Independent evidence shows that the hydrolysis of
benzylidene. chloride, benzotrichloride and tentvbutgl chloride
in 50% aqueous acetone react by mechanism Sy7 (12,82) while
both the unsubstituted and substituted benzhydryl chlorides
are sterically hindered with respect to mechanism Sy2 and must
therefore also be SN1.




TABLE IV - 1.

Ne*/ As® RraTIOS FOR 8,1 BEACTIONS AT
( A¢" and AS' in cal.deg.” ")

50°C.

60.

]

Compound Solvent - /\C -AS. Ac'/ AS‘
Ph.CEC1,"” 50% acetone 29 + 3  11.4*F  2.5%
Ph.CC1;"” " 46 +4 16.2%  2.9#
.-BuC1”’ " 26.7 0.8 2.6
p-Mo.CgH, .CHCL, : 40.6 + 3.8 12.7%  3.37%
Ph, .CHC10 70%-acotone 37.6 + 2.7 10.3  3.66
p-N0,.CgH, .CHCL.Ph”° " 41.4 + 1.6 10.0 4,14
p-C1.CgH, .CHC1.Ph?° " 32.9 + 2.8 10.1 3.26
p-Br.CgH, .CHO) .#h?" g 40.6 + 3.4 10.4 3,90
p-I. CgH,.CHC1.Ph”° " 37.9 + 1.9 10.3 5.68
Ph,.cEC1”° 80% acetone 38.9 12.9 3.01
T
Ph,, .CEC1”° 85% acetone 46.5 + 4.1 12.0 3.88
p-Te .CgH, .CHC1.Ph™° " 43.0 + 6.1 12.8 3.35
p-Ph.CH, .CHC1.Ph”0 n 36.7 + 9.7 11.2 3.29

# Per replaceable chlorine atom.
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reactions have the.same [NG'/ [38. ratio.

The ratio NC'/ A8’ for p-methoxybenzyl chloride in
70% and 80% aqﬁeous acetone agrees with the SN1 value showing
that it goes by the unimolecular mechanism in these solvents.
This compound must therefore react by mechanism SN1 in 50%
aqueous acetone; since a higher percentage of water favours

this mechanism.

It is noteworthy that p-methoxybenzyl chloride has a
similar rate constant to benzhydryl chloride and shows
similar changes with solvent variation (see Table IV-3).

While the ratio AC'/ AS" is found to be constent fod
SN1 reactions, as predicted, the mechanistic test proposed by
Bensley and Kohnstam requires that this ratio should be less
for 842 reactions (see page 24). TUnfortunately few results
are available for this latter class but it has been found”2
that the ratio for primary alkyl bromides in 50% aqueous
acetone is considerably less than the ratio for chlorides
reacting by mechanism SN1 (see Table IV-2). An even lower
value for chlorides reaching by mechanism SN2 is expected
since [}S' is generally less negative for an alkyl bromide
than for the corresponding chloride. For p~nitrobenzyl
chloride and the parent compound, the ratio is found to be

less than for SN1 reactions in the same solvent. The results
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for the parent compound have already been analysed by
Bensley and Kohnstam15 who concluded that the mechanism by
which it reacts in 50% aqueous acetone is mainly, if not
entirely, sz. The p-nitro-compound is even less likely to
go by mechanism Sy1 than the parent compound. The ratio
ZSC'/ [58' can therefore be accepted as a criterion of

mechanism, with.lxct/ [58' = 2.9 for 871 reactions of

chlorides in 50% acetone at 50°C. Lower values indicate

reaction by mechanism SN2 and therefore the parent compound

and the p-nitro compound (where the ratio is much less)

belong to that eclass.
TABLE IV - 2

ONc'/ NS’ BATIOS FOR Sg2 REACTIONS AT 50°C.
® . =19
(NC and A8 in cal.deg. ')

Compound - Solvent - AC' - AS'AO./[_\S‘
prMe.06H4.032@l 50% acetone 0 ?5.90 -
Ph.CHC112 " 21 + 2.5 22.8 0.9
p-NO,.CcH, .CHCL n 19.8 + 5.5 23.46 0.85
Et Bro? " 34.8 + 11.4 18.13  1.92
n-Pr Br22 " 23.4 + 6.2 20.79 1.13
n-Bu Br - " 33.4 + 6.1 20.60 1.62

p-Me.CcH, .CH,C1 70% acetone 17.3 + 7.7 17.77 0.97
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p-lMethylbenzyl Chloride

For the solvolysis of p-methylbenzyl chloride in 70%
acetone, AC /S = 0.97 at 50°%C (Table IV-2) and slthough

this value is subject to considerable errors, it is much less
than the value of 3.7 which is observed for SN1 reactions
under the same conditions (Table IV-1). It can therefore be
concluded that the solvolysis of p-methylbenzyl chloride in
70% acetone does not occur entirely by mechanism SN1.

The zero dB/4T for this compound in 50% acetone can
be interpreted in two ways.

(i) The hydrolysis proceeds via several reaction paths,

the frequency with which the reaction occurs by ahy particular

path varying with temperature and being greater at higher

temperatures for paths with a higher activation energy.

(ii) The hydrolysis proceeds via a single transition state,
the structure of which is not independent of temperature but
changes in the direction of increased C-Cl ionisation (i.e.
increased Snﬂ character and therefore having a higher activa-

tion energy) with increasing temperature.

Both explanations allow for the expected decrease of
activation energy with increasing temperature to be balanced.
The first intérpretation will be discussed in detail. No

quantitative treatment of the second is possible however.



Mechanism in the benzyl series.

Table IV-3 contains data showing the variation of rate,
activation energy and entropy of activation with changing
para-substituents in the benzyl series. Values for
p-methoxgbenzyl chloride in 50% aqueous acetone have been
calculated from data at 0°C. (see Chapter VI). The AC /A S
ratio criterion has already suggested that the p-methoxy com-
pound is SN1 and that the p-methyl compound is certainly not
completely SN1. Data in Table IV-3 support this view. It

has been found on several occaslonsso’83’84

that 2 a-gubsti-
tuents in SN1 reactions always affect the rate mainly throﬁgh
changes in the activation energy. On replacing the p-methyl

substituent by a methoxy group in the present series however,

by far the greater part of the rate inerease rcsults from an

increase in entropy rather than from a decrease in the activa- .

tion energy.

It is also noteworthy that the rates of solvolysis for
the substituted benzyl chlorides become increasingly solvent
dependent in the order p-NO, <H <E-Me <2-Me0 (Table IV-3).
Since SN1 reactions are affected by increasing water content
of the solvent to a greater extent than SN2 reactions, this
demonstrates the progressive increase in SN1 character in
this series of compounds on going from p-nitro- to p-methoxy-

benzyl chloride.
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Benzyl chloride undergoes solvolysis in 50% aqueous :
acetone meinly, if not entirely, by mechanism SN215 and it
therefore seems reasonable to assume that this mechanism is
invoiﬁed when electron-attracting substituents are introduced
into the benzene ring, para to the reaction cemtre. It is
noteworthy that the hydrolysis of the p-nitro compound has
almost the sameé -A_S' as the hydrolysis of the parent compound
(see Table IV-3), in agreement with the observations of
Olivier37. Olivier's results show that similar considera-’ ';

tions apply to the introduction of other electron-attracting

—— ——— substituents which appear to alter the rate of hydrolysis
: almost entirely by changing the activation energy (see Table
IV-4). This conclusion has not been reached before for SNE
reactions, bﬁt it is to be expected if the covaleht attach;
ment‘of water in the t;ansitioﬁ state of hydrolysis is

? associated with the same loss of entropy, no matter how strong

or weak this attachment.

When the transition state for hydrolysis is regarded
in terms of contributions from the following valence bond _
structures (see page 10), the plausibility of this view is 1
apparent. 'S represents a molecule of the nucleophilic

reagent, i.e. water

W+
Q
=

g - =R c1 s
1 I

‘vt e e e agmo [P — .. - it - T A fien e o n - L e e -




15 N - - - . - T AT ST LU T EMG s dtate s NEm eI g ©oE e,

TABLE IV - &

EFFECT OF META- ANDY PARA-

SUBSTITUTICN

(Using Olivier's data”)

(k in see”1. E in keal. AS,. in cal.deg.'1)

Substituent 4o7k(éo°) E(45%) -As'(45°.) E(55°) -As'(55°‘)

p-TO, 7.667  21.54 24..09 - -
n-NO,, 8.500  21.68 22.91 - -
p-CH 9.667 - - 21.45 23.87

o n-CN 10.33 - - 20.69 26.01
R-COOH 14.33 21.10 24..08 - -
m~-COOH 22.00 21.70 21.41 - -
p-CONH, 24.33 - - 21.00- . 23.39
n<CONH, -  33.83 - - 20.85  23.17
m-€l  15.50 21.50 22.71 - -
p-C1 44.67 - 20.87 22.51 - -
B 76.67  20.60  22.25  20.41"  22,90%

; n-CH, 91.67 20.38 22.54 - -
p-CH, 666.7 21.44 15.43 . - -

# Calculated from data at 45° . using AC. = -21‘]5
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A solvolytic study of benzyl chloride in 50% acetone has

shown that valence bond structures I and II both make an
appreciable contribution to the stmumcture of the tramsition
state”, In SN1 reactions (where structure II is important)
the grﬁitro group is found to have a very large effect on the
rate#‘thus showing that the stability of II is greatly reduced |

by the presence of this group. For the solvolysis of p-

nitrobenzyl chloride, where structure I makes a greatervegnd
bution to the transition state structure than II (i.e. more

covalent attachment), the p=nitro group has & much smaller |

— - gffect on the rate (viz: the rate is reduced by a factor of
10) and therefore a smaller effect on the stability of I.
This demonstrates that even where there are differgqt degrees |
of solvent attachment in the transition state (i.e. varying ;
contributions from I) the loass of entropy associated with

this attachment should in each case be similar.

If this view is correct, it follows that the entropy
of activation for the hydrolysis of substituted benzyl
chlorides should depend only on the reac¢tion mechanism (for

a given solvent and temperature), irrespective of the nature

¥ Brown and Okamotoas, studying the solvolysis of p-substi-
tuted phenyldimethylcarbinyl chlorides in 90% acetone,
found that the presence of the p-nitro group reduced the
rate of the parent compound by a factor of 3900.
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of the substituent. This assumes the same degree of
solvation for reaction by a given mechanism, a fairly reason-
able assumption. The hydrolysis of the p-methyl compound

in 50% and 70% acetone is however associated with an entropy
of activation which is intermediate between that for p-
methoxybenzyl chloride (Snﬂ) and the parent compound (SNZ) .
This argues strongly against reaction via a single transition
state, irrespective of whether water is considered to parti-
cipate covalently (SNE) or not (SN1), and it therefore appears
that the hydrolysis of p~-methylbenzyl chloride in 50% aqueous
acetone involves the concurrence-of reactions operating by
mechanisms SN1 and SN2. Such concurrence has already been
demonstrated for the reaction of azide ions with p-methoxy-
benzyl chloride in aqueous acetonez4. It has not been
established before for solvolysis and it must be stressed
that the present conclusion can only be regarded as provisional

since the constant entropy loss on covalent attachment

requires a complete demonstration.

Calculation of the Fraction of S Solvolysis.

It is of interest to establish what proportiqn of the
solvolysis of p-methylbenzyl chloride in 50% aqueous acetone
goes by mechanism SN1 and what proportion by mechanism SNZ.
The approach used is essentially that of Bensley and
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KohnstamﬂB. A ;ontinuous range of transition states is
considered available to the reacting system. The activation
energy E must have a minimum value Em_before the reaction will
occur but can take up values to infinity. If each possible
transition state is defined by the value of E associated with

it, the rate coefficient can be expressed in the form

. @ .
-k = ;—hj e-AG/RTdE
By
where the free emergy of activation, ZSG. =B -RT - T [}S‘ N
and AS' must initially be regarded as a function of the
transition state structure and thus a function of E. This
equation reduces to Eyring's rate equation if [XS. is constant

and independent of X. It is convonicnt to censider that

mechanism SNﬂ operates when E is greater than some value E1.

The experimental evidence discussed above strongly
suggests that all SN2 processes are associated with the same
entropy of activation and this also appears to hold true for

S8y processes (see page 64 ).

Making these assumptions for the entropies of the SN1
and SN2 processes it can be shown (see Appendix A) that even
if a continuous spectrum of transition states is available to

the reacting system, the solvolysis can be treated as though
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it involved a simultaneous concurrence of one SN2 process of
activation emergy E, (of value Em), entropy of activation [385,
and heat capacity of activation [}CE and one SN1 process of
activation energy Eq, entropy of activation ZSS: , and heat
capacity of activation [50;. The mathematical treatment is
thus considerably simplified. Since k = k1 + k2,

2a1nx _ Bqk Bl

aT k

E = RT

..o-oo.oolIV-1

From this expression, equation IV-2 can be derived (see

Appendix B).

. - - — _____2_ - _ - *-
4T RT" k k

It is now necessary to consider the maximum values of

kq/k which are consistent with equation IV-2 and the observed

value of [§C¢.

[50; was taken to be equal to [BC. for the ionisation
of p-methylbenzylidene chloride, [50; was taken to be the
same as for p-nitrobenzyl chloride and the unsubstituted
compound since SN2 reactions appear to have similar values for

]
ANC , and E, was obtained by assuming that g-chlorination on

1
p-methylbenzyl chloride reduces the SN1 activation energy by
the same amount as g-chlorination in benzylidene chloride.
Data necessary for the calculation of E1 are given in Table

IV-5. Values of E, are shown in Table IV-6, NG, = -40,
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TABLE _IV-5

VALUES OF E AND dE/4T FOR THE SOLVOLYSIS OF

@-CHLORODERIVATIVES OF BENZYL AND p-METHYLBENZYL
CHLORIDES AT 50°C.

(E in kcal. dE/4T in cal.deg?q)

Compound B -dB/4r
rmcac12(15) 22.91 27
Ph001§15) 19.3%1 "
p-Me.C.H,.CHLL  21.27 0
B‘Me < C6H¢CHC 1_2 20 -] 97 35 —— —_—

[50; = =20 and AC¢ = -2.0 (assuming constant activation
energy for p-methylbonzyl chlorido).

A number of values of kq/k at 50°C were arbitrarily
chosen. Using Eqn.IV-1 and assuming dEa/dT = =18, corres-
ponding values of E2 were obtained at temperatures at 10°
intervals over the experimental temperature range. From
these, values of k1/k at other temperatures were obtained.
Eqn.IV-2 was considered to be satisfied when the megn of the
right hand terms over the experimental range was equal to [}Ct
Table IV-6 shows the results obtained for three values of kq/k;
the values obtained using E, (50°) = 18.86 give the closest

agreement.
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TABLE IV - 6

CALCULATION OF THE FRACTION OF SN1 SOLVOLYSIS FOR
p~-METHYLBENZYL CHLORIDE IN 509 AQUHOUS ACETONE
(B in kecal.)

Temp. B, B, k/k | B, k/k | B, k/k

70° 22.91| 18.95 0.586 [18.50 0.628 [17.97 0.668
60° 23.29] 19.13 0.514 | 18.68 0.562 |[18.15 0.607
50° 23.67| 19.31 0.450 {18.86 0.500 |18.33 0.550
40° 24.05] 19.49 0.390 |19.04 0.445 |18.51 0.498

30° 24.43( 19.67 0.33%6 |19.22 0.393% |18.69 0.449

* . .
AC(ca1c)= ~6+7 [AC(care) 24 O canny” +2+8

AC(ObS.)a —2.0

If therefore the solvolysis of p-methylbenzyl chloride
in 50% aqueous acetone occurs by a continuous spectrum of
transition states, the following values represent the upper
limit for the fraction of the total solvolysis which may

proceed by unimolecular mechanisms.
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Temp. 70° 50° 30°
100 kq
T 63 50 39

The assumptions made may be subject to the following
errorsqs. a¢-Chlorination decreases [Sct for the ionisation
of the C=C1l linkege and [\02 may therefore be less negative
than NG (p-He.CgH,.CHCl,). Any steric imhibition of
solvation would be greater in benzotrichloride than in
benzylidene chloride; +this would partially obscure the effect

of g-chlorination in the SN1 activation encrgy, leading to too _

small a value for Eq. Both these errors overestimate kq/k.

Unfortunately a similar calculation cannot be carried
out for the éolvolysis of p-methylbenzyl chloride in 70% aqueow
acetonc since there are iunsufficient data uwailable to enable |
a value for E1, the SN1 activation energy in this solvent, to
be obtained. Certain qualitative conclusions can however be

drawnm.

(i) The ratio [50*/'[§S.=0.97, which is considerably less.
than 3.7, the value for the SN1 reactions of aralphyl
chlorides in 70% acetone. (See Table IV-1). It is
therefore clear that the reaction does not occur by

mechanism SNﬂ.

(ii) [}S*(at 50°) for p-methylbenzyl chloride is less than
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for the SN'I solvolysis of p-methoxybenzyl chloride and is
greater than for the SN2 solvolysis of benzyl ﬁalides in the
50% solvent (see Table IV-7). Since the entropy of activa-
tion must decrease on passing to the 70% solvent it can be
seen that AS“ for the p-methyl compound lies between the

values expected for the S,.1 and SN2 reactions.

N
It is suggested that in this solvent also, Sg1 and SNZ

solvolysis may occur concurrently.

TABLE IV - 7
AS  VALUES AT 50% S —
( AS“I in cal.deg.'1)

C ompound Solvent Mechanism -ASs
p-Me0.CH, .CHLC1 70 $5 acetone ST 12.32
R—Me.06ﬂ4.CHZCl 70 % acetone - 17.77
p-NO,.CH, .CHC1 50 % acetone Sy 23.46

Ph.CHzcl 50 % acetone SN2 22.8
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CHAPTER IV , APPENDIX A

The rate coefficient for the reaction may be expressed

in the form

*®
k.ﬂ.L e-AG/RT.dE
N h

Since mechanism SN1 operates when BE :> E1 R

0 o]
k. = A o~ OG /BT
T §n |

B,

B,

%
: 1 ,'—&G/RT
and kK, = =—— ’ . dE

2”7 §n | °©

Em

where the rate coefficientg,with subscripts 1 and 2, refer to
unimolecular and bimolecular processes respectively. [}S*is
assumed to have a constant value, [382 , for all SN2 processes

and-~an.constant value, 158; , for all S 1 processes. Then,

N
] ] . .
using the expression AG = E -RT -T AS. , integration

gives
*®
- NS./R =E_,/RT
k. = KT e o e |
1 N .
_ AS>/R [ -E,/RT -E /RT]
h




7.

— *
kn  _OS3/R _By/R

« k,' + k2 = 5= e
- » .
=B T
PEL SRR A8/R_ AS/R]
h
N\SA/R
A ssuming [}Sq = =10 and [}Sé = =20, e 2 is

NS4 /R

negligible compared with e

-— *
g B &
ok, + ko= -E?-e[eA 2/R ¢ Tu/RT ¢ D81/R eéEq/RT]

The system can thus be treated as the sum of only two

processes.
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APPENDIX B

If solvolysis occurs by one unimolecular and one

bimolecular path, the overall rate k = k,I + k2

Then

=
!

RT2 d 1In k

R
ar ar
2 4k, adk
re® (4, : 2y
k1+ k2 dam aT
- (E1k1d.E2k2 | Bk + Bk
> 5/ =
k,+ ky RTZ  RT k, + k,
E k, + E.-k, dk, dk
dE/4T - R = — A G N —

(k, + k2)2 an ap

Eq(qu/&m) + By(dk,/aT)

k,I + k2

k, (4B, /dT) + k,(dBp/dT)

k1 + k2

2 % *
(Eq-Ez) k1k2+_k1 1301 + k2ZlC2

Rk K
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CHAPTER V

SUBSTITUENT EFFECTS

Effect of p-Substituents on the Arrhenius Parameters

The results of OlivierBZ Bennett5q and Tommilasq for
the solvolysis of para-substituted benzyl chlorides in aqueous
acetone show that not only electron-attracting but also
electron-repelling substituents increase the activation energy
(see Tables IV-3 and IV-4) although, as has already been
observed (see page 56), Tommila's data cannot be regarded as
reliable. The results obtained in the present investigation,
with the exception of those for p-methoxybenzyl chlofide,con—
firm this picture. p-Methoxybenzyl chloride, a compound not
studied by Olivier, Bennett or Tommila, was found to have a
lower activation energy than the parent compound, an observa-

39

tion confirmed by Fierens and co-workers who investigated

the solvolysis of the p-methoxy compound in 50% aqueous dioxan.

It has already been noted (page 66) that the present
results and those of Olivier show that p-nitrobenzyl chloride
and the unsubstituted compound in 50% aqueous acetone have
similar entropies of activation. Although Tommila's results
for p-nitrobenzyl chloride59 in 50%, 70% and 80% aqueous
acetone show an appreciable difference in fhe entropy of

activation from the unsubstituted compound, his results in
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40% and 60% aqueous acetone confirm the present observations.
The results for p-methylbenzyl chloride are unsatisfactory
for supporting Tommila's conclusion that "substituents exert
their main influence through the activation entropy and not
through the activation enthalpy term" since, as has already
been shown, the mechanism for this compound is border-line
and a less negative entropy is expected due to the reaction

proceeding partly by an ionisation process.

Effect of Solvent Variation on the Arrhenius Parameters.

The present results (see Tables IV-3 and V-1) show that
for SN1 solvolyses the activation energy is fairly constant
for solvent changes in the range 50% - 80% agqueous acetone,
the observed decrease in rate being due to the entropy of
activation becoming more negative as the acetone content is
increased. This is in agreement with the observations of
Hughes6, who studied the solvolysis of tert-butyl chloride in
aqueous acetone (an Sy7 reaction) and Winstein and Fainberg86
who investigated the same compound in both aqueous acetone
and aqueous dioxan. Both Hughes and Winstein found that the
activation energy changed little with solvent composition.
The change in [§S* at 50°C for p-methoxybenzyl chloride is
very pronounced on going from 50% to 70% aqueous acetone.

The acthad difference may not be as large as that shown
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however since data were extrapolated from lower temperatures,

the extrapolation being particularly large for 50% acetone

(see page 107).

A comparison of values of ZSS* at 0°C for

these solvents (Table V-1) reveals a similar trend although

the change in [58* is not so pronounced.

TABLE V - 1.

VARIATION OF k, E AND [}S* WITH SOLVENT COMPOSITION

IN THE SOLVOLYSIS OF p-METHOXYBENZYL CHLORIDE

(k in sec.'q, B in keal., AS'i in cal.deg.'q)
0% 50°¢
Solvent
] *®
k E -A\S k E - A\S
50% acetone 5.98x10—4 19.70 3.0 1;45x10_1 18.94 5.8
70% acetone |1.72x10™° 21.18 4.6 | 5.28x107° 18.99 12.3
80% acetone |2.23x10~° 21.32 8.1 | 7.87x10"% 19.63 4.6
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The Hammett Equation

The Hammett equation, Eqn;V-187, has often been used
to predict the effects of meta- and para-substituents on the

rates of chemical reactions.
x

108 EI; = O—P .......V-1
The o value represents the effect of the substituent on
the electron density at the reaction centre and depends only
on the substituent; the quantity fo represents the sensit-
ivity of the reaction to such electron shifts and depends only
on the reaction. kX is the rate constant when the reactant
contains a substituent and kH is the corresponding rate con-

stant for the unsubstituted compound.

The ¢ values were determined from the ionisation
constants of meta- and para-substituted benzoic acids by

assuming f): 1 for this reaction.

On several occasions it has been observed that reactions
facilitate@ by electron supply fail to give satisfactory plots

for the Hammett relation.87’88’89

Swain and Langsdorf89 have interpreted curved o vs.
log (kx/kH) plots in terms of the operation of only one
mechanism for most reactions of organic halides. The exist-
ence of a delicate balance between bond-making and bond-

breaking in the transition state was envisaged and the polar
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effects of the substituents on rates over wide ranges of
polarity were therefore not expected to be linearly related
to o values.

Kochi and Hammond66

have studied the rates of solvoly-
sis of m- and p- substituted benzyl tosyiates in aqueous
acetone. Although the p-nitro and meta-substituents gave an
adequate fit to the Hammett equation, the o values which
these authors obtained for the p-methyl and p-methoxy substi-
tuents were more negative than the standard o values, the
divergence being greater for the p-methoxy group. They
suggested that the deviation of the p-methyl and p-methoxy
groups showed that in addition to the large increase in ionic
character in, and the normal resonance stabilisation of, the
transition state of benzyl tosylates,.there is possibly an
additional amount of ionic character and certainly an excep-
tional increase in resonance stabilisation when these two
substituents are present due to the interaction of these
groups with the electron deficient aromatic ring. A similar
explanation to account for divergencies from Hammett plots

has been put forward by de la Marego

who emphasised that the
standard o values reflect to a greater extent the inductive

rather than the tautomeric effect of substituents.

Numerous attempts have been made to take into account

these conjugative effects of substituents, not allowed for in
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the original o values.

Brown and co—workerssl'h85’9"’92

investigated the
solvolysis rates of m- and p-substituted phenyldimesthyl-
carbinyl chlorides in aqueous acetone, a reaction believed to
proceed via the formation of the phenyldimethylcarbonium ion
in the transition state. Meta-substituents were assumed to
have little, if any, conjugative effect and in fact a plot of
the rate constants against the standard o values revealed
a good linear relationship%. The reaction constant f) was
thus determined. Using this value for f) and the rate data
for the p-substituted compounds, a new set of substituents

+

constants o were calculated for the para-substituents

from the modified Hammett equation,

log k /k = o cereress V=2,
X x [

These o ' values allow for resonance interactions between
the para-substituents and the electron-deficient centre in
the transition state and thus represent inductive effects
(represented by the standard o values) together with these
conjugative effects.

93

Brown’” applied these o 7 values to the solvolysis

# For the m-nitro and m-methggly groups the use of the
standard” o values caused large deviations from the
Hammett plot. New o values for these groups were
therefore calculated.
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of substituted triphenylcarbinyl chlorides in 40% ethanol -
60% ethyl ether?t, and substituted benzhydryl chlorides in
ethan0195’96 and iso-propyl alcoh0197. Good correlations

were obtained.

Taft98, using an approach analogous to that employed
by Hammett, developed a procedure for quantitatively evaluat-
ing inductive effects. A polar substituent constant, o ‘,
for a group R relative to the CH3 group was defined by the

equation,

@ 1 - ' A
o = —_Zg [log( k/ko )B - log (Lk/kdd)A]

The symbol k refers to the rate constant for the normal
hydrolysis of an ethyl ester of the formula R 00202H5; ko is
the rate constant for sthyl acetate. The subscripts B and A
refer to the alkaline saponification and the acid-catalysed
hydrolysis reactions, respectively, under otherwise identical
conditions of solvent and temperature. The factor 1/2.48 is
a constant introduced in an attempt to put the polar effects

obtained in this manner on about the same scale as for the

Hammett o values.

The o * values have been found to correlate in a

quantitative manner the effects of structure on a variety of
reaction rates and equilibria of the general type

R-Y+ 32 —

(where R is the substituent, Y the functional group, Z the
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reagent, and P the reaction transition state or the reaction

products) given relative to that for the CH_.-Y molecule99.

3

The correlation equation is
L *®
log ( k/ko) = O ID ceessaanas V-3
*®
where f) is the reaction susceptibility constant analogous

to the f) of the Hammett equation.

It should be stressed that Eqn.V-3% is implied to fail
for those reaction series within which there are substantial
resonance effects on the rate constants. The series of
substituted benzyl chlorides at present being investigated

cannot therefore be discussed in terms of this equation.

Brown's treatment ,which allows for conjugative in
addition to inductive effects, is however highly relevant and
the present results will now be discussed using this approach.

Rate constants at 50°C, calculated from data published

37 38 100 , 4

by Olivier”’, Bennett and Jones”~, Simonetta and Favini
Bensley and Kohnstam15 have been used to supplement data
obtained in the present investigation. Table V-2 summarises
the data for the solvolysis of meta-substituted benzyl chlorides
in 50% aqueous acetone. It has already been pointed out

(page 84 that the o values for the m-nitro and m-methoxy
groups obtained by Brown differed significantly from the

Hammett standard o values and F has therefore been

calculated using both. In all other cases only the standard
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o values, from the compilation by Jaffé88, have been used.

In order to minimise the effect of solvent variation on the
rates, where Olivier's rate constants have been used, his
data for the unsubstituted compound were used also; similarly
for the results of Bennett and Jones. Simonetta and Favini
publish no data for the unsubstituted compound and the data
of Bensley and Kohnstam were therefore used in connection with
the m-methoxy substituent. The results of Bennett and Jones
for m-nitro-i m-iodo-, m-bromo- and m-chlorobenzyl chlorides
lead to similar F values as those shown in Table V-2.

TABLE V = 2
SOLVOLYSIS OF META-SUBSTITUTED BENZYL CHLORIDES IN 50%

AQUEOUS ACETONE AT 50°C.
(k in sec.'q)

Substi- 7
tuent o} 10" k fD Refer.
(H) - 31.03 - 15
NO,  0.662% or 0.710°  3.087 -1.476% or -1.376° 37
CN 0.678 3,930 -1.286 37
I 0.352 5.495 _2.064 37
Br 0.391 5.6%7 -1.830 37
c1 0.373 5.676 -1.910 37
F 0.3%7 6.936 ~1.867 38
COOH 0.355 7.982 ~1.590 37
CONH, 0.280 12.77 ~1.287 37
CH,0  0.0465% or 0.115° 23.33 -2.662% or -1.076° 100
cH ~0.069 35.38 ~1.191 37

8 Using Brown's o b’Using standard o (Jaffé)




88.

It is noteworthy that the meta-substituents do not
lead to a constant value for f> . The "true" value of o
for m-methoxybenzyl chloride appears to lie between the two

values quoted.

The basic requirement of the Hammett equation is that
the substituent donates the same number of electrons in all
reactions. This condition is however unlikely to be obeyed
since the degree of charge development at.the reaction centre
in the transition state is not always the same i.e. there is
differing electron demand. However, this factor can be
allowed for in the P values and the relation would then hold
provided (i) there is the same electron demand at the reaction
centre in a given reaction and (ii) the response of substi-
tuents to electron demand is proportional to that demand in
all cases.

The second of these conditions is obeyed for meta-
substituents, where electron movements occur essentially by
the inductive mechanism. There is however no guarantee that
the degree of charge development at the reaction centre is
always the same in the series of meta-substituted benzyl

chlorides, at present under comnsiderationx

The transition state structure may be regarded as the

resonance hybrid of the following three canonical structures
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(see page 10), where R is the meta-substituent.

R R R .
Dy "Dyms "D

H20 + H20 H2O

I II : III

As the electron attracting power of R decreases the transition

state structure will change in the direction of increased S,

N
character i.e. an increased contribution from structure III.
This increase in charge development in the transition state
causes an increase in the electron demand at the reaction
centre and thus the first of the above conditions, viz. the
same electron demand at the reaction centre, is not obeyed.
1f this view is correct a'steady decrease in the value of P
as the rate constant increases would be expected. This is
however not observed (Table V-2). The likely explanation is
that a second order relay of conjugative effects occurs in the
molecule. This effect must be greater for the methoxy group

than for the methyl in the present case relative to the

ionisation of the corresponding benzoic acids.

Nevertheless, despite the large deviations found in
calculating P from meta- o values, a mean value will be

accepted in discussing the effect of para-substituents. Rate
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constants for the solvolysis of para-substituted& benzyl
chlorides in aqueous acetone were predicted using Brown's

o * values, with fj = -1.918, the mean of the values obtained
for the meta-iodo, bromo,chloro, and fluoro compounds. Table

V-3 compares these rate constants with the observed values.

TABLE V - 5

SOLVOLYSIS OF PARA-SUBSTITUTED BENZYL CHLORIDES IN
50% AQUEOUS ACETONE AT 50°C.

+

Substituent o g (k/kH)calc. (k/kH)obs. Ref.
NO, 0.777 0.03243 0.0887 37
I 0.132 0.5582 0.460 37
Br 0.148 0.5201 0.502 37
c1 0.112 0.6098 0.575 37
F -0.0714  1.371 1.776 38, .
Me ~0.306 3.863 8.35 37
MeO ~0.764  29.17 4.677x10% -

Agreement is satisfactory for the p-halogen compounds
while for the p-nitro and p-methyl compounds the Egn.V-2
predicts rate constants within a factor of three. With the

p-methoxy compound however serious discrepancies occur, the
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obsérved rate being greater than the calculated rate by a
factor of about 103. Brown's o ° values are clearly not
applicable to the benzyl system though it should be noted
that Brown has never claimed that they would apply to this

systemn.

An approach similar to that used in discussing the
effects of meta-substituents may be employed in order to

account for these observations.

When para-substitution in the benzene ring is consid-
ered, conjugative effects (which operate to only a slight
extent for meta-substituents) now play a prominent role.
Brown's o 7 values allow for conjugative electron rglease
from the substituent to the reaction centre in the trahsition
state. For o ¥ values to be of general application the
substituent must donate the same number of electrons in all
reactions where conjugation is possible. This condition is
unlikely to be realised since the charge development at the
reaction centre in the transition state is not always the
same thus causing differing electron demand at the reaction
centre. This difference in electron donation can be allowed
for in the P values and Brown's modification of the Hammett
equation would therefore hold provided firstly there is the

same electron demand at the .reaction centre in a given

reaction and secondly the response of substituents to the
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electron demand is propoertional to that demand in all cases.
The two conditions will be considered by reference to the
transition state structure for three para-substituted benzyl

chlorides reacting by widely different mechanisms.

The transition state for the hydrolysis of a para-
substituted benzyl chloride can be regarded as the resonance
hybrid of the following three canonical structures, where R
is the substituent.

- + -
R ~ HZ#Cl R -H2 Gl R CH, C

I II 11T

It has already been shown that in 50% acetone p-methoxybenzyl
chloridelreacté by mechanism S E—méthylbénzyl'éﬁioridé'ié
border-line and p=-nitrobenzyl chloride goes by mechanism SN2.
In the transition state structure for the three cases there
are thus varying contributioris from structure III relative
to structure II, the greatest contribution from III being
for the p~-methoxy compourdd and the least for the p-nitro
compound. Each transition state-thus has a different degree

of charge development and consequently a varying electron

demand. The first of the conditions necessary for a Hammett-

type correlation using Brown's o * values is therefore not

satisfied.

L
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The electron demand will be satisfied by conjugation
since groups in the para-position can conjugate with the
reaction centre. The extent to which conjugation can occur
in order to satisfy this demand depends on the relative contri-

bution from structure III.

+ + \
CH, =—= R CH,

The p-methoxy group can conjugate particularly effectively

with the reaction centre due to the presence of unshared p-
electrons. It is evident that the second condition, visz.
the response of substituents to the electron demand being

proportional to the demand, is unlikely to be obeyed.

It is noteworthy that the observed rate of solvolysis
of p-methoxybenzyl chloride exceeds the predicted rate by a
factor of 1,600 whereas the corresponding factor for the
p-methyl compound is 2. This emphasises the extensive

conjugation of the p-methoxy group in the transition state.

Mechanistic Change.

Okamoto and Brown93 found that when the ot constants

66

were applied to the results obtained by Hammond for the

solvolysis of meta- and para-substituted benzyl tosylates in
aqueous acetone, a simple linear relationship was not obtained.

Electron-supplying substituents (p-methyl, p-methoxy) appeared
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to lie on a different line to electron-withdrawing substi-
tuents. They explained this in terms -of a duality of
mechanism, Benzyl tosylates containing electron-supplying
substituents were envisaged as reacting by mechanism SN1,
thereby following the o T  constants. With electron-
withdrawing substituents, this path was regarded as being less
favourable than a bimolecular displacement by the solvent
(SNZ) and the reaction rates would then follow the standard

o values.

101 applied

In a recent paper, Hammond and co-workers
Brown's o ¥ values to the solvolysis of benzyl tosylates
and found a lack of correlation between the rates and the
o values, the p-methoxy compound deviating considerably
from the linear plot. These authors maintained that if two
distinctly different mechanisms are involved, the two reaction
types would be expected to show different responses to solvent
changes i.e. the ionisation rates would be expected to slow
down much more than the rates of a direct displacement if the
water content of the solvents were reduced. This was not
observed and these workers concluded that changes in the

reaction type must be more subtle and continuous than is

implied by the "two mechanisms" analysis.
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Conclusion-

The consideration of the transition state structure

in the preceding pages, together with the examination of the
éxperimental results, leads to the conclusion that a single
set of o ¥ values cannot be used to accommodate the effects
of para-substituents and it is therefore preferable to use
Ingold's.approach2 and discuss reactions of this type in terms
of polarisation and polarisability effects, and the reaction

- mechanism.
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CHAPTER VI

EXPERIMENTAL

Preparation and Purification of Materials

p-Methylbenzyl Chloride.

p-lMethylbenzyl chloride was prepared from p-toluic

acid via the following reactions.
RCOOH —> Rc0002H5 _— RCH20H —_— RCH201

The ethyl ester of p-toluic acid was prepared by
refluxing recrystallised p-toluic acid (56 gm.) (melting point
179°-180°% ) with absolute alcohol (120 gm.) in the presence of
conc..HESO4 (12 gm.) for 3 hours. The greater part of the
alcohol was then distilled off, and the product was poureéd
into about five times its volume of distilled water and
neutralised with so0lid sodium carbonate. The ester was

extracted with ether and this ethereal solution dried over

anhydrous potassium carbonate. After the ether had been

distilled off, the ester was purified by distillation under
o

reduced pressure. Refractive index of ester n§2 = 1.5084

This ester was then reduced to p-methylbenzyl alcohol
in the following way. The ester (52 gm.) dissolved in dry
ether (600 ml.) was added from a dropping funnel to lithium
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aluminium hydride (12 gm.) suspended in dry ether (1 litre),
the rate of addition being adjusted to maintain a gentle
reflux. A steady flow of nitrogen was passed through the
apparatus during this operation. After the excess lithium
alJuminium hydride had been destroyed by the addition of an
ethereal solution of ethyl acetate, 10% H2SO4(6OO ml.) was
cautiously added. The ethereal layer was separated, washed
in succession with water, sodium carbonate solution and water,
and finally dried over anhydrous potassium carbonate. The
ether was removed by distillation and the alcohol purified by
recrystallisation from petroleum ether (400-600). Melting

point of p-methylbenzyl alcohol = 61°C.

p-Methylbenzyl chloride was prepared by passing

hydrogen chloride gas through an ethereal solution (100 ml.)

of the alcohol (15 gm.), containing granular calcium chloride,
for 12 hours at 0°C. After the excess HCl and most of the

ether had been removed by digtillation, dry ether was added to
the residue. This ethereal solution was washed successively
with water, sodium bicarbonate solution and water and finally
dried over potassium carbonate. The chloride was then frozen
out and purified by distillation under reduced pressure. The
hydrolysable chloride content of the sample was identical with

the theoretical amount.




98.

p-Methoxybenzyl Chloride.

p-Methoxybenzyl chloride was prepared by passing
hydrogen chloride gas through a solution of anisyl alcohol
(50 gm.) in dry ether (250 ml.), containing granular calcium
chloride, for 10 hours at 0°c. The excess HCl and most of
the ether were removed at the water pump and dry petroleum
ether (400—600) was added to the residue. This solution was
washed with water, sodium bicarbonate solution, and water, in
that order and then dried over potassium carbonate. The
chloride was frozen out and purified by distillation under
reduced pressure. The hydrolysable chloride content of the

sample was 99.1% of the theoretical amount.

p-Methylbenzylidene Chloride.

p-Methylbenzylidene chloride was prepared by treating
p-tolualdehyde (10 gm.) dissolved in petroleum ether (40°-60°)
(60 ml.) with phosphorus pentachloride until the latter
ceased to dissolve102. The petroleum ether, the oxychloride
and fhe p-methylbenzylidene chloride were then successively
distilled off, the latter two compounds under reduced pressure.
The chloride was purified by recrystallising it twice from
ethanol and twice from petroleum ether (400-600)._ The
hydrolysable chloride content of the sample was identical with

the theoretical amount; melting point of chloride = 47.5%.
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p-Nitrobenzyl Chiloride.

p~-Nitrobenzyl chloride (Light's) was recrystallised
twice from ethanol. The hydrolysable chloride content of
the sample was 99.3% of the theoretical amount; melting

point of chloride = 70°C.

Solvents.

"50%" aqueous acetone was made up by mixing 500
volumes acetone and 500 volumes water. The acetone was the
Analar product which had been refluxed with sodium hydroxide
and potassium permanganate for two hour5105 before being
fractionated from hydroquinone and the water was distilled
water which had been passed down a column containing mixed
ion exchange resin. The "70%" and "80%" solvents were made

up in an analogous manner.

When more than one batch of solvent was used every
batch was monitored by examining the rate of hydrolysis of

the same compound at the same temperature in them.

Titration acetone.

The acetone used for titrations was the commercial
product which was distilled after being refluxdd with sodium
hydroxide and potassium permanganate for two hours. The

indicator lacmoid was added and the solution neutralised



100.

before use.

Methods of Rate Measurement

Kinetic runs were carried out at temperatures ranging
from -20° to 120%. The thermostat for the range 100°- 120°C
consisted of a well-lagged 20 litre beaker containing well-
stirred paraffin oil, a xylene-mercury regulator, a permanent
heating coil and a 100 w. intermittent electric lamp bulb
heater. The 0° thermostat consisted of a bath of well-

- stirred melting ice. The thermostat for temperatures below
0° consisted of a well-stirred ethanol-water mixture in a
large Dewar vessel. Cooling was effected by filling the inner
of two concentric glass tubes with solid carbon dioxide, and
the outer with sufficient acetone tc kecp the temperature of
the bath just below the desired temperature in the absence of
heating. A 5 w. intermittedt heater was included to maintain
a constant temperature. The other thermostats were of con-
ventional design. The 10° thermostat contained, in addition,
a coil of copper tubing through which cooled water circulated.
At temperatures below 100° the temperature was constant to
within + 0.01°; at 100° and above, + 0.02°. Thermometers
standardised to + 0.02°C by the National Physical Laboratory

were used for temperature measurement.

The hydrolysis of the chlorides always went to
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completion and velocity constants could therefore be cal-
culated from a knowledge of the acidity after various time
intervals and at 100% reaction without the necessity of using

weighed amounts of chlorides.
Two methods were used for following kinetic runs.

Flask Runs.

In general this method was used at temperatures of 300
and under although it was used at 40° for a fast reaction.
The chloride was added to about 100 ml. of the solvent in a
stoppered flask at the thermostat temperature and the flask
thoroughly shaken. After suitable time intervals 5 ml.
samples were removed by means of a pipette and run into about
200 ml. of neutralised acetone to stop the reaction. The
acidity of this solution was determined by titration with

standard sodium hydroxide, lacmoid being used as the indicator.

Tube Runs.

This method was used at temperatures above 30° where
the possibility of evaporation of solvent from the reaction
flask during extraction made the use of the prewious method
undesirable. The chloride was added to about 100 ml. of
solvent and weld shaken. The reaction mixture was pipetted

into tubes using the apparatus shown in Fig.VI-1. The tubes

were sealed off, attached x wolmkers and placed in the
- 3 NOV 1960
- N S .




FIGURE V| |

TUBRE FILLER
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thermostat in batches of about seven. Fach batch was
shaken vigorously for about two minutes. After suitable
time intervals, tubes were removed from the thermostat and
plunged into a carbon dioxide - acetone bath to stop the
reaction. They were then cleaned, broken under neutralised

acetone and the acidity determined as before.

Calculation of the Results

Rate Constants.

First order rate constants were calculated from the
. equation

k = 2.30% / t.log(a/a-x)

where t is the time in seconds and "a" and "a-x" are the
concentrations of the alkyl halide at t = 0O and +t = ¢
respectively. The time of the first reading was taken as
zero, "a" being the difference between the first reading and
the reading when the reaction had gone to completion (10
times the half life period). Details of individual runs are

given in the Appendix to this Chapter.

When more than one batch of solvent was used for
carrying out the experiments in a particular series, the
results in one solvent were made comparable with those in

another by monitoring each solvent, i.e., comparing the rate
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constants for the sgme chloride at the same temperature in

each.

The mean rate coefficients, km, were obtained by
statistical treatment of at least two runs at any one tempera-
tute, the runs being considered as one for statistical pur-
poses. The standard deviation of the final mean rate coeffi-

cient, ¢ (k) , was obtained from Eqn.VI-1

%

2

o (k)=[-z(k_km)] et VI-1
n

where n was the number of separate determinations of k.

Individual rate constants differing from the mean by more than

2% o’ea‘c_:

o (k) found.

1
h:;,wherec cgachrahnﬁc' , were rejected and a new

Activation Parameters.

The activation energy, E, at the temperature (T1+ T2)/2
(see page 39) was calculated from the mean rate coefficients

at adjacent temperature intervals using Eqn.VI-2.

2.303 RT, T k
1°2 2
E = 10g T deeecesses . DVI-2

where k,l and k2 are the mean rate coefficients at the absolute

temperatures ’I‘,l and T2 respectively.

; _
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The standard deviations of E, o (E), was obtained

from Eqn.VI-3104.
RT,T log 05 2 v
[} (E) = 1 2 ’l) + (__g R VI-3

where oﬁ and cé are the standard deviations of the mean

rate coefficients, k, and k2. It should be noted that this

/'
standard deviation, o (E), is not the maximum possible error.

The temperature coefficient of activation energy,
dE/dT, was calculated from the 'best' straight line E vs. T
by a least squares method on the assumption that E is
linearly dependent on temperature.

Then E = E + & 7 e VD=4

° ar

whence the 1easﬁ squares value of dB/dT is given by Egqn.VI-5

E Z(E - E (T - T)) VI-5

| = e
dr (T - )

where Em is the mean of the experimental activation energies
and Tm is the mean of the temperatures. E can be calculated

at any temperature from

. dB
E = E + =(T-T)

The standard deviation of dE/4T was obtained in two

ways:-
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(i) PFrom the 'best' straight line E vs. T using
%
)2

(E - E
o (gg) - obs. calc.

(n - 2) 5t -1 )°

where n is the number of determinations of E.

(ii) From o (E) using Eqn.VI-7

dBy [z(c(Ei)",)(T _ Tm)z]%

(T - 1_)°

Both values are quoted in Tables III-1 to III-8 though Tables

IV-1 and IV-2 contain only the larger of the two values.
The entropy of activaticn, [}S: at the temperature
(Tq + T2)/2 was calculated from Eqn.VI-8 (see page 43)

- k -2 -
1ln k,| = ln(h) + 1ln > + 1 + = AT <. .VI-8

where k1 refers to the temperature T1, and E to (T1 + Tz)/2

®
A value for the heat capacity of activation, AC , was

*
obtained from the 'best' straight line AS ys. log T.

* *
Since m_). = S.Q.C__)_ --VI-9

g .

Then, by integration

*

NS

OS] + 2.303 AC'log T ....VI-10
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Therefore

W %
I(AS - AS )(log T - log T_)
* 1 m m
AC = o e s 8 -VI_1/'
2.303 Y(log T - log 'I‘m)2

L
where [}Sm is the mean of the experimental entropies of
activation, and Tm the mean of the experimental temperatures.
&
NC , calculated in this way, was always in good agreement

with AGC , obtained from dE/AT using the relation
dE/ar = R + NAC"
where R is the gas constant.

[}S* could be calculated at any temperature by means

of Eqn.VI-12

N8 = As; + 2.303 AC (log T - log T) .e..VI-12

The standard deviation of AS , o ( AS ), can be

obtained from EanVI—131O45.
*® 2 - 2

It can be shown however that Eqn.VI-14 holds true approxi-

mately and this has been used here,

c (As*) = "—élﬂ)- SRRV | s gty 111

)

dE
(r-1)o (P

T -T
m dE
(—T———) U(aﬁ') ....-n--.tVI—15

Since o (Ecalc.

*®
then o (éxscalc.)
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Activation Parameters for the reaction of

p-Methoxybenzyl Chloride in 50% aqueous acetone.

Values for k (50°), E (50°) and As (50°) for

p-methoxybenzyl chloride in 50% aqueous acetone, an S, 1

N
reaction (see page 61 ) were obtained by the following

procedure.
Using the expression

gsq'_,‘1 - &S’;z + 2,303 AC1og(T,/T,),

values for [50*/ [}S* at 0° were calculated for tert.-BuCl,
PhCHCl2, Ph.CCl5 and E-Me.06H4.CH012, all SN1 compounds, from
values at 50°. The mean value for [}C'/ [§S' at 0° was
* -
5.64. Since for p-Me0.CgH,.CH)Cl, AS (0°) = -3.01, then
[30* = -17.0 giving dE/4T = -15.0. The following values

are then obtained:-
x(50°) = 1.455x10 tsec™1 E(50°) = 18.94 .gss*(50°) = -5.84

Since the standard errors in the two values of E, separated by
a temperature interval of 100, are + 0.06 kcal. (see Table
ITI-4), the value dE/dT = -15.0 is not inconsistent with the

experimental results.

Concentration Effects.

The rates of éolvolysis of p-methoxybenzyl and p-

methylbenpgylidene chloride in 50% aqueous acetone were found
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to be affected by changes in the concentration of the organic
chloride in the following manner.

p-Methoxybenzyl Chloride at 0.00% .

¢

Concn. of Chloride 1O4k(sec._1), Change in Rate

0.0169 M 5.764 1.8 %
0.0113 M 5.873

p-Methylbenzylidene Chloride at 19.46%.

Concn. of Chloride 105k(sec."1) Change in Rate
0.0103 M 7.799 2.0 %

All experiments using p-methoxybenzyl chloride were
therefore carried out at the same concentration. For the
solvolysis of p-methylbenzylidene chloride it was necessarg to
use the chloride at a higher concentration in the upper temper-
ature range and at a lower concentration at lower temperatures
due to the suspected incomplete solubility of the compound at
6°C. Two series of runs at 19.46°C (quoted above) were
carried out and used to obtain rate constants relating to the

same concentration over the complete temperature range.

Effect of Added HC1l

As already pointed out in Chapter III, experiments were
carried out in the presence of approximately 0.02 N HCl to

establish whether this concentration effect arises out of
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competing jionic-strength and mass-law effects.

Solvolysis of p-methoxybenzyl chloride in 70% agueous acetone

at 29.88°C in the presence of HCl. >

Added HC1 1O4k(sech) Change in Rate Change for 0.02 N HCl

- 7.048 - -
0.02250 N 6.788 3.7 % )
. ) -5.-0%
0.01777 N 6.884 2.3 % )

Solvolysis of p-methylbenzylidene chloride in 50% aqueous

acetone at 24.7600 in the presence of HCl.

Added HCl 104k(sec71) Change in Rate Change for 0.02 N HC1l

- 1.391 - -

0.01545 N  1.365 -1.9 %
-1.7 %

L Nl

0.01697 N 1.380 -0.8 %
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CHAPTER VI, APPENDIX

Solvolysis of p-Methylbenzyl Chloride, p-Methoxybenzyl Chloride,

p-Nitrobenzyl Chloride and p-Methylbenzylidene Chloride in

Aqueous Acetone.

Details of Individual Runs.

First order rate constants were calculated from the
equation,
k= 2,303 / t.log (a/a-x)

where k is the rate constant in sech,

t is the time in secohds,

a 1is the concentration of alkyl chloride at t

]
o

1}
ot

a-x 1is the concentration of alkyl chloride at t

Titres are expressed in ml. of NaQH per sample.

In each case details of one run are given and the mean
rate coefficients k', k'