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ABSTRACT 

The investigation concerns the s o l v o l y t i c study of 
^ - s u b s t i t u t e d benzyl halides i n aqueous acetone. By a 
suitable choice of substituents i t i s possible to obtain a 
f i n e l y graded sequence of mechanisms, by which hydrolysis 
occurs, ranging from extreme 8^2 to 8^1 and the work aimed 
a t obtaining information about the mechanistic border-line 
region, a region where the mechanism i s almost, but not 
quite, SJJ1 . For t h i s a new approach was necessary since 
c r i t e r i a which are x-jell established for the investigation of 
the extreme forms of mechanism could not be used i n t h i s 
region. This approach involved the v e r i f i c a t i o n of the 
hypothesis that the r a t i o of the heat capacity of a c t i v a t i o n 
to the entropy of a c t i v a t i o n for the 8^1 hydrolysis of an 
a l k y l chloride i n a given solvent at a given temperature has 
a constant value. Extension of the e a r l i e r work c a r r i e d 
out by Bensley and Kohnstam shows that t h i s hypothesis i s 
e s s e n t i a l l y correct and that the r a t i o of the heat capacity 
of a c t i v a t i o n to the entropy of a c t i v a t i o n has a lower value 
f o r SJJ2 reactions than for reactions. Application of 
these ideas to the present experiments shows that p_-methoxy-
benzyl chloride i n 50% aq.acetone r e a c t s by mechanism , 
p_-methylbenzyl chloride i s border-line and the unsubstituted 



i i i . 

compound and £=nitrobenzyl chloride react by a mechanism 
nrhich progressively approaches the more extreme form of S. 

e f f e c t of e l e c t r o l y t e additions on the hydrolysis rate of 
benzhydryl chloride, a compound which r e a c t s by mechanism S^1. 
The s p e c i f i c e l e c t r o l y t e e f f e c t s found are interpreted as 
a r i s i n g from changes i n the solvent composition caused by the 
solvation of the e l e c t r o l y t e . T h i s e f f e c t would be super-

2 
imposed upon the ionic-strength e f f e c t of Hughes and Ingold . 

An additional problem investigated concerns the 

1. Bensley and Kohnstam, J.Chem.Soc. , 1957? 
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 ATOM 

Types of Substitution. 

I n a subs t i t u t i o n of the form 

Y + R - X » Y - R + X 

i n which only one bond i s exchanged, there are two main 
types of bond f i s s i o n . 

(A) Homolytic or symmetric f i s s i o n . 

Y. + R.[.X" — — — * Y : R + .X 
(The dots represent electrons) 

This type of rupture i s common i n gas-phase rea c t i o n s , 

e.g. H + H - H » H - H + H 

(B) Heterolytic or dissymmetric f i s s i o n . 

T h i s form of f i s s i o n i s common for reactions i n solution. 
I t i s necessary to d i s t i n g u i s h between two types of hetero
l y t i c substitution. 

(1) E l e c t r o p h i l i c ( l a b e l l e d Sg). 

Y + R. .|X » Y : R + X 
I n t h i s type the substituting agent uses i t s electrons to 
attack the nucleus of R p-P-ujUses i t s nucleus to combine with 



2. 

the electrons of R. 

e.g. D + + R - H » D - R + H + 

( 2 ) Nucleophilic ( l a b e l l e d S K ) . 

Y: + R|. .X » Y : R + :X 

I n t h i s type the expelled group separates with i t s electrons 

e.g. I ~ + R - C I » I - R + 01" 

I n nucleophilic s u b s t i t u t i o n there i s an electron t r a n s f e r 
from the substituting agent Y to the centre of s u b s t i t u t i o n 
i n i , and from t h i s centre to the expelled group X; so that, 
i n consequence of the s u b s t i t u t i o n , Y becomes formally one 
e l e c t r o n i c unit more p o s i t i v e , and X one unit more negative. 
Subject to t h i s , there need be no r e s t r i c t i o n on the states 
of ©leetrifieation of the speeieti involved. iJhQ preaoat 
I n v e s t i g a t i o n i s concerned with reactions of t h i s type. 

Mechanisms of Kucleophilic Substitution. 

Two mechanisms are recognised for nucleophilic 
s u b s t i t u t i o n . 

The f i r s t i s a one stage process, i n which two 
molecules simultaneously undergo covalency change i n the r a t e -
determining step; i t i s therefore c a l l e d bimolecular and 
l a b e l l e d S^2. I n t h i s mechanism we have synchronous bond 
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making and breaking. 

Y" + H - X j^ Y ~ — R - - - f | Y - R + X~ ( ^ 2 ) 

The s o l v o l y s i s of methyl bromide i n aqueous eihanol 
occurs by t h i s mechanism . 

The second mechanism involves two stages, a slow 
i o n i s a t i o n of the compound substituted i s followed by a rapid 
co-ordination between the formed carbonium ion and the sub
s t i t u t i n g agent. The rate-determining stage i s the f i r s t , 
and since i n that stage only one molecule i s undergoing 
covaloncy change, the mechanism i s c a l l e d unimolecular and 
l a b e l l e d Sjj1. 

E - X F ^ £R x j F = i R + + X" (slow) (Sjjl) 

R + + Y " — » R - Y ( f a s t ) 

At one time i t was thought that organic compounds did 
not ionise i n t h i s way i n view of the large a c t i v a t i o n energy 
which would be required ' . I t i s now postulated however 
tha t i o n i s a t i o n does occur due to the a c t i v a t i o n energy being 
reduced to accessible values by the solvation of the polar 

3 
t r a n s i t i o n state i n the i o n i s a t i o n process'. 

T h i s mechanism operates i n the s o l v o l y s i s of t e r t . -

b u t y l chloride i n aqueous acetone . 
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Formation of Ion-pairs. 

An extension of the mechanism has been proposed 
by Winstein and co-workers to explain " s p e c i a l s a l t e f f e c t s " 
i n the a c e t o l y s i s of some toluenesulphonates and benzene-
sulphonates i n a c e t i c a c i d ' 1 . These authors hold the view 
that two types of ion-pair may be concerned i n these 
heterolyses; the f i r s t , an " i n t e r n a l " ion-pair, i n which the 
p a r t l y separated p a r t i c l e s are surrounded by a common solvation 
s h e l l ; the second, an "external" or "solvent-separated" ion-

I n t e r n a l E x t e r n a l Dissociated 
ion-pair ion-pair ions 

These ion-pairs,which e x i s t as metastable intermediates,are 
capable of reacting d i r e c t l y with the solvent and anions. 

Although the evidence for ion-pair formation c i t e d by 
Winstein appears to be s a t i s f a c t o r y for a c e t o l y s i s , the 
intervention of ion-pairs i n hydrolysis has yet to be 
established. For example, i t has been shown 7' v that even 
i f the SJJ1 h e t e r o l y s i s of the C-01 linkage involves i n t e r 
mediate ion- p a i r s , these need not r e a c t s i g n i f i c a n t l y r e l a t i v e 
to the f u l l y developed carbonium ion with water and with 
anions. T h i s has been demonstrated for the hydrolysis of 
dichlorodiphenylmethane i n aqueous acetone. 
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Determination of Mechanism. 

The present i n v e s t i g a t i o n i s e s s e n t i a l l y concerned 
with the mechanism operating i n s o l v o l y s i s . Several methods 
are a v a i l a b l e f or the recognition of mechanism and these w i l l 
now be discussed. 

I . The k i n e t i c c r i t e r i o n . Provided both reacting species 

are i n small and controllable concentration, the bimoleoular 

mechanism of sub s t i t u t i o n should lead to second order k i n e t i c s , 

a s expressed i n the equation, 

When however, as i n the present case, the subs t i t u t i n g agent 
i s a main constituent of the solvent and therefore present i n 
constant excess, the bimolecular mechanism leads to f i r s t 
02?der k i n e t i c s . The uniLmolecular mechanism also given f l r o t 
order k i n e t i c s , with an o v e r a l l rate equal to the h e t e r o l y s i s 
r a t e , provided that the rate of r e v e r s a l of the h e t e r o l y s i s 
i s much smaller than the ra t e of co-ordination of the carbonium 
io n with the subs t i t u t i n g agent. Thus i n s o l v o l y t i c reactions 
the k i n e t i c order of a reaction cannot be used as a c r i t e r i o n 
of mechanism. 

I I . The e f f e c t of s t r u c t u r a l changes i n the compound 

substituted on re a c t i o n r a t e . T h i s w i l l be discussed f u l l y 

i n the following pages. 

Hate 2 [ I I K J k 
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I I I . The ef f e c t of systematic changes i n the substituting 
agent on reaction r a t e . 

IV. The e f f e c t of solvent changes on re a c t i o n r a t e and on 
the products. The e f f e c t on rate w i l l be discussed i n 
connection with the work of Winstein, Grunwald and Jones 1' 1 

(see page 11). 

V. The stereochemical course of the substitution. 

V I . The k i n e t i c form of the subst i t u t i o n r e a c t i o n . 

V I I . The e f f e c t of s a l t additions on rate and products. 

F u l l d e t a i l s of the above methods are given i n a 
12 

review by Hughes . 

E f f e c t of Substituents on Mechanism and Rate. 

Bimolecular nucleophilic substitutions involve simul
taneous electron t r a n s f e r s from the substituting agent to the 
r e a c t i o n centre and from the l a t t e r to the expelled group. 
I n general, these t r a n s f e r s w i l l not be exactly balanced i n 
the t r a n s i t i o n state of the react i o n , so that a polar e f f e c t 
on the r a t e i s to be expected. When the nucleophilic reagent 
i s negative, t h i s e f f e c t i s only small. When the reagent i s 
neutral however (e.g. water) the e f f e c t may be quite large, as 
i s observed when the r a t e of hydrolysis of 2,-nitrobenzyl 
chloride i s compared with that of the parent compound (see 



Table XV 3 ) . I t should be emphasised that even i n t h i s 
l a t t e r category the e f f e c t on the r a t e i s not so large as 
f o r SJJ1 reactions. 

The rate-determining stage of unimolecular nucleophilic 
s u b s t i t u t i o n s involves an electron t r a n s f e r from the r e a c t i o n 
centre to the displaced group, without any compensating gain 
of electrons by the r e a c t i o n centre. A large k i n e t i c polar 
e f f e c t , of c e r t a i n d i r e c t i o n , i s therefore expected. E l e c t r o n 
r e l e a s e to the r e a c t i o n centre must f a c i l i t a t e such s u b s t i t u 
t i o n s by s t a b i l i s i n g the t r a n s i t i o n s t a t e . 

A"s a general r u l e , the" inductive "mechanism of electron 
r e l e a s e i s the important one. Since the inductive e f f e c t for 
the methyl group i s greater than for hydrogen, i t follows that 
e l e c t r o n roXeaco to tho roaotion ocntro should iaos?ease along 
the following s e r i e s of a l k y l halidos. 

As already stated, electron r e l e a s e f a c i l i t a t e s 8^1 
subs t i t u t i o n s , and t h i s s e r i e s must therefore have an i n c r e a s 
ing tendency to react by mechanism on going from l e f t to 
r i g h t . T h i s may be demonstrated by examining the a l k a l i n e 
h y d r o l y s i s of methyl, e t h y l , iso-propyl and t e r t . - b u t y l 
b r o m i d e s 1 6 . For t h i s s e r i e s i t i s possible to determine 
the molecularity of the reaction from the k i n e t i c order. For 

He <^ E t <^ i-Br <^ t e r t tert.-Bu 
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methyl, e t h y l and iso-propyl bromides second order k i n e t i c s 
were found showing that the re a c t i o n was bimolecular. 
t e r t . - B u t y l bromide exhibited f i r s t order k i n e t i c s and was 
therefore unimoleeular. Fo£ the s o l v o l y s i s of these bromides 
the k i n e t i c c r i t e r i o n of molecularity no longer holds (see 
p. 5 ) • Although the methyl and ethyl compounds s t i l l r e a c t 
by mechanism S^2 and the t e r t . - b u t y l compound by mechanism 
SJJ1 the p o s i t i o n regarding iso-propyl bromide i s not so 
c e r t a i n . While the r e a c t i o n with hydroxide Ion may be 8^2, 
t h i s does not n e c e s s a r i l y hold for th© reaction with water 
since an hydroxide ion i s a better nucleophilc than water, a 
f a c t o r which increases the tendency to react by mechanism 
The mechanism for the s o l v o l y s i s of iso-propyl bromide i s 
however probably S^2 rather than 8^1. This type of e f f e c t 
has already been demonstrated on a provioua oeeasiea. 
B a l l i n g e r , de l a Mare, Kohnstam and F r e s t t examined the 
r e a c t i o n of chlorodimethyl ether i n ethanol and i n mixtures 
of ethanol and d i e t h y l ether i n both the presence and absence 
of ethoxide ions. Whilst the s o l v o l y s i s was shown to be 
unimolecular, reactions i n the presence of ethoxide ion, a 
better nucleophile than ethanol, were found to be s u b s t a n t i a l l y 
bimolecular. 

I n aralphyl compounds containing g-phenyl substituents, 
the more powerful mechanism of conjugative electron 
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displacements i s a v a i l a b l e to a s s i s t the separation of the 
displaced group and a formed carbonium ion i s s t a b i l i s e d by 
conjugative mesomerism. I t i s found, i n accordance with 
p r e d i c t i o n , that a-phenyl substituents i n aralphyl groups 
exert a strong f a c i l i t a t i n g polar e f f e c t on mechanism 
and a weaker one on mechanism 8^2. One a-phenyl group i s 
roughly about as e f f e c t i v e as two a-methyl substituents for 
the purpose of determining the reXative importance of the 
two mechanisms. 

I n the s e l v e l y s i s of the following s e r i e s of chlorides 
i n aqueous .solvents, -

CH^Cl PhCH 2Cl Ph^CHCl Ph^GCl 

methyl chloride i s 3^2, whilst benzhydryl chloride and t r i -
phoaylmefihyl ©hlorido QTQ S ^ l . 'i'here has been much contro
versy concerning the mechanism by which benzyl chloride 
r e a c t s . An examination of the a v a i l a b l e evidence led Bensley 

i S 
and Kohnstam y to conclude that the mechanism was mainly, i f 
not e n t i r e l y , SJJ2 i n 50% aqueous acetone. 

A d e t a i l e d picture of the manner i n which a change from 
mechanism 3^1 to mechanism 3^2 occurs i s of i n t e r e s t . 

Mechanism i n the "border-line" region. 

Several views have been put forward about the 
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mechanistic "border-line" region, which marks the t r a n s i t i o n 
from one mechanism to the other. I t i s convenient to regard 
the t r a n s i t i o n state of nucleophilic s u b s t i t u t i o n reactions 
as the resonance hybrid of the following three canonical 

11 
s t r u c t u r e s 

+ + 
T R - 01 Y - R 01 T R 01 

I I I I I I 

I f the r e a c t i o n i s extreme there i s no contribution from 
structure I I I whereas i f the r e a c t i o n goes e n t i r e l y by mechan
ism 8^1, structure I I does not contribute to the t r a n s i t i o n 
state structure. I f structures I , I I and I I I a l l contribute 
to the structure of the t r a n s i t i o n s t a t e , the r e a c t i o n must 
be regarded as bimolocular since covalent p a r t i c i p a t i o n by 
£Ii© £>©agQnt Y i s s t i l l an oosontial feature of the a c t i v a t i o n 

16 
process . 

There are two p o s s i b i l i t i e s for a reaction occurring 
by the "border-line" mechanism. 

( i ) The r e a c t i o n proceeds v i a a single intermediate 
t r a n s i t i o n state with contributions from I , I I and I I I and 
which i s therefore bimolecular. The more the r e a c t i o n 
conditions favour mechanism S ^ l , the greater i s the c o n t r i 
bution from I I I r e l a t i v e to I I . 

( i i ) The i n d i v i d u a l molecular acts occur v i a any one 
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of a continuous spectrum of t r a n s i t i o n states each with 
varying contributions from I I and I I I and some having no 
contributions from I I i . e . concurrent S^1 and. S^2. A va r i a n t 
on t h i s view i s that the r e a c t i o n occurs v i a one S«r1 and one 
8^2 process. 

I n order to obtain further information concerning the 
"borderline" mechanism, Winstein, Gi'unwald and Jones' 1 1 studied 
the dependence of s o l v o l y s i s r a t e on solvent on the b a s i s 
that the relevant solvent properties which affect the rate, 
nucleophilie e^m'actei? and ierdLsinft power, vary iMepexi.dtt.ntly» 
Kucleophilie Hol.volyses were divided into two categories -
the l i m i t i n g c l a s s , (Lim), rate constant , whose r a t e s 
depond on the ioniaing power of the solvent, and the nucleo-
p h i l i c class (N), rate constant k^. whose rates depend on both 
the ionising power and the nuoleophilic character = 'i'hese 
c l a s s e s correspond roughly to 3^1 and SJJ2 r e s p e c t i v e l y . The 
v a r i a t i o n of s o l v o l y s i s r ate with solvent was represented by 
the following l i n e a r free energy r e l a t i o n s h i p which applies 
to both Lim and N c l a s s e s 

log k - log k° + mY 1-1 

where k and k° are the rate constants i n a solvent and i n 
the standard solvent r e s p e c t i v e l y , Y a measure of the solvent 
i o n i s i n g power, and m i s a constant independent of the sub
s t r a t e with one value for Lim reactions and another for N 

http://iMepexi.dtt.ntly
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r e a c t i o n s . 

The s o l v o l y s i s of iso-propyl bromide, a r e a c t i o n 
expected to be border-line, was studied for the e n t i r e solvent 
range from ethanol to pure water. Assuming two simultaneous 
processes for the s o l v o l y s i s 

k = ^ + k̂ . 1-2 

Applying equation 1-1 fo r each process 

log k^j = m̂ Y + log k° 1-3 

and log k^ = m̂ Y + log 1-4 

Substituting for -k^ and-k^ i n equation X-2" gives" 

, -HL.Y m.Y - mY o Q 

(10 x ) k = (10 1 ^ ) ^ + ls£ 1-5 
was assumed to bo the same as fes* te^to-bntyl brosido 

(which r e a c t s by the l i m i t i n g mechanism) and m̂ , for et h y l 
bromide (which r e a c t s by the nueleophilic mechanism). 
Substituting for m i n equation 1-5 gave values of k° and k£ 
which were then used to c a l c u l a t e k^, k̂ . and thus k. The 
agreement with the observed values of k was jhoor, a single 
m value between m̂  and m̂ . giving a better f i t to the experi
mental data. 

The authors therefore hold the view that s o l v o l y s i s i n 
the border-line region should be regarded as a single process 
and not as two simultaneously occurring processes. 



B i r d , Hughes and Ingold , while agreeing with the 
above conclusion, have pointed out that i t was ensured by 
the procedure used. I n addition they emphasised that the 
free energy r e l a t i o n used i s non-linear for methyl and ethyl 
bromides (compounds solvolysing by the Bf mechanism). I n a 

18 
l a t e r paper Winstein, Fainberg and Grunwald showed that there 
are d e f i n i t e s t r u c t u r a l l i m i t a t i o n s to the use of the free 
energy r e l a t i o n s h i p for the quantitative i n t e r p r e t a t i o n of 
s o l v o l y s i s r a t e s . I n conclusion i t should be noted that 
even i f t h i s r e l a t i o n s h i p i s v a l i d i t only shows tho general 
trend i n the mechanistic change between S^1 and S^2 and not 
the point of mechanistic change. 

17 
B i r d , Hughes and Ingold ' have studied s u b s t i t u t i o n i n 

m-chlorobenzhydryl chloride by f l u o r i d e ion, pyridine and 
triethylamine using sulphur dioxide as solvent. I f the 
s u b s t i t u t i o n s are unimolecular the i n i t i a l r a t e s of the 
d i f f e r e n t reactions should be equal to one another and indep
endent of reagent concentrations. I f however some of the 
s u b s t i t u t i o n s are bimolecular, then the i n i t i a l r a t e s , although 
varying for the d i f f e r e n t substitutions following t h i s mechan
ism, should each converge on zero as the reagent concentration 
i s diminished. I f unimolecular and bimolecular reactions run 
concurrently, then the r a t e s should converge on a f i n i t e value 
as the i n i t i a l concentration of the reagent i s diminished. 
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The authors found that s u b s t i t u t i o n by the amines showed 
common-ion retardations, the most diagnostic k i n e t i c feature 
of mechanism , but deviated from the requirements of that 
mechanism i n at l e a s t two important respects. The r a t e s 
were s e n s i t i v e f i r s t l y to the nature of the su b s t i t u t i n g agent, 
and secondly to the concentrations of the reagents although i n 
each respect not nearly to the extent appropriate to bimolecul-
a r r e a c t i o n s . I n addition i t was found for the reactions of 
pyridine and triethylamine that an equation derived assuming 
the operation of mechanism reproduced the observed couroo 
of the r e a c t i o n more accurately than one obtained by assuming 
a bimolecular process, though not as p e r f e c t l y as for the 
fl u o r i d e ion reaction. A suggested explanation was that the 
mechanism has some degree of bimolecular character. Concurrent 
SJJ1 and g^j2 processes were not envisaged since the ratos did 
not converge when the concentration of the reagent was low. 
The r e s u l t s obtained thus favoured the view that r e a c t i o n 
occurs v i a t r a n s i t i o n s t a t e s intermediate between the two 
mechanistic extremes. 

I t has often been assumed that the s o l v o l y s i s of 
benzoyl chloride occurs by a border-line mechanism. Thi s 
r e a c t i o n has been studied by several s e t s of workers and t h e i r 
conclusions w i l l now be discussed. 

Gold, Hilton and J e f f e r s o n 1 ^ examined the hydrolysis 



f 
\; 

I 

15. 

of benzoyl chloride and a c e t i c anhydride i n aqueous acetone 
i n the presence of d i f f e r e n t amounts of an aromatic amine, 
which can compete with the solvent for the a c y l a t i n g agent. 
The r e l a t i v e contributions of unimolecular and bimolecular 
mechanisms to the a c y l a t i o n of the amine and to the aeylation 
of water were determined by examining the influence of the 
amine on the rate and f i n a l product composition. The authors 
concluded from t h e i r r e s u l t s that a c e t i c anhydride i n 50% 
aeetone and benzoyl chloride i n 80% acetone r e a c t by the 
bimolecular mechanism, but only h a l f of the t o t a l r e a c t i o n of 
benzoyl chloride with 50% acetone proceeds by t h i s mechanism. 
The border-line mechanism was regarded as the concurrence of 
an 8^1 and an S^2. process. 

20 
Crunden and Hudson studied the e f f e c t of added 

formate ions and solvent v a r i a t i o n on the rate of s o l v o l y s i s 
of £-methyl-, g-bromo- and p_-nitrobenzoyl chloride and the 
parent compound i n aqueous formic acid. The authors concluded 
from t h e i r r e s u l t s that the p_-nitro compound r e a c t s by mechan
ism S§2 and the p_-methyl and parent compounds r e a c t by mechan
ism S^1. The r e a c t i o n rates were found to be l e s s i n formic 
a c i d than i n 65% aqueous acetone, a solvent with the same 

21 
sol v a t i n g power (denoted by T by Grunwald and Winstein ) ; 
the greater the ease of electron r e l e a s e to the r e a c t i o n 
centre, the c l o s e r were the two corresponding r a t e constants. 
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The authors assumed that concurrent unimolecular and bimolecul
a r mechanisms operate and that the r a t e of the S-j1 process I s 
equal i n the two solvents, the excess rate i n the aqueous 
acetone being due to r e a c t i o n by mechanism S~2. Values for 
the percentage of S-1 r e a c t i o n i n the aqueous acetone were 
obtained. 

22 
K e l l y and Watson have studied the e f f e c t of solvent 

composition on the s o l v o l y s i s r ate of benzoyl chloride i n 
aqueous acetone. They proposed that when hydrolysis occurs 
by the unimolecular mechanism the observed rat© constant can 
be represented by _ _ _ _ _ _ 

- X, rH-,olq 1-6 
obs. 

where k^ and q are constants, independent of solvent composi
t i o n , and that when the bimolecular mechanism operates, the 
observed r a t e constant k'' i s given by 

obs 
obs. 

where kg and n are constants, independent of solvent composi

tio n . 

Assuming concurrent unimolecular and bimolecular 
processes, the observed r a t e constant i s then given by the 
expression 

<1 
kobs " *2 [ H2°] M + *l[*2°] 



19. 

and therefore 

k 2 [ H 2 0 ] n • ^[E20]' 

r n <i-i 
At low water concentration k^ [IkjO] was assumed to 

he n e g l i g i b l e , i . e . no unimolecular contribution, and a l i n e a r 
r e l a t i o n s h i p between l o g ( k Q ^ B / [ ^ o ] ) a n d log [HgO] was therefore 
expected i n t h i s region. The experimental r e s u l t s v e r i f i e d 
t h i s prediction. At higher water concentrations however 
t h i s curve showed departures from l i n e a r i t y , thereby i n d i c a t i n g 
a mechanistic change. An a l y s i s of t h i s curve gave values f o r 
t-he r e l a t i v e contributions from the unimelecuXar and bimolecur-
a r mechanisms to the t o t a l reaction. 

An equation of the type 

k o b s = k [ H 2 0 ] a 

where k and m are constants, independent of solvent composi
t i o n , i s however u n l i k e l y to hold over the whole solvent 
composition range for mechanism S w1 or mechanism S, 

Bunton, Lewis and L l e w e l l y n 2 ^ , by studying 0 1 8exchange 
between some benzoyl chlorides and water during hyd r o l y s i s , 
showed that intermediates are formed, of f i n i t e l i f e , which 

24 
contain a water molecule. Further work led them to conclude 
t h a t these reactions should be regarded not i n terms of the 
mechanisms but as two stage processes i n which the reagent 
adds to the carbonyl carbon atom to give an intermediate, 
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which breaks down with l o s s of halide ion, or reagent. T h i s 
mechanism, analogous to acyl-oxygen f i s s i o n for carbexyl este r 
h y d r o l y s i s can be represented by two l i m i t i n g representations 
of the re a c t i o n p a t h ^ , 

0 

f 
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Since at l e a s t part of the s o l v o l y s i s of benzoyl chlorTdos 
goes by t h i s mechanism, conclusions reached concerning the 
border-line mechanism i n nuoleophilic s u b s t i t u t i o n using t h i s 
r o a c t ion are therefere rendered doubtfml„ 

26 
Nair has studied the r e a c t i o n between 0.04M benzyl 

chloride and potassium cyanide i n 80% ethanol k i n e t i e a l l y and 
using isotopes. The r a t e of formation of chloride ions 
produced from the r e a c t i o n with potassium cyanide and the con
current s o l v o l y s i s of benzyl chloride for a cyanide concentra
t i o n of 0.05H showed good f i r s t order k i n e t i c s , thus excluding 
the p o s s i b i l i t y of a s t r a i g h t bimolecular displacement of 
halogen by cyanide ion. For smaller concentrations of 
potassium cyanide however the f i r s t order r a t e constants 
decreased with time. The i n i t i a l f i r s t order r a t e s showed a 
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dependence on the concentration of cyanide ions vhich could 
not be attributed to a s a l t e f f e c t , showing that at l e a s t 
p a r t of the reaction which produoes the n i t r i l e does not take 
place by mechanism 8^1. The author postulates the existence 
of intermediates with "pentacovalent carbon atoms" having 
structures l i k e IV, V and V I , a postulate made by Peering and 
co-workers to account for stereochemical r e s u l t s ^ . 

&+ \&+ S- S+ ls+ S+ S- 6+ S+ S 0 X 8 C 8 I 0 S A A A 
IV V VI 

Attack by a solvent molecule 8 r e s u l t s i n the p a r t i a l l y 
ionised intermediate TV, from which a l a t e r a l displacement of 
solvent could femove X, the displaced halogen, to give V, 
described as a eovalently solvated carbonium ion. X can a l s o 
be displaced by Y~, the negatively charged cyanide ion to give 
V I , which i s also formed by the attack of Y~ on V. I f the 
degradation of intermediate V i s the rate-determining step 
f o r s o l v o l y s i s and i f the formation of VI from IV i s the r a t e -
determining step for n i t r i l e formation the expression obtained 
f o r the formation of chloride ions explains the data. The 
intermediate character of the mechanism i s also r e f l e c t e d i n 
the isotope e f f e c t s obtained. The C l ^ - Gl^ isotope e f f e c t 
showed the r e a c t i o n to be nearly h a l f way between the two 
mechanistic types while a s i g n i f i c a n t amount of bond formation 
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before bond rupture i s complete was indicated by the C 1 2 - C 1 i f 

isotope e f f e c t for the benzyl carbon atom. An approximate 
value obtained for the C^ 2- C 1 ^ e f f e c t at the cyanide carbon 
atom was consistent with the other isotope e f f e c t s . 

A s i m i l a r vie$ on bonding has been proposed by 
28 

G i l l e s p i e who suggests that carbon can u t i l i s e one or more 
of i t s 3d o r b i t a l s for bond formation. For example, the 
t r a n s i t i o n state of a bimolecular s u b s t i t u t i o n r e a c t i o n i s 
described as an unstable compound of quinquevalent carbon, 
where the carbon atom i s using five o r b i t a l s for bond forma
t i o n , one 2_ , throe 2p and one 3d. ____ _ _ 

29 
I t has however feeen shown by Be war 7 that any c o n t r i 

butions from 3d o r b i t a l s to the valency s t a t e s of carbon 
leaves the general configuration of the valency electrons 
unchanged, a demonstration which i s inconsistent with the 
mechanistic picture proposed by Hair. 

Le Roux and Swart have interpreted k i n e t i c data 
which they obtained for the isotope-exchange r e a c t i o n between 
ra d i o a c t i v e bromine and t e r t . - b u t y l bromide i n anhydrous 
acetone i n terms of concurrent unimolecular and bimolecular 
processes. Their experimental evidence was not however 

31 
c onfirmed by l a t e r work' . 

Hyne and Robertson' 2 have interpreted a c t i v a t i o n 
energies for the solvolyses of benzenesulphonic e s t e r s on the 
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"basis of a continuous spectrum of mechanisms intermediate 
between 8^1 and extreme S^2 and have presented a semi-empirical 
equation r e l a t i n g the a c t i v a t i o n energies to p h y s i c a l proper
t i e s of the solvolysing medium. T h i s c o r r e l a t i o n i s not 

thought to be p a r t i c u l a r l y relevant to the border-line 
33 

q u e s t i o n ^ . 
15 

Bensley and Kohnstam ' using an approach s i m i l a r to 
tha t which w i l l be used f or the s o l v o l y s i s of pj-methylbenzyl 
chloride i n the present i n v e s t i g a t i o n (see Chapter IV) , 
examined the solvolysis of benzyl chloride i n 50% aqueous 
acetone and showed that both general mechanistic a l t e r n a t i v e s _ 
were consistent with; the data obtained. The concurrence of 
mechanism 8^1 with extreme 8^2 i s however not supported by 
the evidence. 

34 
Kohnstam, Queen and S h i l l a k e r ^ have shown that S^1 

and SJJ2 processes operate simultaneously i n the attack of 
azide ions on p_-methoxybenzyl chloride. The re a c t i o n was 
c a r r i e d out i n 70% aqueous acetone where hydrolysis occurs 
e x c l u s i v e l y by mechanism 8^1 (see p. 61 ) . 

For the investigation of mechanism i n the border-line 
region the c r i t e r i a of mechanism already outlined (p. 5 ) 
are i n s u f f i c i e n t . A r e a c t i o n i n the border-line region may 
have a t r a n s i t i o n state with a large contribution from s t r u c 
ture I I I but also some contribution from I I . The s t a b i l i t y 
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of the t r a n s i t i o n state w i l l thus be l a r g e l y controlled by 

i n substituents and mechanistic t e s t s based on the s e n s i t i v i t y 
to solvent changes and the e f f e c t of substituent groups would 
therefore not give an unambiguous i n d i c a t i o n of mechanism. 

Stereochemical evidence i s equally unsatisfactory since 
SJJ1 reactions show inve r s i o n of configuration when the carbon-
ium ion i s unstable ( i . e . has a very short l i f e t i m e ) as there 
i s then considerable shielding by the leaving group^. 

The- mass-law^ effect "("discussed " i i T a e t a i l i n Part I I ) 
does not always show up i n 8^1 reactions where there i s an 
unstable earbonium ion, since the solvation s h e l l collapses 
with the formation of the aleohol before tho eaxboniun i©m &as 
completely freed i t s e l f from the bound anion. Since the 
carbonium ion would be destroyed too r a p i d l y to p a r t i c i p a t e i n 
the equilibrium between any added common-ions, the e f f e c t of 
these ions would not be observed. Thus, although the obser
v a t i o n of mass-law retardation i s diagnostic of mechanism 8^1, 
the absence of t h i s e f f e c t could mean that the mechanism i s 
e i t h e r 8^2 or 8^1 with a highly unstable carbonium ion. 

A further t e s t of mechanism has r e c e n t l y been proposed 
by Bensley and KohnstaV^. ffor SJJ1 s o l v o l y s i s i t has been 
found that the a c t i v a t i o n energy decreases with increasing 

f a c t o r s a f f e c t i n g I I I . An S«2 r e a c t i o n could thus behave 
more l i k e 8^1 than S™2 with both solvent v a r i a t i o n and changes 
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temperature, an observation which w i l l be discussed i n 
Chapter I I . Eyring's absolute rate equation shows that t h i s 
decrease i n a c t i v a t i o n energy, r e l a t e d to a decrease i n 
enthalpy, i s due to a negative heat capacity of a c t i v a t i o n . 
I t i s an e s s e n t i a l feature of an 8^1 s o l v o l y s i s that the 
a c t i v a t i o n energy i s reduced to acc e s s i b l e values by the 
sol v a t i o n of the t r a n s i t i o n s t a t e , involving a d e f i n i t e 
o r i e n t a t i o n of solvent molecules around the ions. These mole
cules are l e s s free to move than those i n the bulk of the 
solvent and are therefore expected to have a lower heat 
capacity. This solvation of the t r a n s i t i o n state r e l a t i v e to 
the i n i t i a l state i s also the most important factor c o n t r o l l i n g 
the magnitude of the entropy of a c t i v a t i o n . I t i s therefore 
reasonable to expect that the r a t i o AC*/AS*, where A C * 
and A S * are the heat capacity and entropy of a c t i v a t i o n 
r e s p e c t i v e l y , for the S^1 s o l v o l y s i s of organic chlorides 
depends only on the solvent and the temperature, A S * would 
be expected to be more negative for S^2 solvolyses since the 
t r a n s i t i o n state of the rate-determining step involves some 
covalent attachment of a solvent molecule, requiring a l e s s 
random arrangement of t h i s solvent molecule than when i t 
solvates. When the change i n heat capacity for an S^2 process 
i s considered, the considerations used to determine the e f f e c t 
on A S are no longer applicable. I n f a c t , the l o s s i n 
heat capacity on solvation by a water molecule i s equivalent 
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to the l o s s involved i n forming a p a r t i a l covalent bond. 
The r a t i o AC*/ AS* for an S K2 r e a c t i o n should therefore 
have a lower value than for an S~1 r e a c t i o n under the same 
conditions. 

The r a t i o AC / A S appeared to have a constant value 
for S N1 reactions investigated p r i o r to the commencement of 
the present work. These predictions however s t i l l required 
confirmation and i t was £herefore necessary to investigate 
fu r t h e r the value of t h i s r a t i o . Once the predictions had 
been confirmed, i t was intended to use t h i s mechanistic t e s t 
f o r a d e t a i l e d investigation, of the border-line- region-.-

The compounds chosen for t h i s study were a s e r i e s of 
para-substituted benzyl chlorides asti by a suitable choice of 
substituents the electron supply to the reaction centre can be 
v a r i e d and a f i n e l y graded sequence of reaction mechanism 
obtained. Moreover, any change i n mechanism along t h i s s e r i e s 
i s due to polar e f f e c t s and not to s t e r i c e f f e c t s . The follow 
ing substituents were used:- n i t r o , methyl and methoxy. The 
k i n e t i c s of the unsubstituted compound had already been 
studied i n s u f f i c i e n t d e t a i l . 

When an e l e c t r o p o s i t i v e group i s attached to an 
unsaturated residue e.g. benzyl, the conjugative mechanism of 
e l e c t r o n displacement always operates i n such a way as to 
decrease the electron content at X, and increase that of the 
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unsaturated residue. The halide atom thus becomes more 
negative i n the substituted benzyl chloride 

- C] CH 2 - C I 

I n the t r a n s i t i o n state of S ^ l s ubstitution reactions the 
s t r e t c h i n g of the C-Cl bond requires an increased amount of 
electrons which i s met by the increased supply a v a i l a b l e by 
the electromeric release of X. I t i s possible by successively 
making the group X more e l e c t r o p o s i t i v e to cause a reaction 
which proceeds" by mechanism S^2 to have ah increased"S N1 
character. I f the electron r e l e a s i n g a b i l i t y i s large 
enough the reaction w i l l be e n t i r e l y S^1. 

E l e c t r o n r e l e a s i n g groups,, such a3 g-methyl and £-
36 

methoxy, show a marked increase i n s o l v o l y s i s r a t e ^ , the 
e f f e c t of the jfo-methoxy group being p a r t i c u l a r l y large. T h i s 
i s due to the oxygen atom being able to accept a considerable 
f r a c t i o n of the p o s i t i v e charge v i a resonance structures such 

+OCH 5 
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37 38 
O l i v i e r ' ' and Bennett and Jones' had previously 

studied the s o l v o l y s i s of several p_-substituted benzyl 
chlorides i n 50% aqueous acetone and Fi e r e n s and co-workers^ 
had studied the s o l v o l y s i s of p_-methoxy- and p_-methylbenzyl 
chlorides i n 50% and 80% aqueous dioxan. Unfortunately these 
i n v e s t i g a t i o n s f a i l to provide s u f f i c i e n t data for the deter-
mination of AO /AS r a t i o s since O l i v i e r and Bennett 
measured r a t e s for each compound at only two temperatures, 
w h i l s t although F i e r e n s measured the r a t e s at several tempera
t u r e s , the data obtained were too inaccurate (see Chapter I I I ) 
From the v a r i a t i o n of rate with solvent however, Fi e r e n s 
concluded that the solvolyses of p_-methyl- and g-methoxybenzyl 
chlorides were, i f not S w 1 , not f a r from t h i s l i m i t . 
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CHAPTER I I 

TEHPERATUBB DEPENDENCE OF THE ARREEHIUS PARAMETERS 

The Arrhenius equation, which describes the v a r i a t i o n 

of the r a t e of a reaction with temperature • ,defines the 
a c t i v a t i o n energy E i n terms of the d i f f e r e n t i a l equation 

E = S T 2 AjL.^ 11=1 
dT 

The a c t i v a t i o n energy has u s u a l l y been assumed to be 
constant and Eqn.II-1 may therefore be integrated to give 

I n k « B - % 11=2 
RT 

The non=exponential term B can be" i d e n t i f i e d with the 
frequency f a c t o r ln(PZ) of the c o l l i s i o n theory, which 
p r e d i c t s k = PZ"^ 1 1 1, where Z i s the c o l l i s i o n number and 
P the s t e r i c factor. B thus rop^ooonts tho p r o b a b i l i t y of 
a t t a i n i n g the t r a n s i t i o n s t a t e . 

As the Arrhenius equation i s empirical, a t h e o r e t i c a l 
r a t e equation i s accepted i n order to interpret the s i g n i f i 
cance of the Arrhenius parameters. The most s a t i s f a c t o r y 

41 
equation of t h i s type i s due to E y r i n g , 

^ K . ^IJL) + As* . M' n_, 
h R RT 

where k i s i n concentration u n i t s . 
AS* and AU* r e f e r to the standard changes of S, the 
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entropy and U, the i n t e r n a l energy, on going from the 
i n i t i a l reactants to the t r a n s i t i o n state 
k i s the Boltzmann constant 
R i s the gas constant 
h i s the Planck constant 
T i s the absolute temperature. 

D i f f e r e n t i a t i o n of Eqn.II-3 with respect to T leads to 

d I n k 1 AU* 
d T " f R T

2 

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

E = RT + AU* I I - 4 

Since for reactions i n solution, AU = AH , where AH 
i s the enthalpy or heat of a c t i v a t i o n , then 

9 
Hi RT + AH I I - 5 

D i f f e r e n t i a t i o n of Eqn.II-5 and application of K i r c h o f f ' s 
law gives 

— = R + AC* I I - 6 
dT 

where AC* i s the heat capacity of a c t i v a t i o n and represents 
the difference i n heat capacity between the i n i t i a l and 
t r a n s i t i o n s t a t e s . Thus, the temperature dependence of E 
a r i s e s from a difference i n heat capacity. 

42 4-^ 44. 
Several workers have previously pointed out on 
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t h e o r e t i c a l grounds that i f the heat capacity of the 
ac t i v a t e d complex d i f f e r s appreciably from that of the i n i t i a l 
s t a t e , the a c t i v a t i o n energy i s expected to vary with tempera
ture. 

Observed V a r i a t i o n of A c t i v a t i o n Energy. 

The temperature dependence of a c t i v a t i o n energy for 
45 

r e a c t i o n s i n solution has been reported on several occasions *" 
hC. nn ua na 

' r* • 7 and these observations have been reviewed i n 
d e t a i l ^ 0 ' ^ M a n y e a r l y observations of r e a c t i o n r a t e s at 
se v e r a l — d i f f e r e n t temperatures _are not s u f f i c i e n t l y 'accurate 
to e s t a b l i s h whether the a c t i v a t i o n energy v a r i e s with tempera
tu r e , and t h i s also applies to a few of the reactions for 

53 44 
which sueh a v a r i a t i o n hss been c l a i m e d ^ • . Heeeatly, 
however, accurate data have been reported for s o l v o l y t i e 
r e a c t i o n s , where the t r a n s i t i o n state i s more polar than the 
i n i t i a l s t a t e , which show that the a c t i v a t i o n energy decreases 
with increasing temperature. These data are summarised i n 
Table 

Causes f o r Changes i n Heat Capacity. 

Solvation of the T r a n s i t i o n State-' 8 

Differences i n the heat c a p a c i t i e s of the i n i t i a l and 
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TABUS I I - 1 

OBSERVED VARIATION OF ACTIVATION ENERGY WITH TEMPERATURE 
(<3E/dT i n cal.deg." 1) 

Reaction -dE/dT Reference 

Methyl benzene sulphonate i n water 31 54 
E t h y l benzenesulphonate i n water 32 54 
iso-Eropyl benzenesulphonate i n water 39 54-
n-Propyl benzenesulphonate i n water 29 54 
Methyl p^-methylbenzene sulphonate i n water 31 55 
Mothyl j»=nitrob©nzone sulphonate i n ethanol 19 56 
to r t . - B u t y l chloride i n 50% acetone 25 57 
Benzyl chloride i n 3 0 % acetone 19 15 
Benzylidene chloride i n 50% acetone 27 15 
Benssotriehloride i n 50% acetone 44 15 
Bcaayl ©hles-ido in' 5§>S otbaaol 29 15 
Bonzylidone chloride i n 50% ethanol 57 15 
Benzotrichloride i n 50% ethanol 71 15 
E t h y l bromide i n 50% acetone 33 52 
n-Propyl bromide i n 50% acetone 21 52 
n-Butyl bromide i n 50% acetone 31 52 
p-Methylbenzyl chloride i n aqueous acetone 53* 59 
p^-Nitrobenzyl chloride i n aqueous acetone 

24 59 
* These values are probably subject to considerable errors 

(see page 57 ) . 
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t r a n s i t i o n s t a t e s i n the solvolyses of organic halides are 
u s u a l l y considered as being due to an increase i n solvation 
as the reactants pass into the more polar t r a n s i t i o n state 
(see Chapter I ) . T h i s "freezing out" of solvent molecules 
i n the immediate neighbourhood of charged p a r t i c l e s has been 
stated to account for the negative p a r t i a l molar heat 
c a p a c i t i e s of e l e c t r o l y t e s ^ 0 and the negative values obtained 
f o r the change i n heat capacity i n the i o n i s a t i o n of weak 
a c i d s 6 1 . 

As w e l l ao applying to f u l l y dovoloped ions i n solution, .; 
these considerations should also apply t o - r e a c t i o n s involving ~ 
an increase of e l e c t r i c charge i n solution and these should 
therefore show negative AC values. Negative AC values 
have i n f a c t bees observed for several ^eaetieas, where the 
t r a n s i t i o n state i s more polar than the i n i t i a l reactants 
(see p. 29). These have been summarised by Bensley and 
Kohnstam^. 

D i e l e c t r i c Constant Theory 

The prediction that an increase of e l e c t r i c charge on 
passing over into the t r a n s i t i o n state reduces the heat 
capacity, a l s o a r i s e s out of the e l e c t r o s t a t i c approach which 
does not take solvation into account and regards the mixed 
solvent as a continuous d i e l e c t r i c . 
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62 Kirkwood's equation gives the change i n free energy 
f o r the t r a n s f e r of a dipole from a continuous medium of 
d i e l e c t r i c constant unity to a s i m i l a r medium of d i e l e c t r i c 
constant D, 

AG AX / D - 1 
2D + 1 ) ,11-7 

where ^u i s the dipole moment and r i s the radius of the 
molecule containing the dipole. 

* 63 , For a unimolecular reaction , one then obtains (from 
the t r a n s i t i o n state theory) 

I n k = I n k -
©_ 

1 
I f 2D + 1 - i 3 * t 5 

. . . I I - 8 

where k i s the rate constant i n a medium of d i e l e c t r i c 
constant D 

k Q i s the rate constant i n a medium of d i e l e c t r i c 
constant unity 

k" i s the Boltzmann constant 
T i s the absolute temperature 

/ -u and r are the dipole moment and molecular radius 
r e s p e c t i v e l y and the subscripts i and t r e f e r to the 
i n i t i a l state and t r a n s i t i o n state r e s p e c t i v e l y . 

* For a bimolecular r e a c t i o n 

I n k - I n k - — . D " 1 

° k T 2D + 1 

\ 2 2 2 
/ UA + /"B / * t 

/"B 
where the subscripts A and B r e f e r to the I n i t i a l s t a t e . 
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The dipole moment of the t r a n s i t i o n state i s much 
greater than the dipole moment of the i n i t i a l state i n an 
i o n i s a t i o n r e a c t i o n and therefore k exceeds k^. 

o 
I t i s apparent that i f t h i s approach i s v a l i d a l i n e a r 

r e l a t i o n between log k and (D - 1X2D + 1) i s expected. 
P l o t s of log k against (D - 1)/(2D + 1 ) have been made for 
the solvolyses of a c e t i c anhydride * 7 , benzoyl chloride 7* ' 

66 67 and benzyl and substituted benzyl 1 g-toluenesulphonates i n 
aqueous acetone; for t e r t . - b u t y l chloride y and ethylene 

68 
bromo- and iodohydrins i n aqueous ethanol; for j j - n i t r e -
benzyl bromide 7 in-aqueous dioxam; and for methyl- -chloro-

70 
methyl ether' i n mixtures of ethanol with dioxan, benzene 
and carbon t e t r a c h l o r i d e , and of n-butanol with benzene. I n 
most cases the solvent range i n which the d i e l e c t r i c constant 
was investigated was not large, so that l i n e a r i t y of the plot 
was tested over only limited portions of the possible ranges. 
Even so, d e f i n i t e departures from l i n e a r i t y are observable i n 
a number of the p l o t s , and i n some, the curvature i s consider
able. Fainberg and Winstein' 7' 1 plotted log k vs. (D-1)/(2D+1) 
f o r t e r t . - b u t y l chloride f or a l l the data i n the solvent 
mixtures f or which d i e l e c t r i c constants are a v a i l a b l e . These 
solvent p a i r s included 0-90% aqueous dioxan (D=78-6)^ 2, 0-95% 
aqueous acetone (D=»78-22)^, 0-100% aqueous ethanol (D=78-24-)?4 

and 0-100% aqueous methanol (D=78-33)^. The r e s u l t i n g graph 
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showed a large dispersion of the plot Into separate l i n e s for 
each solvent p a i r and a pronounced curvature of the separate 
l i n e s . The l i n e a r portions of the p l o t s extended only over 
the ranges of solvent composition of d i e l e c t r i c constant 
greater than about 53* These regions included 0-30% aqueous 
dioxan and 0-30% aqueous acetone, ethanol and methanol. 

76 
L a i d l e r and Landskroener' i n a recent paper concluded 

that log k should vary l i n e a r l y with (1-D)/(1+B) or approxi
mately so with 1/D. I t i s however impossible to decide 
between the functions 1/D and (D-1)/(2D+1) on the b a s i s of 
l i n e a r i t y of log k p l o t s for d i e l e c t r i c "constants greater~than 
about 8 ^ . Thi s i s r e a d i l y seen by dividing (D-1) by (2D+1). 

m 2 169 3 

For D=8, the error involved i n neglecting terms i n D and 
higher powers i s l e s s than one per cent. Therefore, 
CD-1)/(2D-t-1) i s l i n e a r i n 1/D to an excellent approximation. 
This i s true i n a l l solvent mixtures of water with acetone, 
ethanol and methanol. T h i s approximation would become 
inexact only for such solvent mixtures as aqueous dioxan 
containing l e s s than 10% water. P l o t s of log k v s . 1/D must 
therefore show a s i m i l a r curvature to the plots of log k v s . 
(D-1)/(2D+1). 

The evidence discussed above shows that there are 
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serious discrepancies between the predictions of the e l e c t r o 
s t a t i c theory and experimental observations. 

The e l e c t r o s t a t i c contribution to the entropy and heat 
capacity of a c t i v a t i o n w i l l now be examined. 

* 
The e l e c t r o s t a t i c contribution to A S i s obtained 

77 
from Kirkwood's equation" using the r e l a t i o n s h i p 
d( A G)/dT = - AS, " 2 2 

/*! _ / * t 

• i (2D + 1) 4 

LMA I I = 9 

dT 

Using- AH- = AG + T- A"S -the e l e c t r o s t a t i c - cbntri= 
bution to AH* , the enthalpy of a c t i v a t i o n and thus to £, the 
a c t i v a t i o n energy i s r e a d i l y obtained 

2" 
3 D 

/ u l 2 

ZT3 
B - 1 3 B T 
2D + 1 (2D + 1)' 

d I n D 
dT 

..11-1© 
1 t 

For a l l known solvents D decreases with increasing temperature, 
so that E D and hence E can be expected to be temperature 
dependent. 

I f (d I n D / dT) i s Independent of temperature, the 
e l e c t r o s t a t i c contribution to AC i s obtained using 
d( A S*) / dT = AC*/T 5 8 

AC, 
2 2 

5DT(2D-1) 
(2© + 1 ) * 

d I n D 
dT 

.11-11 
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Bensley and Kohnstam^® compared the experimental values 
for A S and AC with those c a l c u l a t e d for A S D and 
f o r the i o n i s a t i o n of the C-Cl linkage i n aqueous acetone and 
aqueous ethanol, solvents for which d I n D / dT i s independ-

fpQ 

ent of T , and found serious discrepancies. A change of 
solvent should a f f e c t AS and AC i n the same manner. I t 
was found however that the two compounds studied, benzylidene 
chloride and benzotrichloride, both showed an increase i n A S 
and an appreciable decrease i n AC* on going from 50% acetone 
t o 50% ethanol. G o l d 6 4 and A m i s ? 9 , 8 0 have found that 
temperature-dependent 1 values are not i n accordance with 
constant i s o d i e l e c t r i c a c t i v a t i o n energies 7^ as required by the 

81 
theory. I n addition C a l d i n and Peacock have compared 
enthalpies and entropies of a c t i v a t i o n derived from Kirkwood's 
equation with the experimental values for a number of bimoleeu-
l a r r eactions which involve an increase i n p o l a r i t y on passage 
i n t o the t r a n s i t i o n state and found that the simple e l e c t r o 
s t a t i c theory i s inadequate when the range of solvents i s 
c onsiderable. 

I n view of the above exceptions, the d i e l e c t r i c constant 
e f f e c t cannot be regarded as a s a t i s f a c t o r y explanation for the 
v a r i a t i o n of a c t i v a t i o n energy with temperature. 
/ I s o d i e l e c t r i c a c t i v a t i o n energies are determined by varying 

the solvent composition i n such a way that D i s independent 
of the temperature. 
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Extension of the C o l l i s i o n Theory. 

Hoelwyn-Hughes accounts for the negative value of 
AC by assuming that H , the p a r t i a l molar enthalpy of the 

act i v a t e d complex, i s constant with temperature and has the 
maximum value which the molecules can possess i n solution. 
The t r a n s i t i o n state i s thus regarded as having zero heat 

* A 

capacity, AC being equal to -C of the i n i t i a l s t a t e . I f 
H i s the p a r t i a l molar heat content of the i n i t i a l s t a t e , 
then E - H* - H and therefore <3E/dS = =dH/dT. The v a r i a 
t i o n of E with T i s explained as being due to the v a r i a t i o n 
of H with T. 

Serious objections to t h i s explanation have however 
been r a i s e d ^ 2 . I t i s d i f f i c u l t to j u s t i f y the assumption 
that H i s constant. Xt would be reasonable to assume that 
the energy contained i n the breaking bond i s at i t s l i m i t i n g 
v alue, but as the temperature r i s e s , the energy d i s t r i b u t e d 
amongst the various degrees of freedom i n the r e s t of the 
molecule must increase. Another objection to t h i s approach 
i s that i t contradicts the assumptions of the t r a n s i t i o n state 
theory which t r e a t s the activated complex as a normal molecule 
with one degree of v i b r a t i o n a l freedom missing. I n addition, 
i t i s very d i f f i c u l t to v i s u a l i s e why the heat capacity of 
such a molecule should d i f f e r greatly from a molecule i n the 
i n i t i a l state as t h i s approach does not take into account 
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solvation^ an ennential .feature of the a c t i v a t i o n procoon. 
Furthermoi*e i t i s d i f f i c u l t to understand why the hoat 
capacity of a c t i v a t i o n should r i s e , maximise and then f a l l 
a s i s observed, since there i s l i t t l e reason to expect such 
behaviour for the p a r t i a l molar heat capacity of the i n i t i a l 
s t a t e . 

I t may be concluded therefore that the heat capacity 
of a c t i v a t i o n can best be explained as due to changes i n the 
degree of solvation on passage into the t r a n s i t i o n s t a t e , 
'i'hif; explanation only applies i f the t r a n s i t i o n s t a t e structure 
i s independent of temperature, a point which w i l l be consid
ered further when the s o l v o l y s i s of p-methylbenayl chloride i n 
i>0% aqueous acetone i s discussed; 
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CHAPTER I I . APPENDIX 
51 52 

Experimental Determination of the Arrhenius Parameters. y ' y 

( i ) A c t i v a t i o n Energy 
The experimental a c t i v a t i o n energy, E Q-^ s, for the 

temperature range - T 2
 w a s calculated from Eqn.11-12 

R T. T P k. 
E , o = !—- . I n (—!•) 11-12 
° b S T 1 - T 2 k 2 

where k^ and k 2 are the rate constants at the absolute 
temperatures and T 2 r e s p e c t i v e l y . 

The true Arrhenius a c t i v a t i o n energy, E A , at the 
temperature T i s given by Eqn. 11-13 

* ( m k) =
 E A ( T ) _ \ 1 : L_^ 3 

dT RT 

Assuming E ^ v a r i e s l i n e a r l y with temperature over the range 

^1 " T 2 ' t ^ L e n 

!A(f) " EA( T i) + <^"V 
where c i s a constant and T l i e s between T^ and T 2» 
Therefore 

E A ( T ) =
 EA(T 1) , c c T

1 _ d ( l n k) 
RT 2 RT 2 RT RT 2 dT 

Integration between the l i m i t s T^, , and T 2, k 2 gives 
^ _ * . A T , c T 2 c T i A ^ _ , In —— = E«/ m N ^ + - In — ! = E 
k 1

 A U 1 ; R T 1 T 2 R T 1 RT/|T2 RT^T 2 

where AT = T 0 - T, 
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•'• Bobs a S A ( T ^ ) - cT 1 + c . l n C T g / ^ ) . ^ 

Prom Eqn» 11-14-

E o b s = E A ( H i £ 2 ) + c l n C W ) ^ _ Q*4*2) 
2 N AT * 

Writing l n ( T 2 / T / 1 ) i n the form l n ( l + Â O i t can be expanded 

as a power s e r i e s , 

L N ( 1 + A T ) . A T . + i ^ r ) ! __„ i f _1<:M / -
A1 T„j 2 2 ^ 35?^ N A1 N 

T y p i c a l values of AT -and T are 10 and 300 r e s p e c t i v e l y . 
These give the f i r s t three terms of the s e r i e s the values, 
0.0333> -0.00056, and +0.00001; only the f i r s t two terms 
®.oo& therefor© bo eeaaiSes'od 

2 2T,, 

A typical value of c i s 50 cals/mole.deg.; cSQk^) i s thus 
1 

of the order of 10 cals. and, therefore, i s negligible with 
respect to activation energies of the order of 20,000 cals. 

I f E determined i n this way varies linearly with temperature 
over the experimental range then the i n i t i a l assumption that 
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E v a r i e s l i n e a r l y with temperature between and T2 i s 
j u s t i f i e d . Within the l i m i t s of experimental error, t h i s i s 
always found to be the case i n the present work and E Q ^ 8 i s 
thus i d e n t i f i e d with the true Arrhenius a c t i v a t i o n energy at 
the mean temperature of the i n t e r v a l f o r which i t was 
ca l c u l a t e d . 

( i i ) B Factor 

The true Arrhenius B faetor at temperature T i s defined 
by the equation 

^"W " B - ......11-15 

D i f f e r e n t i a t i o n with respect to T gives 

2§ Q 5k (us?)"1 H-16 
dT dT 

Since E ^ i s not constant. T h i s means that B i s a l s o 
temperature dependent. 

The experimental B fac t o r i n the temperature range 
T^ - T 2 i s given by 

and the temperature c o e f f i c i e n t of B when E v a r i e s l i n e a r l y 
with temperature i s c/RT (from Eqn. 11-16). 

I t follows that 



B V T 2 
T 1 + T 2 

23? 
1 J 
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,11-18 

Since i t has been shown that E Q t s = E 

i t follows that 
A(£a+E2) 

2 

obs 

- I n k 
E 

RT. 
T 2 - T 1 

c 
RT, 

T2 - T l 

Prom Eqn.XX-18 

B i a 

Q&8 
1 

1 L 

^ 2 + R i 
* 2 ^ 1 
29? 

1 J 

c 
R 

- I n 

1m 
T1 4 ( I ?2 
22 

1 J 
1 + 

T 2 ^ 1 
20? 

1 J 
which on expanding and taking the f i r s t two terms, leads to 

B e A T 2 

obs = B Q?1+T2 + ff " ̂T2 
2 1 

A t y p i c a l value of B i s 25 and i f c, AT and T have values 
a s before, 

( A m>2 
0.0035 

c < ( A T) = 

R 8T 12 
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and i s therefore n e g l i g i b l e . 

Thus, B Q l c > s may be i d e n t i f i e d with B T < 1 +ipp *ne 

experimentally determined B factor i s equal to the true 
Arrhenius B factor at the mean temperature of the i n t e r v a l 
f o r which i t was ca l c u l a t e d . 

( i i i ) Entropy of A c t i v a t i o n 

On consideration of the equations 

l n k m . ln(S-£) + Aft* - ^S* 
and 

i t follows that 

which on comparison with Eqn.IX-15 shows that 

B = 1 + ln(S^) + ^2 
where B and A S r e f e r to the temperature T and therefore A S 
may be cal c u l a t e d from a knowledge of B. 

Since Bqn.II-17 leads to the i d e n t i f i c a t i o n of B Q ^ S 

with B at temperature ^ , a s A S i s calculated from B Q l [ ) s, 
i t too must correspond to — — — i . e . A S at — i s given by 

Bobs - 1 + 1*5>- 1T- S 
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RESULTS 

The s o l v o l y s i s of E-methoxys p_-methyl-, and j>-nitro-
bcnzyl chlorides was investigated mainly i n 50% aqueous 
acetone though some of the compounds were also studied i n 
the corresponding 70% and 80% solvents. The r e a c t i o n of 
p_-methylbenzylidene chloride with 30% aqueous acetone was 
also examined as the data for t h i s compound were required for 
a discussion of the extent of simultaneous and S^2 
roactions i n g-mothylbonzyl chloride (soe page 69 ) . 

The r e s u l t s are summarised i n Tables I I I - 1 to I I I - 8 , 
d e t a i l s of the experimental procedures and methods employed 
i n the c a l c u l a t i o n of the r e s u l t s being given i n Chapter V I . 
Shsrevagb®^ She Sq&leo k sepseoeafes t&e f i r s t 0£>&er ra t e 
c o e f f i c i e n t ( i n sec. ) , or the standard error i n k, E the 
a c t i v a t i o n energy ( i n kcal./mole), AS* the entropy ( i n c a l . / 
mole/deg.) and AC* the heat capacity of a c t i v a t i o n ( i n c a l . / 
mole/deg.). The un i t s of temperature are degrees centigrade 
and dE/dT values are i n cal./mole/deg. <r (dE/dT), the 
standard error i n dE/dT, was obtained i n two ways 

( i ) From the deviations of experimental values of E 
from the 'best' s t r a i g h t l i n e , E vs. T 

( i i ) From the standard deviations of E ( cr ( E ) ) . 
F u l l d e t a i l s are given i n Chapter V I . 
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For the s o l v o l y s i s of p_-methoxybenzyai<.; and 
p_-methylbenzylidene ch l o r i d e s , both reactions (see 
Chapter I V ) , the r a t e s were found to be affected by changes 
i n the concentration of the organic chloride. I t was 
necessary to e s t a b l i s h whether t h i s concentration e f f e c t , 
which i s greatest for r e a c t i o n s , a r i s e s out of competing 
ionic-strength and mass-law e f f e c t s . Experiments c a r r i e d 
out i n the presence of 0.02 N. 031, the same concentration 
a s the organic chloride used, suggest that part of th© con
centration e f f e c t i s due to these f a c t o r s but since i o n i c -
strength, e f f e c t s are independent ..of temperature (see P a r t I I ) . _ 
and the differences i n the magnitude of mass-law e f f e c t s 
over the experimental temperature range are r e l a t i v e l y small, 
the r e s u l t s are not affected apart from a very small e f f e c t 
on AS*. F u l l d e t a i l s are given i n Chapter V I . 

The r e s u l t s are discussed i n d e t a i l i n Chapters IV and 
V. Since a negative value for <JE/dT for the s o l v o l y s i s of 
p_-methyl- and p_-methoxybenzyl chlorides i s expected, due to 
the t r a n s i t i o n state being more polar than the i n i t i a l s t a t e , 
i t i s therefore noteworthy that the observed dE/dT i s v i r t u a l l y 
zero for both these compounds i n 50% aqueous acetone. I t 
must be emphasised however that the zero dE/dT for p_-methoxy-
benzyl chloride was obtained from mean rate constants at only 
three temperatures since the r e a c t i o n was too f a s t to measure 
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accurately at 20° (time of h a l f change i s two minutes) and 
i c e was pr e c i p i t a t e d from the solvent at -20°. The probable 
e r r o r i n the a c t i v a t i o n energies i s such that dE/dT could be 
equal to -15 cal.deg. (see p. 107). The zero dE/dT for 
p_-methylbenzyl chloride was obtained using two separate 
s e r i e s and must therefore be regarded as genuine (see Tables 
I I I - 2 and I I I - 3 ) . I t i s considered that t h i s observation 
i s connected with the r e a c t i o n mechanism (see Chapter I V ) . 
I t i s als o noteworthy that on changing to 70% aqueous acetone 
the expected negative dE/dT $as obtained for both the above 
compounds. 

I t i s useful to compare the present r e s u l t s with those 
obtained by previous workers. 

Comparison with Previous B e s u i t s . 

The s o l v o l y s i s of j>-substituted benzyl chlorides i n 
5 7 

aqueous acetone has previously been investigated by O l i v i e r ^ ' , 
Bennett and Jones^ and Tommila and co-workers''"''. 
Table I I I - 9 compares the r e s u l t s obtained. 

The r a t e s are not expected to be p r e c i s e l y the same 
fo r solvents made up by volume, a 20% difference being e a s i l y 
permitted. S l i g h t changes i n solvent composition should 
have no e f f e c t on E and a 20% change i n r a t e leads to only 
a 0.4 c a l . change i n AS . 
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Hates on the whole correspond quite well throughout. 
O l i v i e r and Bennett obtained t h e i r data from r a t e s at only 
two temperatures and the values they obtained for E and A S * 
must therefore r e f e r to the mean temperature. The present 
values obtained for E and A s * have been corrected to t h i s 
mean temperature i n order that comparisons can be made. The 
values for E and A S obtained i n the present i n v e s t i g a t i o n 
f o r £-methylbenzyl chloride i n 50% acetone are i n good agree
ment with the v a l u o H obtained by O l i v i e r and Bennett. The 
vttl'wo 'by 7'«jnm:t,!Uj. :>Uw >; .Howovav ttypnnvH to 'be xwWuw* 

low and the value for A c too negative. The same e-fitieitiui 
can be made of h i s r e s u l t s for pj-methylbenzyl chloride i n 70% 

aqueous acetone. For p_-nitrobenzyl chloride i n 50% aqueous 
A * 

pcetone the present values for E and A S show the c l o s e s t 
agreement with those obtained by O l i v i e r * The AS" value 
obtained by Bennett i s much too negative w h i l s t the values 
obtained by Tommila for t h i s compound show s i m i l a r discrepan
c i e s to those for the p_-methyl compound. 

The present values for BE/dT can only be compared 
with those obtained by Tommila, who quotes an average for 
s e v e r a l solvents. For £-methylbenzyl chloride, a compound 
fo r which the present r e s u l t s were obtained i n duplicate,there 
i s serious disagreement, although the values for p_-nitrobenzyl 
are comparable. The value quoted by Tommila for benzyl 
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chloride i s roughly twice that obtained by Bensley and 
Kohnstam'^. A de t a i l e d examination of Tommila's paper does 
not r e v e a l how the values for dE/dT were obtained. Using 
h i s mean rate c o e f f i c i e n t s and the method of c a l c u l a t i o n 
employed i n the present i n v e s t i g a t i o n showed that dE/dT i s 
solvent dependent (though not i n any regular manner) and 
that i t i s subject to such large e r r o r s that i t i s d i f f i c u l t 
t o attach much value to the quoted f i g u r e s . This i s i l l u s 
t r a t e d i n Table I I I - 1 0 for p_-methyl- and p_-nitrobenzyl 
ch l o r i d e s . I t i s noteworthy that a r e c a l c u l a t i o n of 
Tommila's data shows p_-nitrobenzyl chloride to have a p o s i t i v e 
dE/dT whereas Tommila quotes a negative value for t h i s com
pound. The values quoted by Tommila are regarded as too 
inaccurate to merit serious consideration and the r e s u l t s 
obtained i n the present i n v e s t i g a t i o n ere therefore preferred„ 

TABLE I I I - 10 

VALUES FOH dE/dT 
(dE/dT i n c a l . d e s T 1 ) 

Compound Solvent Compound 40% acetone 50% acetone 60% acetone 

£-Methylbenzyl Chloride 

p_-Nitrobenzyl Chloride 

-89.6+29.5 -51.8+23.8 +23.5+125.7 

+ 7.8+ 3-9 +36.7+ 4.4 +18.2+100.9 
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tfierens and eo-workers-'' nave investigated the 
s o l v o l y s i s of pj-methoxy- and pj-methylbenzyl chlorides i n 
aqueous dioxan at several temperatures. Borne of the data, 
r e c a l c u l a t e d i n Table 111-11, show that there i s no regular 
v a r i a t i o n of a c t i v a t i o n energy with temperature and thus no 
value for dE/dT can be obtained. 

TABLE I I I - 11 

£-Me.C 6n4.OHpCl AND £-KeQ.G6H;j .GHpOI IN AijJOBOUH SIOKAJT 
(3 i i i 

2,"Me.06H^.0H2Cl p_-MeO.C6H4.OH2Cl 

50% aq. dioxan 80% aq. dioxan 50% aq. dioxan 
Temp. E Temp. E Temp. E 

85-5 20.60 

75.5 21.30 

20.92 

52.5 20.42 

1^,5 18-71 

5.0 20.35 
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CHAPTER IV 

MECHANISM OF SOLVOLYSIS 

V a l i d i t y of A o * / A s * C r i t e r i o n . 
15 

Benoley and Kohnstam y o r i g i n a l l y proposed that the 
A * 3 is * 

r a t i o A C / A S could be used as a c r i t e r i o n of mechanism 
(see page 2 2 ) and further data are now a v a i l a b l e which support 
the v a l i d i t y of t h i s . 

I n 50% aqueous aeotone th© r a t i o A c * / A S * for £q\w 
j 

compounds, which go by mechanism SjyT i s eoastant. (see Sable 
• _4 

IV-1) the greatest error i n AO being + 4 cal.deg. ( f o r 
benzotrichloride). I t should be taken into account that AO* 

values are oubjeet •&© a 10$ ez^e? and probably further 
i n a c c u r a c i e s , due to extrapolation of data outside the experi
mental temperature range. I n 70% and 8 5 % aqueous acetone, 
the r a t i o AO / A S for S^1 solvolyses i s also constant. I n 
addition, two S^1 reactions which have been investigated i n 
5 0 % aqueous ethanol ' have the same value for t h i s r a t i o . I t 
therefore seems reasonable to accept the c r i t e r i o n that 
/ Independent evidence shows that the hydrolysis of 
benzylidene chloride, benzotrichloride and tegtvbutyl chloride 
i n 5 0 % aqueous acetone r e a c t by mechanism S«1 ( 1 2 , 8 2 ) while 
both the unsubstituted and substituted benzhydryl chlorides 
are s t e r i c a l l y hindered with respect to mechanism S J J 2 and must 
therefore al s o be S w1. 
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TABLE IV - 1 . 

AO*/ A S * RATIOS FOB 8^1 REACTIONS AT 50°C. 
( A C * a»d A S * i n cal.deg." 1) 

Compound Solvent - AO* - A s * A c * / AS* 

Ph.CHCl 2
1 5 30% acetone 29 + 3 1 1 . V * 2 . 5 ' 

P h . O G l j 1 5 n 46 + 4 16.2* 2 . 9 ^ 

t . - B u C l 5 7 n 2 6 . 7 10.8 2.6 

g-Mo. C gH^ oGHClg it 40.6 + 3.8 1 2 . 1 * 3 . 3 7 * 

Png.CHOl 5 0 7©#-a6e*one_ 2 , 7 . 10.3 5.66 

E,-H02 .C6H4.CHC1 .Ph 5 0 n 4-1.4 i 1.6 10.0 4.14 

£-C 1.0 gH^.CHCl. P h 5 0 ii 32 . 9 + 2.8 10.1 3.26 

£-Br . 0 6H^ .OHS1. P h 5 0 M 3.4 10,4 3o90 

p_-I. OgH^.CHCl.Ph50 It 3 7 . 9 + 1 . 9 10 . 3 3.68 

£-He0.C 6H 4.CH 2Cl 11 45.8 + 6.8 12 . 3 3 . 7 2 

Phg.CHCl 5 0 80% acetone 38 . 9 12 . 9 3-01 

£-Me 0.C gH^.CHgC1 n 36.0 + 2.6 14.6 2.47 

Phg.CHCl 5 0 83% acetone 46 . 5 + 4.1 12.0 3.88 

p.-Me .CgH^.CHCl .Ph 5 0 n 43.0 + 6.1 12.8 3.35 

2.-PA .0 6 H 4 .CHC1. P h 5 0 ti 36 . 7 + 9 . 7 11.2 3 . 2 7 

/ Per replaceable chlorine atom. 
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reactions have the,same A c*/ A s * r a t i o . 
A * * 

The r a t i o AC / AS for p_-methoxybenzyl chloride i n 
70% and 80% aqueous acetone agrees with the value showing 
that i t goes by the unimolecular mechanism i n these solvents. 
This compound must therefore react by mechanism S„1 i n 30% 
aqueous acetone, since a higher percentage of water favours 
t h i s mechanism. 

I t i s noteworthy that p_-methoxybenzyl chloride has a 
s i m i l a r r a te constant to benzhydryl chloride and shows 
s i m i l a r changes with solvent v a r i a t i o n (see Table 17-3). 

While the r a t i o AC / A S i s found to be constant f o i 
Sjy1 r e a c t i o n s , as predicted, the mechanistic t e s t proposed by 
Bensley and Eohnstam requires that t h i s r a t i o should be l e s s 
f o r Sg2 reactions (see page 24). Unfortunately few r e s u l t s 
are a v a i l a b l e for t h i s l a t t e r c l a s s but i t has been found' 
that the r a t i o f o r primary a l k y l bromides i n 50% aqueous 
acetone i s considerably l e s s than the r a t i o for chlorides 
r e a c t i n g by mechanism (see Table IV-2). An even lower 
value for chlorides reacting by mechanism S^2. i s expected 
since AS* i s generally l e s s negative f or an allcyl bromide 
than for the corresponding chloride. For p_-nitrobenzyl 
chloride and the parent compound, the r a t i o i s found to be 
l e s s than f o r S m1 reactions i n the same solvent. The r e s u l t s 
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fo r the parent compound have already been analysed by 
15 

Bensley and Kohnstam i y who concluded that the mechanism by 
which i t re a c t s i n 5 0 % aqueous acetone i s mainly, i f not 
e n t i r e l y , S^2. The £-nitro-compound i s even l e s s l i k e l y to 
go by mechanism than the parent compound. The r a t i o 

A C * / AS* can therefore be accepted as a c r i t e r i o n of 
mechanism, with A C / A S - 2 . 9 for 8^1 reactions of 
chl o r i d e s i n 5 0 % acetone at 50°C. Lower values indicate 
r e a c t i o n by mechanism S^2 and therefore the parent compound 
and the p_-nitro compound (where the r a t i o i s much l e s s ) 
belong to that c l a s s . 

TABLE IV -• 2 

A c * / A s * RATIOS FOE SJJJ2 REACTIONS AT 50°C. 

( A c * and A S i n eal.deg." 1) 

Compound Solvent - AO* - A S * A C * / A S 

•Me.C6H4.CH2@l 50% acetone 0 15.90 -
Ph.CHgCl 1 5 it 21 + 2 . 5 22.8 0 . 9 

£ • -N0 2.C 6H VCH 2C1 n 1 9.8 + 5 - 5 23.46 0.85 
E t B r 5 2 •i 34.8 + 11.4 18.13 1.92 
n-Pr B r ^ 2 ii 2 3.4 + 6.2 20.79 1.13 
n-Bu B r 5 2 it 33.4 + 6.1 20.60 1.62 

£• -He.CgH^.CHgCl 70% acetone 17 - 3 ± 7 . 7 17 . 7 7 0.97 
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p-Methylbenzyl Chloride 

For the s o l v o l y s i s of p_-methylbenzyl chloride i n 70% 
acetone, AC*/ A S* = 0.97 at 50°C (Table I V - 2 ) and although 
t h i s value i s subject to considerable errors, i t i s much l e s s 
than the value of 3.7 which i s observed for reactions 
under the same conditions (Table IV-1). I t can therefore be 
concluded that the s o l v o l y s i s of p_-methylbenzyl chloride i n 
70% acetone does not occur e n t i r e l y by mechanism . 

The zero dE/dT for t h i s compound i n 5 0 % acetone can 
be interpreted i n two ways. 

( i ) The hydrolysis proceeds v i a several r e a c t i o n paths, 
the frequency with which the re a c t i o n occurs by any p a r t i c u l a r 
path varying with temperature and being greater at higher 
temperatures for paths with a higher a c t i v a t i o n energy. 

( i i ) The hydrolysis proceeds v i a a single t r a n s i t i o n s t a t e , 
the structure of which i s not independent of temperature but 
changes i n the d i r e c t i o n of increased C-Cl i o n i s a t i o n ( i . e . 
increased character and therefore having a higher a c t i v a 
t i o n energy) with increasing temperature. 

Both explanations allow for the expected decrease of 
a c t i v a t i o n energy with increasing temperature to be balanced. 
The f i r s t i n t e r p r e t a t i o n w i l l be discussed i n d e t a i l . No 
quantitative treatment of the second i s possible however. 
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Mechanism i n the benzyl s e r i e s . 

Table 17-3 contains data showing the v a r i a t i o n of r a t e , 
a c t i v a t i o n energy and entropy of a c t i v a t i o n with changing 
para-substituents i n the benzyl s e r i e s . Values for 
p_-methoxybenzyl chloride i n 50% aqueous acetone have been 
ca l c u l a t e d from data at 0°C. (see Chapter V I ) . The A C * / A S * 

r a t i o c r i t e r i o n has already suggested that the p_-methoxy com
pound i s SJJ1 and that the p_-methyl compound i s c e r t a i n l y not 
completely . Data i n Table 17-3 support t h i s view. I t 
has been found on several o c c a s i o n s ^ ' that para-substi-

tuents i n S^1 reactions always a f f e c t the rate mainly through 
changes i n the a c t i v a t i o n energy. On replacing the p_-methyl 
substituent by a methoxy group i n the present s e r i e s however, 
by f a r the greater part of the rate increase r o s u l t s from an 
increase i n entropy rather than from a decrease i n the a c t i v a 
t i o n energy. 

I t i s also noteworthy that the r a t e s of s o l v o l y s i s for 
the substituted benzyl chlorides become increasingly solvent 
dependent i n the order p_-N02 <^H <̂ p_-Me <^p_ - M e 0 (Table I V - 3 ) . 
Since S ^ l reactions are affected by increasing water content 
of the solvent to a greater extent than Sjj2 r e a c t i o n s , t h i s 
demonstrates the progressive increase i n S ^ l character i n 
t h i s s e r i e s of compounds on going from p_-nitro- to p_-methoxy-
benzyl chloride. 
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Benzyl chloride undergoes s o i v o l y s i s i n 5©% aqueous 
15 

acetone mainly, i f not e n t i r e l y , by mechanism SJJ2 ^ and i t 
therefore seems reasonable to assume that t h i s mechanism i s 
involved when e l e c t r o n - a t t r a c t i n g substituents are introduced 
into the benzene r i n g , para to the r e a c t i o n centre. I t i s 
noteworthy that the hydrolysis of the g-nitro compound has 
almost the same A S as the hydrolysis of the parent compound 
(see Table IV-3)» i n agreement with the observations of 
O l i v i e r . O l i v i e r ' s r e s u l t s show that s i m i l a r considera
t i o n s apply to the introduction of other e l e c t r o n - a t t r a c t i n g 
-substituents-which-appear—to-alter—the _r_ate of hydrolysis 
almost e n t i r e l y by changing the a c t i v a t i o n energy (see Table 
IV-4-). T h i s conclusion has not been reached before for S^2. 
reactions, but i t i s to be expected i f the covalent attach
ment of water i n the t r a n s i t i o n state of hydrolysis i s 
associated with the same l o s s of entropy, no matter how strong 
or weak t h i s attachment. 

When the t r a n s i t i o n state for hydrolysis i s regarded 
i n terms of contributions from the following Valence bond 
str u c t u r e s (see page 10), the p l a u s i b i l i t y of t h i s view i s 
apparent. S represents a molecule of the nucleophilic 
reagent, i . e . water 

£ - R 01 S R 01 
I I I 
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TABLE IV - 4 

EFFECT OF META- AHsDY PARA- SUBBTIQlBTiOK 
Off ABfiHBNIUS PARAMETERS. 
(Using O l i v i e r ' s data''') 

(k i n sec" . E i n k c a l . AS i n cal.deg. ) 

Substituent I0 7k(60°) E(45°) -AS* (45°) E ( 5 5 ° ) -AS* ( 5 5 ° ) 

2-N02 7.667 21.51 24.09 
m-N02 8.500 21.68 22 . 9 1 

p_-C» 9.667 - - 21.45 23.87 
m-CN 10,33 - - 20.69 26.01 
P.-CO0H 14.33 21.10 24.08 
m-COQH 22.00 21.70 21.41 
B.-C0M2 24.33 - - 21.00 2 3 . 3 9 

m-COMHg 33.83 - - 20.85 23.17 
m-Cl 15.50 21.50 22 . 7 1 

p_-Ci 44.67 20.87 22.51 
H 76.67 20.60 2 2 . 2 5 20.41^ 22.90^ 
m-CH3 91.67 20.38 22.54 
P.-CH, 666.7 21.44 15.43 -

/ Calculated from data at 45°C. using AC* = -21 
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A s o l v o l y t i c study of benzyl chloride i n 50% acetone has 
shown that valence bond structures I and I I both make an 
appreciable contribution to the stxtncture of the t r a n s i t i o n 
s t a t e ^ . I n 8^1 reactions (where structure I I i s important) 
the p_-nitro group i s found to have a very large e f f e c t on the 
r a t e r thus showing that the s t a b i l i t y of I I i s greatly reduced 
by the presence of t h i s group. For the s o l v o l y s i s of p_-
nitrobenzyl chloride, where structure I makes a greateroe$3&?i 
bution to the t r a n s i t i o n state structure than I I ( i . e . more 
covalent attachment), the p_-nitro group has a much smaller 
e f f e c t - o n ~ t h e — r a t e - t v i z ~ t h e _ r a t e — i s ~ r e d u c e d — b y _ a - f a c 1 / o r ^ o f 
10) and therefore a smaller e f f e c t on the s t a b i l i t y of I . 
This demonstrates that even where there are d i f f e r e n t degrees 
of solvent attachment i n the t r a n s i t i o n state ( i . e . varying 
contributions from I ) the l o s s of entropy associated with 
t h i s attachment should i n each case be s i m i l a r . 

I f t h i s view i s c o r r e c t , i t follows that the entropy 
of a c t i v a t i o n for the hydrolysis of substituted benzyl 
chlorides should depend only on the r e a c t i o n mechanism ( f o r 
a given solvent and temperature), i r r e s p e c t i v e of the nature 

/ Brown and Okamoto8^, studying the s o l v o l y s i s of p_-substi-
tuted phenyldimethylcarbinyl chlorides i n 90% acetone, 
found that the presence of the p_-nitro group reduced the 
rate of the parent compound by a f a c t o r of 3900. 
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of the substituent. T h i s assumes the same degree of 
sol v a t i o n for reaction by a given mechanism, a f a i r l y reason
able assumption. The hydrolysis of the p_-methyl compound 
i n 50% and 70% acetone i s however associated with an entropy 
of a c t i v a t i o n which i s intermediate between that for p_-
methosybenzyl chloride (S^1) and the parent compound (S^2) . 
This argues strongly against r e a c t i o n v i a a single t r a n s i t i o n 
s t a t e , i r r e s p e c t i v e of whether water i s considered to p a r t i 
c i p ate covalently (8^2) or not ( 8 ^ 1 ) , and i t therefore appears 
that the hydrolysis of 2,-methylbenzyl chloride i n 50% aqueous 
acetone involves the concurrence-of reactions operating by 
mechanisms and 8^2. Such concurrence has already been 

demonstrated for the re a c t i o n of azide ions with p_-methoxy-
34-

benzyl chloride i n aqueous acetone^ . I t has not been 
established before for s o l v o l y s i s and i t must be stressed 
that the present conclusion can only be regarded as prov i s i o n a l 
since the constant entropy l o s s on covalent attachment 
requires a complete demonstration. 

C a l c u l a t i o n of the F r a c t i o n of S ^ l S o l v o l y s i s . 

I t i s of i n t e r e s t to e s t a b l i s h what proportion of the 
s o l v o l y s i s of p_-methylbenzyl chloride i n 50% aqueous acetone 
goes by mechanism S^1 and what proportion by mechanism S^2. 
The approach used i s e s s e n t i a l l y that of Bensley and 
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1 5 Kohnstam . A continuous range of t r a n s i t i o n states i s 
considered a v a i l a b l e to the reacting system. The a c t i v a t i o n 
energy E must have a minimum value E„ before the r e a c t i o n w i l l 
occur but can take up values to i n f i n i t y . I f each possible 
t r a n s i t i o n s tate i s defined by the value of E associated with 
i t , the r a t e c o e f f i c i e n t can be expressed i n the form 

oo 
R

 E - A G * / R T „ 

E 
m 

v;here the free energy of a c t i v a t i o n , A G * = E - BT - T A S * , 

and A S * must i n i t i a l l y be regarded as a function of the 
t r a n s i t i o n state structure and thus a function of E. This 
equation reduces to Eyring's rate equation i f A S i s constant 
and Independent of E. I t la convenient to eonoidor that 
mechanism S ^ 1 operates when E i s greater than some value E^. 

The experimental evidence discussed above strongly 
suggests that a l l S ^ 2 processes are associated with the same 
entropy of a c t i v a t i o n and t h i s also appears to hold true for 
SJJ1 processes (see page 6 4 ) . 

Making these assumptions for the entropies of the 8 ^ 1 

and 8 ^ 2 processes i t can be shown (see Appendix A) that even 
i f a continuous spectrum of t r a n s i t i o n states i s a v a i l a b l e to 
the reacting system, the s o l v o l y s i s can be treated as though 
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i t involved a simultaneous concurrence of one process of 
ac t i v a t i o n energy E 2 (of value E m ) , entropy of a c t i v a t i o n A S 2 > 

* 
and heat capacity of a c t i v a t i o n A C 2 and one SJJ1 process of 
ac t i v a t i o n energy E^, entropy of a c t i v a t i o n £±S^ , and heat 
capacity of a c t i v a t i o n A C * . The mathematical treatment i s 
thus considerably s i m p l i f i e d . Since k = k^ + k 2, 

2 d I n k E 1 k 1 + E 2 k 2 E = RT x = — — • =-= IV-1 
dT k 

Prom t h i s expression, equation IV-2 can be derived (see 
Appendix B). 

— . ffl (E - E 2 ) ^ k k 2 (k A c 1 + k 2 A C 2 ) 
AC = ==• - R = — + — % ^ * ! ! — . .IV-2 

dT RT^k^ + k 

I t i s now necessary to consider the maximum values of 
k^/k which are consistent with equation IV-2 and the observed 
value of AC . 

A * A * 
AC^ was taken to be equal to AC for the i o n i s a t i o n 

* 

of p_-methylbenzylidene chloride, A C 2 was taken to be the 
same as for p_-nitrobenzyl chloride and the unsubstituted 
compound since S^> reactions appear to have s i m i l a r values for 

AC , and E^ v/as obtained by assuming that a-chlorination on 
p_-methylbenzyl chloride reduces the S ^ l a c t i v a t i o n energy by 
the same amount as a-chlorination i n benzylidene chloride. 
Data necessary for the c a l c u l a t i o n of E^ are given i n Table 
IV-5. Values of E^ are shown i n Table IV-6, Ac"^ = -40, 
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TABLE IY-5 
VALUES OF E AND dE/dT FOH THE SOLVOLYSIS OF 
a-CHLORODERIVATIVES OF BENZYL AND p_-METHYLBENZYL 

CHLORIDES AT 50°C. 
(E i n k c a l . dE/dT i n cal.degT 1) 

Compound E -dE/dT 

PbCHJl 2^ 1 5^ 22 .91 27 
PhCCl^ 1 5^ 19-51 44 

g-Me.CgH^.CHgGl 21 . 2 7 0 

p.-Me.C.6HZ|CHCl_2 20,07 38 

A C 2 = -20 and AC = -2.0 (assuming constant a c t i v a t i o n 
energy for g-methylbonzyl c h l o r i d e ) . 

A number of values of k^/k at 50°C were a r b i t r a r i l y 
chosen. Using Eqn.IV-1 and assuming dEg/dT = -18, corres
ponding values of E 2 were obtained at temperatures at 1 0 ° 

i n t e r v a l s over the experimental temperature range. From 
these, values of k^/k at other temperatures were obtained. 
Eqn.IV-2 was considered to be s a t i s f i e d when the mean of the 
r i g h t hand terms over the experimental range was equal to AC. 
Table IV-6 shows the r e s u l t s obtained for three values of k^/k; 
the values obtained using E 2 ( 5 0 ° ) = 18.86 give the c l o s e s t 
agreement. 
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TABLE I T ° 6 
CALCULATION OF THE FRACTION OF 8^1 SOLVOLYSIS FOR 

p_-POfiTHYLBEEfZYL CHLORIDE ITS 50% AQUEOUS AC1T0FE 
(E i n k c a l . ) 

Temp. 1^ E 2 ^A. S 2 ^A- 1 2 k^/k 

70° 22.91 

60° 2 3 . 2 9 

50° 23.67 

40° 24.05 

30° 24.45 

18.95 0.586 

19.13 0.514 

19-31 0.450 

19-49 0 . 3 9 0 

19.67 0.336 

18.50 0.628 

18.68 0.562 

18.86 0 . 5 0 0 

19.04 0.445 

19.22 0 . 3 9 3 

1 7 - 9 7 0.668 

18.15 0.607 

18 . 3 3 0 . 5 5 0 

18 .51 0.498 

18.69 0 . 4 4 9 

A C(calc)= -6.7 

I f therefore the s o l v o l y s i s of p_-methylbenzyl chloride 
i n 50% aqueous acetone occurs by a continuous spectrum of 
t r a n s i t i o n s t a t e s , the following values represent the upper 
l i m i t for the f r a c t i o n of the t o t a l s o l v o l y s i s which may 
proceed by unimolecular mechanisms. 
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Temp. 70° 5 0 ° 3 0 ° 

100 
— 6 3 50 3 9 

k 

The assumptions made may be subject to the following 
1 5 /v * e r r o r s . a-Chlorination decreases AG for the i o n i s a t i o n 

of the C-Cl linkage and A C ^ may therefore bo l e s s negative 
than AG* (p.-Me.CgH^.CHCl^). Any s t e r i c i n h i b i t i o n of 
solvation would be greater i n benzotrichloride than i n 
benzylidene chloride; t h i s would p a r t i a l l y obscure the ef f e c t 
of a-chlorination i n the Sjjl a c t i v a t i o n energy, leading to too 
small a value for E^. Both these errors overestimate k^/k. 

Unfortunately a s i m i l a r c a l c u l a t i o n cannot be c a r r i e d 
out for the s o l v o l y s i s of p-methylbenzyl chloride i n 70?5 aqueouc 
acetone since there are i n s u f f i c i e n t data a v a i l a b l e to enable 
a value for , the S .̂1 a c t i v a t i o n energy i n t h i s solvent, to 
be obtained. C e r t a i n q u a l i t a t i v e conclusions can however be 
drawn. 

( i ) The r a t i o A O * / A S * =0.97> which i s considerably less, 
than 3 » 7 , the value for the 8^1 reactions of aralphyl 
chlorides i n 70% acetone. (See Table I V - 1 ) . I t i s 
therefore c l e a r that the reaction does not occur by 
mechanism 8^1. 

( i i ) A S * ( a t 5 0 ° ) for p-methylbenzyl chloride i s l e s s than 
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f o r the S 1̂ solvolysis of p_-methoxybenzyl chloride and i s 
greater than f o r the S^2. solvolysis of benzyl halides i n the 
50$ solvent (see Table I Y - 7 ) . Since the entropy of activ a 
t i o n must decrease on passing to the 70% solvent i t can be 

* 
seen t h a t AS f o r "the jj-methyl compound l i e s between the 
values expected f o r the and reactions. 

I t i s sugge sted that i n t h i s solvent also, SJJ1 and 
solv o l y s i s may occur concurrently. 

TABLE IV - 7 

. As" V-ALTJES AO? 50°G • — - - -

( AS* i n cal.deg." 1 ) 

Compound Solvent Mechanism - A s * 

p_"HoO.C6H4.CH^01 70 % acatone 12.32 

p_-Me.C6H4.CH2Cl 70 % acetone - 17-77 

p_-N02-CgH^ .CH2C1 50 % acetone 23.46 

Ph.CHgCl 50 % acetone 22.8 
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CHAPTER IV , APPENDIX A 

The rat e c o e f f i c i e n t f o r the reaction may be expressed 
i n the form 

op 
1 

N h 
e" AG /RT ^ ^ 

E m 
Since mechanism Sjj1 operates when E >̂ 

oo 
k 1 " N h J 

E. 

and. k - ^~ e- AG /RT _ ^ 

E. m 
where the rate c o e f f i c i e n t s , w i t h subscripts 1 and 2, r e f e r to 
unimolecular and bimolecular processes respectively. As i s 

id 

assumed to have a constant value, A S 2 » f o r a l l S^2 processes 
:and~a'-:c6nstant value, As^ , f o r a l l processes. Then, 

* * 
using the expression AG = E - RT - T AS. , xntegration 
gives 

and 

k 1 -

k 2 = 

AS./R -E./RT 
k_T e e n e ' 

k T e e AS2/R I" -Em/RT 
e -Ê j /RT J 
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k T AS 2/R -Em/RT 

K T - E ^ T T AS^/R A S 2/R] 
™ ™ 6 6 I 6 *™ 6 I 

_ • A * A S o / R Assuming A S ^ = -10 and AS2 = -20 , e i s 
n e g l i g i b l e compared w i t h e ^ ^ l ^ . 

The system can thus be treated as the sum of only two 
processes. 
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CHAPTER IV. APPENDIX B 

I f s o l v o l y s i s occurs by one unimolecular and one 
bimolecular path, the o v e r a l l rate k = k^ + k 2 

Then 

dT dT 

RT 2
 + 

^ + k 2 dT dT 

RT2
 (

B l k i , E 2 k 2 } =
 E i k i + E 2 k 2 

k^+ k 2 RT 2 RT 2 k^ + k 2 

t E.k. + Epkp dk. dk P . ' . AC = dE/dT - R = (-—1 + — ^ ) 
( 1 ^ + k 2 ) 2 dT dT 

E (dk /dT) + E 2(dk 2/dT) 
+ —! ! 

k^ + k 2 

k^d^/dT) + k 2(dE2/dT) 
k^ + k 2 

( E ^ - E ^ k ^ ^ AC* + k 2AC* —— + 
RT k k 
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CHAPTER V 
SUBSTITUENT EFFECTS 

Ef f e c t of p-Substituents on the Arrhenius Parameters 
57 38 59 The r e s u l t s of O l i v i e r ^ , Bennett , and Tommila^", f o r 

the s o l v o l y s i s of para-substituted benzyl chlorides i n aqueous 
acetone show that not only e l e c t r o n - a t t r a c t i n g but also 
e l e c t r o n - r e p e l l i n g substituents increase the a c t i v a t i o n energy 
(see Tables IV - 3 and IV-4) although, as has already been 
observed (see page 5 6 ) , Tommila's data cannot be regarded as 
r e l i a b l e . The r e s u l t s obtained i n the present i n v e s t i g a t i o n , 
w i t h the exception of those f o r p_-methoxybenzyl chloride, con
f i r m t h i s p i c t u r e . p_-Methoxybenzyl chloride, a compound not 
studied by O l i v i e r , Bennett or Tommila, was found to have a 
lower a c t i v a t i o n energy than the parent compound, an observa-

39 
t i o n confirmed by Fierens and co-workers who investigated 
the s o l v o l y s i s of the p_-methoxy compound i n 50% aqueous dioxan. 

I t has already been noted (page 66) that the present 
r e s u l t s and those of O l i v i e r show tha t p_-nitrobenzyl chloride 
and the unsubstituted compound i n 50% aqueous acetone have 
s i m i l a r entropies of a c t i v a t i o n . Although Tommila's r e s u l t s 
f o r p_-nitrobenzyl c h l o r i d e - ^ i n 50%, 70% and 80% aqueous 
acetone show an appreciable difference i n the entropy of 
a c t i v a t i o n from the unsubstituted compound, h i s r e s u l t s i n 
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40% and 60% aqueous acetone confirm the present observations. 
The r e s u l t s f o r p_-methylbenzyl chloride are unsatisfactory 
f o r supporting Tommila's conclusion that "substituents exert 
t h e i r main influence through the a c t i v a t i o n entropy and not 
through the a c t i v a t i o n enthalpy term" since, as has already 
been shown, the mechanism f o r t h i s compound i s border-line 
and a less negative entropy i s expected due to the reaction 
proceeding p a r t l y by an i o n i s a t i o n process. 

E f f e c t of Solvent V a r i a t i o n on the Arrhenius Parameters. 

The present r e s u l t s (see Tables IV-3 and V-1) show that 
f o r SJJ1 solvolyses the a c t i v a t i o n energy i s f a i r l y constant 
f o r solvent changes i n the range 50% - 80% aqueous acetone, 
the observed decrease i n rate being due to the entropy of 
a c t i v a t i o n becoming more negative as the acetone content i s 
increased. This i s i n agreement w i t h the observations of 
Hughes , who studied the solvolysis of t e r t - b u t y l chloride i n 
aqueous acetone (an S ^ l reaction) and Winstein and Fainberg 
who investigated the same compound i n both aqueous acetone 
and aqueous dioxan. Both Hughes and Winstein found that the 
a c t i v a t i o n energy changed l i t t l e w i t h solvent composition. 
The change i n A S * at 50°C f o r p_-methoxybenzyl chloride i s 
very pronounced on going from 50% to 70% aqueous acetone. 
The actual difference may not be as large as that shown 
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however since data were extrapolated from lower temperatures, 
the extrapolation being p a r t i c u l a r l y large f o r 50% acetone 
(see page 107). A comparison of values of AS at 0 C f o r 
these solvents (Table V -1) reveals a si m i l a r trend although 
the change i n AS i s not so pronounced. 

TABLE V - 1 . 

VARIATION OF k, E AND AS* WITH SOLVENT COMPOSITION 
IN THE SOLVOLYSIS OF p_-METH0XY BENZYL CHLORIDE 

1 * —1 (k i n sec. , E i n kcal. , AS i n cal.deg. ) 

Solvent 
0°C 50°C 

Solvent 
k E -AS* k E - AS* 

50% acetone 

70% acetone 

80% acetone 

5.98X10"4 19-70 3.0 

1.72x10" 5 21.18 4 .6 

2.23x10" 6 21.32 8.1 

1.45x10"'] 18.94 5 = 8 

5.28x10"5 18.99 12.3 

7.87x10" 4 19.63 14 .6 
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The Hammett Equation 

The Hammett equation, Eqn.V-1®^, has often been used 
t o predict the ef f e c t s of meta- and para-substituents on the 
rates of chemical reactions. 

kX 
log ~ = <rp V-1 

The o~ value represents the e f f e c t of the substituent on 
the electron density at the reaction centre and depends only 
on the substituent; the quantity p represents the sensit
i v i t y of the reaction to such electron s h i f t s and depends only 
on the react i o n . k^ i s the rate constant when the reactant 
contains a substituent and kjj i s the corresponding r a t e con
stant f o r the unsubstituted compound. 

The 6~ values were determined from the i o n i s a t i o n 
constants of meta- and para-substituted benzoic acids by 
assuming p = 1 f o r t h i s reaction. 

On several occasions i t has been observed that reactions 
f a c i l i t a t e d by electron supply f a i l to give s a t i s f a c t o r y p l o t s 
f o r the Hammett r e l a t i o n . 8 7 , 8 8 , 8 9 

89 
Swain and Langsdorf have interpreted curved o~ vs. 

lo g ( k ^ / k j j ) p l o t s i n terms of the operation of only one 
mechanism f o r most reactions of organic halides. The e x i s t 
ence of a delicate balance between bond-making and bond-
breaking i n the t r a n s i t i o n state was envisaged and the polar 
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effec t s of the substituents on rates over wide ranges of 
p o l a r i t y were therefore not expected to be l i n e a r l y related 
t o o* values. 

66 
Kochi and Hammond have studied the rates of solvoly

s i s of m- and p_- substituted benzyl tosylates i n aqueous 
acetone. Although the p_-nitro and meta-substituents gave an 
adequate f i t to the Hammett equation, the o~ values which 
these authors obtained f o r the p_-methyl and p_-methoxy subs t i 
tuents were more negative than the standard o" values, the 
divergence being greater f o r the £-methoxy group. They 
suggested that the deviation of the p_-methyl and £-methoxy 
groups showed that i n ad d i t i o n to the large increase i n ionic 
character i n , and the normal resonance s t a b i l i s a t i o n of, the 
t r a n s i t i o n state of benzyl tosylates, there i s possibly an 
ad d i t i o n a l amount of i o n i c character and c e r t a i n l y an excep
t i o n a l increase i n resonance s t a b i l i s a t i o n when these two 
substituents are present due to the i n t e r a c t i o n of these 
groups w i t h the electron d e f i c i e n t aromatic r i n g . A s i m i l a r 
explanation to account f o r divergencies from Hammett p l o t s 

90 
has been put forward by de l a Mare who emphasised that the 
standard c values r e f l e c t to a greater extent the inductive 
rather than the tautomeric e f f e c t of substituents. 

Numerous attempts have been made to take i n t o account 
these conjugative e f f e c t s of substituents, not allowed f o r i n 
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the o r i g i n a l cr values. 

Brown and co-workers 84,85,91,92 investigated the 
so l v o l y s i s rates of m- and p_-substituted phenyldimetohyl-
c a r b i n y l chlorides i n aqueous acetone, a reaction believed to 
proceed v i a the formation of the phenyldimethylcarbonium ion 
i n the t r a n s i t i o n state. Meta-substituents were assumed to 
have l i t t l e , i f any, conjugative e f f e c t and i n f a c t a p l o t of 
the rate constants against the standard cr values revealed 
a good l i n e a r r e l a t i o n s h i p ^ . The rea c t i o n constant p was 
thus determined. Using t h i s value f o r p and the rate data 
f o r the p_-substituted compounds, a new set of substituentu 
constants cr + were calculated f o r the para-substituents 
from the modified Hammett equation, 

These <r values allow f o r resonance i n t e r a c t i o n s between 
the para-substituents and the ele c t r o n - d e f i c i e n t centre i n 
the t r a n s i t i o n state and thus represent inductive e f f e c t s 
(represented by the standard or values) together w i t h these 
conjugative e f f e c t s . 

/ For the m-nitro and m-mettopiy groups the use of the 
standard cr values caused large deviations from the 
Hammett p l o t . New cr values f o r these groups were 
therefore calculated. 

log k /k 
X H 

V -2 . 

Brown"* applied these o" + values to the solv o l y s i s 
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of substituted t r i p h e n y l c a r b i n y l chlorides i n 40% ethanol -
60% e t h y l ether <^", and substituted benzhydryl chlorides i n 

95 96 97 ethanol ^' and iso-propyl alcohol . Good corr e l a t i o n s 
were obtained. 

98 
T a f t , using an approach analogous to that employed 

by Hammett, developed a procedure f o r q u a n t i t a t i v e l y evaluat-
i n g inductive e f f e c t s . A polar substituent constant, o~ , 
f o r a group R r e l a t i v e to the OĤ  group was defined by the 
equation, 

The symbol k re f e r s to the rate constant f o r the normal 
hydrolysis of an e t h y l ester of the formula S 00202^; k Q i s 
the rate constant f o r e t h y l acetate. The subscripts B and A 
r e f e r to the a l k a l i n e saponification and the acid-catalysed 
hydrolysis reactions, respectively, under otherwise i d e n t i c a l 
conditions of solvent and temperature. The f a c t o r 1/2.48 i s 
a constant introduced i n an attempt to put the polar e f f e c t s 
obtained i n t h i s manner on about the same scale as f o r the 
Hammett o~ values. 

* 

The o" values have been found to correlate m a 
qua n t i t a t i v e manner the e f f e c t s of structure on a v a r i e t y of 
r e a c t i o n rates and e q u i l i b r i a of the general type 

R - Y + Z P 
(where R i s the substituent, Y the f u n c t i o n a l group, Z the 
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reagent, and P the r e a c t i o n t r a n s i t i o n state or the reaction 
products) given r e l a t i v e to that f o r the CEU-Y molecule". 
The c o r r e l a t i o n equation i s 

log ( k/k Q ) = °~*P* V-3 
* 

where jD i s the r e a c t i o n s u s c e p t i b i l i t y constant analogous 
t o the >̂ of the Hammett equation. 

I t should be stressed that Eqn.V-3 i s implied to f a i l 
f o r those reaction series w i t h i n which there are substantial 
resonance effects on the r a t e constants. The series of 
substituted benzyl chlorides at present being investigated 
cannot therefore be discussed i n terms of t h i s equation. 

Brown's treatment,which allows f o r conjugative i n 
a d d i t i o n t o inductive e f f e c t s , i s however highly relevant and 
the present r e s u l t s w i l l now be discussed using t h i s approach. 

Rate constants at 50°C, calculated from data published 
by O l i v i e r ^ 7 , Bennett and Jones^ 8, Simonetta and F a v i n i ' ' ^ and 
Bensley and Kohnstam y have been used to supplement data 
obtained i n the present i n v e s t i g a t i o n . Table V-2 summarises 
the data f o r the sol v o l y s i s of meta-substituted benzyl chloride 
i n 50% aqueous acetone. I t has already been pointed out 
(page 84) that the o~ values f o r the m-nitro and m-methoxy 
groups obtained by Brown d i f f e r e d s i g n i f i c a n t l y from the 
Hamraett standard cr values and p has therefore been 
calculated using both. I n a l l other cases only the standard 
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go 

cr values, from the compilation by Jaffe , have been used. 
I n order to minimise the e f f e c t of solvent v a r i a t i o n on the 
rat e s , where O l i v i e r ' s rate constants have been used, his 
data f o r the unsubstituted compound were used also; s i m i l a r l y 
f o r the r e s u l t s of Bennett and Jones. Simonetta and Fa v i n i 
publish no data f o r the unsubstituted compound and the data 
of Bensley and Kohnstam were therefore used i n connection w i t h 
the m-methoxy substituent. The r e s u l t s of Bennett and Jones 
f o r m-nitro-;,: m-iodo-, m-bromo- and m-chlorobenzyl chlorides 
lead to s i m i l a r p values as those shown i n Table V -2 . 

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

AQUEOUS ACETONE AT 50°C. 
(k i n sec. ) 

Substi- 7 

tuent CT i c r k p Refer. 

(H) - 31.03 - 15 
N0 2 0 . 6 6 2 a or 0 . 7 l O b 3.087 - 1 . 4 7 6 a or -1 • 376 b 37 
CN 0.678 3.930 -1.286 37 

I 0.352 5-495 -2.064 37 
Br 0.391 5-637 -1.830 37 
CI 0.373 5-676 -1.910 37 
F 0.337 6.936 -1.867 38 

COOH 0.355 7.982 -1•590 37 
CONH2 0.280 12.77 -1.287 37 
CH30 0 .0465 a or 0 . 1 l 5 b 23-33 - 2 . 6 6 2 a or -1 .076 b 100 
CH, -0.069 35-38 -1.191 37 

a Using Brown's o" '' Using standard cr ( J a f f e ) 
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I t i s noteworthy that the meta-substituents do not 
lead to a constant value f o r p . The "true" value of o~ 
f o r m-methoxybenzyl chloride appears to l i e between the two 
values quoted. 

The basic requirement of the Hammett equation i s that 
the substituent donates the same number of electrons i n a l l 
reactions. This condition i s however u n l i k e l y to be obeyed 
since the degree of charge development at the reac t i o n centre 
i n the t r a n s i t i o n state i s not always the same i . e . there i s 
d i f f e r i n g electron demand. However, t h i s f a c t o r can be 
allowed f o r i n the p values and the r e l a t i o n would then hold 
provided ( i ) there i s the same electron demand at the reaction 
centre i n a given reaction and ( i i ) the response of substi-
tuents to electron demand i s proportional to that demand i n 
a l l cases. 

The second of these conditions i s obeyed f o r meta-
substituents, where electron movements occur e s s e n t i a l l y by 
the inductive mechanism. There i s however no guarantee that 
the degree of charge development at the reaction centre i s 
always the same i n the series of meta-substituted benzyl 
ch l o r i d e s , at present under consideration-: 

The t r a n s i t i o n state structure may be regarded as the 
resonance hybrid of the f o l l o w i n g three canonical structures 
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(see page 10), where R i s the meta-substituent. 

CH2-C1 

H 20 

I I I I I I 

As the electron a t t r a c t i n g power of R decreases the t r a n s i t i o n 
state structure w i l l change i n the d i r e c t i o n of increased S^1 
character i . e . an increased c o n t r i b u t i o n from structure I I I . 

This increase i n charge development i n the t r a n s i t i o n state 
causes an increase i n the electron demand at the re a c t i o n 
centre and thus the f i r s t of the above conditions, v i z . the 
same electron demand at the re a c t i o n centre, i s not obeyed. 
I f t h i s view i s correct a steady decrease i n the value of p 

as the r a t e constant increases would be expected. This i s 
however not observed (Table V-2). The l i k e l y explanation i s 
t h a t a second order r e l a y of conjugative e f f e c t s occurs i n the 
molecule. This e f f e c t must be greater f o r the methoxy group 
than f o r the methyl i n the present case r e l a t i v e to the 
i o n i s a t i o n of the corresponding benzoic acids. 

Nevertheless, despite the large deviations found i n 
c a l c u l a t i n g p from meta- <r values, a mean value w i l l be 
accepted i n discussing the e f f e c t of para-substituents. Rate 

R 

O - CH^ C I C I 

+ H^O HoO 
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constants f o r the so l v o l y s i s of par a- substituted? benzyl 
chlorides i n aqueous acetone were predicted using Brown's 
C + values, with jj = -1.918, the mean of the values obtained 
f o r the meta-iodo, bromo,chloro, and f l u o r o compounds. Table 
V-3 compares these rate constants w i t h the observed values. 

TABLE V - 3 

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

Substituent (J + 

< k/ kH>calc. <k/kH>obs. Ref. 

N0 2 0.777 0.03243 0.0887 37 

I 0.132 0.5582 0.460 37 

Br 0.148 0.5201 0.502 37 

CI 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 i s s a t i s f a c t o r y f o r the p_-halogen compounds 
while f o r the £-nitro and p_-methyl compounds the Eqn.V-2 
pre d i c t s r a t e constants w i t h i n a f a c t o r of three. With the 
p_-methoxy compound however serious discrepancies occur, the 
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observed rate "being greater than the calculated rate by a 
3 + f a c t o r of about 1 0 . Brown's cr values are c l e a r l y not 

applicable to the benzyl system though i t should be noted 
that Brown has never claimed that they would apply to t h i s 
system. 

An approach s i m i l a r to that used i n discussing the 
e f f e c t s of meta-substituents may be employed i n order to 
account for these observations. 

When para-substitution i n the benzene r i n g i s consid
ered, conjugative e f f e c t s (which operate to only a s l i g h t 
extent for meta-substituents) now play a prominent r o l e . 
Brown's o"" + values allow for conjugative electron release 
from the substituent to the reaction centre i n the t r a n s i t i o n 
s t a t e . For o~ + values to be of general application the 
substituent must donate the same number of electrons i n a l l 
r e a c t i o n s where conjugation i s possible. T h i s condition i s 
u n l i k e l y to be r e a l i s e d since the charge development at the 
r e a c t i o n centre i n the t r a n s i t i o n state i s not always the 
same thus causing d i f f e r i n g electron demand at the reaction 
centre. T h i s difference i n electron donation can be allowed 
f o r i n the p values and Brown's modification of the Haramett 
equation would therefore hold provided f i r s t l y there i s the 
same electron demand at the reaction centre i n a given 
reaction and secondly the response of substituents to the 
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electron demand i s proportional to that demand i n a l l cases. 
The two conditions w i l l be considered by reference to the 
t r a n s i t i o n state structure for three para-substituted benzyl 
chlorides r e a c t i n g by widely d i f f e r e n t mechanisms. 

The t r a n s i t i o n state for the hydrolysis of a para-
substituted benzyl chloride can be regarded as the resonance 
hybrid of the following three canonical s t r u c t u r e s , where R 
i s the substituent. 

y y < EU-C1 EU 0 1 0 1 S 

EUO 

I I I I I 

I t has already been shown that i n 5 0 % acetone ^-methoxybenzyl 
chloride r e a c t s by mechanism SJJ1 , p_-methylbenzyl chloride i s 
border-line and pj-nitrobehzyl chloride goes by mechanism S^.2. 
I n the t r a n s i t i o n state structure for the three cases there 
are thus varying contributions from structure I I I r e l a t i v e 
t o structure I I , the greatest contribution from I I I being 
f o r the p_-methoxy compound and the l e a s t for the p_-nitro 
compound. Each t r a n s i t i o n state thus has a d i f f e r e n t degree 
of charge development and consequently a varying electron 
demand. The f i r s t of the conditions necessary for a Hammett-
type c o r r e l a t i o n using Brown's cr + values i s therefore not 
s a t i s f i e d . 
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The electron demand w i l l be s a t i s f i e d "by conjugation 
since groups i n the para-position can conjugate with the 
rea c t i o n centre. The extent to which conjugation can occur 
i n order to s a t i s f y t h i s demand depends on the r e l a t i v e c o ntri 
bution from structure I I I . 

The p_-methoxy group can conjugate p a r t i c u l a r l y e f f e c t i v e l y 
with the re a c t i o n centre due to the presence of unshared p-
electrons. I t i s evident that the second condition, v i z . 
the response of substituents to the electron demand being 
proportional to the demand, i s u n l i k e l y to be obeyed. 

I t i s noteworthy that the observed rate of s o l v o l y s i s 
of p_-methoxybGnayl chloride exceeds the predicted rate by a 
factor of 1,600 whereas the corresponding factor for the 
^-methyl compound i s 2. This emphasises the extensive 
conjugation of the p_-methoxy group i n the t r a n s i t i o n s t a t e . 

Mechanistic Change. 
°J3 + Okamoto and Brown J^ found that when the cr constants 

66 
were applied to the r e s u l t s obtained by Hammond for the 
so l v o l j r s i s of met a- and para-substituted benzyl t o s y l a t e s i n 
aqueous acetone, a simple l i n e a r r e l a t i o n s h i p was not obtained 
Electron-supplying substituents (p_-methyl, p_-methoxy) appeared 
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to l i e on a d i f f e r e n t l i n e to electron-withdrawing s u b s t i -
tuents. They explained t h i s i n terms of a d u a l i t y of 
mechanism. Benzyl t o s y l a t e s containing electron-supplying 
substituents were envisaged as reacting by mechanism , 
thereby following the cr + constants. With electron-
withdrawing substituents, t h i s path was regarded as being l e s s 
favourable than a bimolecular displacement by the solvent 
(SJJ2) and the reaction r a t e s would then follow the standard 
cr values. 

101 
I n a recent paper, Hammond and co-workers applied 

Brown's cr + values to the s o l v o l y s i s of benzyl t o s y l a t e s 
and found a lack of c o r r e l a t i o n between the ra t e s and the 
cr + values, the p_-methoxy compound deviating considerably 
from the l i n e a r p l ot. These authors maintained that i f two 
d i s t i n c t l y d i f f e r e n t mechanisms are involved, the two reaction 
types would be expected to show d i f f e r e n t responses to solvent 
changes i . e . the i o n i s a t i o n rates would be expected to slow 
down much more than the ra t e s of a d i r e c t displacement i f the 
water content of the solvents were reduced. T h i s was not 
observed and these workers concluded that changes i n the 
r e a c t i o n type must be more subtle and continuous than i s 
implied by the "two mechanisms" a n a l y s i s . 
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Conclusion 

The consideration of the t r a n s i t i o n state structure 
i n the preceding pages, together with the examination of the 
experimental r e s u l t s , leads to the conclusion that a single 
aet of cr + values cannot be used to accommodate the e f f e c t s 
of para-substituents and i t i s therefore preferable to use 

p 
Ingold 1s.approach and discuss reactions of t h i s type i n terms 
of p o l a r i s a t i o n and p o l a r i s a b i l i t y e f f e c t s , and the reaction 
mechanism. 
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CHAPTER VI 

EXPERIMENTAL 

Preparation and P u r i f i c a t i o n of Materials 

p-Methylbenzyl Chloride. 

p_-Methylbenzyl chloride was prepared from p_-toluic 
a c i d v i a the following reactions. 

RCOOH > RCOOC2H5 > RCH20H » RCH2C1 

The ethyl ester of p_-toluic acid was prepared by 
r e f l u x i n g r e c r y s t a l l i s e d p_-toluic acid (56 gm.) (melting point 
179°-180°C) with absolute alcohol (120 gm.) i n the presence of 
cone. H2SO^ (12 gm.) for 3 hours. The greater part of the 
alcohol was then d i s t i l l e d off, and the product was poured 
into about f i v e times i t s volume of d i s t i l l e d water and 
neu t r a l i s e d with s o l i d sodium carbonate. The ester was 
extracted with ether and t h i s ethereal solution dried over 
anhydrous potassium carbonate. A f t e r the ether had been 
d i s t i l l e d off, the ester was p u r i f i e d by d i s t i l l a t i o n under 

22° 
reduced pressure. Refractive index of ester n^ = 1.5084 

Th i s ester was then reduced to p_-methylbenzyl alcohol 
i n the following way. The ester ( 5 2 gm.) dissolved i n dry 
ether (600 ml.) was added from a dropping funnel to lithium 
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aluminium hydride (12 gm.) suspended i n dry ether (1 l i t r e ) , 
the rate of addition "being adjusted to maintain a gentle 
r e f l u x . A steady flow of nitrogen was passed through the 
apparatus during t h i s operation. After the excess lithium 
aluminium hydride had been destroyed by the addition of an 
ethereal solution of ethyl acetate, 10% I^SO^^OO ml.) was 
cautiously added. The ethereal layer was separated, washed 
i n succession with water, sodium carbonate solution and water, 
and f i n a l l y dried over anhydrous potassium carbonate. The 
ether was removed by d i s t i l l a t i o n and the alcohol p u r i f i e d by 
r e c r y s t a l l i s a t i o n from petroleum ether (40°-60°). Melting 
point of p_-methylfeenzyl alcohol = 61 °C. 

p_-Methylbenzyl chloride was prepared by passing 
hydrogen chloride gas through an ethereal solution (100 ml.) 
of the alcohol ( 1 5 gm.), containing granular calcium chloride, 
f o r 12 hours at 0°C. After the excess HC1 and most of the 
ether had been removed by d i s t i l l a t i o n , dry ether was added to 
the residue. This ethereal solution was washed successively 
with water, sodium bicarbonate solution and water and f i n a l l y 
dried over potassium carbonate. The chloride was then frozen 
out and p u r i f i e d by d i s t i l l a t i o n under reduced pressure. The 
hydrolysable chloride content of the sample was i d e n t i c a l with 
the t h e o r e t i c a l amount. 
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p-Methoxybenzyl Chloride. 

p_-Methoxybenzyl chloride was prepared by passing 
hydrogen chloride gas through a solution of a n i s y l alcohol 
(50 gm.) i n dry ether (250 ml.), containing granular calcium 
chloride, for 10 hours at 0°C. The excess HC1 and most of 
the ether were removed at the water pump and dry petroleum 
ether (40°-60°) was added to the residue. This solution was 
washed with water, sodium bicarbonate solution, and water, i n 
that order and then dried over potassium carbonate. The 
chloride was frozen out and p u r i f i e d by d i s t i l l a t i o n under 
reduced pressure. The hydrolysable chloride content of the 
sample was 99-1% of the t h e o r e t i c a l amount. 

p-Methylbenzylidene Chloride. 

p_~Methylbenzylidene chloride was prepared by t r e a t i n g 
p-tolualdehyde (10 gm.) dissolved i n petroleum ether (40°-60°) 
(60 ml.) with phosphorus pentachloride u n t i l the l a t t e r 

102 
ceased to dissolve . The petroleum ether, the oxychloride 
and fhe p_-methylbenzylidene chloride were then successively 
d i s t i l l e d off, the l a t t e r two compounds under reduced pressure. 
The chloride was p u r i f i e d by r e c r y s t a l l i s i n g i t twice from 
ethanol and twice from petroleum ether (40°-60°). The 
hydrolysable chloride content of the sample was i d e n t i c a l with 
the t h e o r e t i c a l amount; melting point of chloride = 4-7-5°C. 
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p-Nitrobenzyl Chloride. 

p_-Nitrobenzyl chloride ( L i g h t ' s ) was r e c r y s t a l l i s e d 
twice from ethanol. The hydrolysable chloride content of 
the sample waB. 99-3% of the t h e o r e t i c a l 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 

103 
and potassium permanganate for two hours before being 
fractionated from hydroquinone and the water was d i s t i l l e d 
water which had been passed down a column containing mixed 
ion exchange r e s i n . The"70%" and "80%" solvents were made 
up i n 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 i n them. 

T i t r a t i o n acetone. 

The acetone used for t i t r a t i o n s was the commercial 
product which was d i s t i l l e d a f t e r being refluxad with sodium 
hydroxide and potassium permanganate for two hours. The 
indicator lacmoid was added and the solution n e u t r a l i s e d 
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before use. 

Methods of Rate Measurement 

K i n e t i c runs were c a r r i e d out at temperatures ranging 
from - 2 0 ° to 120°C. The thermostat for the range 1 0 0 ° - 120°C 
consisted of a well-lagged 20 l i t r e beaker containing w e l l -
s t i r r e d p a r a f f i n o i l , a xylene-mercury regulator, a permanent 
heating c o i l and a 100 w, intermittent e l e c t r i c lamp bulb 
heater. The 0 ° thermostat consisted of a bath of w e l l -
s t i r r e d melting i c e . The thermostat for temperatures below 
0 ° consisted of a w e l l - s t i r r e d ethanol-water mixture i n a 
large Dewar v e s s e l . Cooling was effected by f i l l i n g the inner 
of two concentric glass tubes with s o l i d carbon dioxide, and 
the outer with s u f f i c i e n t acetone to keep the temperature of 
the bath j u s t below the desired temperature i n the absence of 
heating. A 5 w. intermittent heater was included to maintain 
a constant temperature. The other thermostats v/ere of con
ventional design. The 10 ° thermostat contained, i n addition, 
a c o i l of copper tubing through which cooled water c i r c u l a t e d . 
At temperatures below 1 0 0 ° the temperature was constant to 
within + 0.01°i at 100° and above, + 0 . 0 2 ° . Thermometers 
standardised to + 0.02°C by the National Ph y s i c a l Laboratory 
were used for temperature measurement. 

The hydrolysis of the chlorides always went to 
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completion and v e l o c i t y constants could therefore be c a l 
culated from a knowledge of the a c i d i t y a f t e r various time 
i n t e r v a l s and at 100% re a c t i o n without the necessity of using 
weighed amounts of chlorides. 

Two methods were used for following k i n e t i c runs. 

F l a s k Runs. 

I n general t h i s method was used at temperatures of 30° 
and under although i t was used at 40° for a f a s t reaction. 
The chloride was added to about 100 ml. of the solvent i n a 
stoppered f l a s k at the thermostat temperature and the f l a s k 
thoroughly shaken. After suitable time i n t e r v a l s 5 ml. 
samples were removed by means of a pipette and run into about 
200 ml. of neutralised acetone to stop the reaction. The 
a c i d i t y of t h i s solution was determined by t i t r a t i o n with 
standard sodium hydroxide, lacmoid being used as the indicator. 

Tube Runs. 

Thi s method was used at temperatures above 30° where 
the p o s s i b i l i t y of evaporation of solvent from the reaction 
f l a s k during extraction made the use of the previous method 
undesirable. The chloride was added to about 100 ml. of 
solvent and welib shaken. The re a c t i o n mixture was pipetted 
into tubes using the apparatus shown i n Fig.VI-1. The tubes 
were sealed off, attached Jzs0&$3}g&rs and placed i n the 
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thermostat i n batches of about seven. Each batch was 
shaken vigorously for about two minutes. Af t e r suitable 
time i n t e r v a l s , tubes were removed from the thermostat and 
plunged into a carbon dioxide - acetone bath to stop the 
rea c t i o n . They were then cleaned, broken under neutralised 
acetone and the a c i d i t y determined as before. 

C a l c u l a t i o n of the R e s u l t s 

Rate Constants. 

F i r s t order r a t e constants were calculated from the 
e quation 

k = 2.303 / t.log(a/a-x) 

where t i s the time i n seconds and "a" and "a-x" are the 
concentrations of the a l k y l halide at t = 0 and t = t 
re s p e c t i v e l y . The time of the f i r s t reading was taken as 
zero, "a" being the difference between the f i r s t reading and 
the reading when the re a c t i o n had gone to completion (10 
times the hal f l i f e period). D e t a i l s of ind i v i d u a l runs are 
given i n the Appendix to t h i s Chapter. 

When more than one batch of solvent was used for 
car r y i n g out the experiments i n a p a r t i c u l a r s e r i e s , the 
r e s u l t s i n one solvent were made comparable with those i n 
another by monitoring each solvent, i . e . , comparing the rate 



103. 

constants for the same chloride at the same temperature i n 
each. 

The mean rate c o e f f i c i e n t s , k , were obtained by 
' m " 

s t a t i s t i c a l treatment of at l e a s t two runs at any one tempera
tur e , the runs being considered as one for s t a t i s t i c a l pur
poses. The standard deviation of the f i n a l mean rate c o e f f i 
c i e n t , o" (k) , was obtained from Eqn.V 1-1 

[z(k - k ) 2 ] 
o- ( k ) = L m J vi-1 

n 
where n was the number of separate determinations of k. 
In d i v i d u a l rate constants d i f f e r i n g from the mean by more than 
2# ^eachf '' •/ w^ e r e c ^eacit'^ ' w e r e r e j e c t e d a n d a n e w 

cr (k) found. 

Activation Parameters. 

The a c t i v a t i o n energy, E, at the temperature (T^+ T 2)/2 
(see page 39) was calcu l a t e d from the mean rate c o e f f i c i e n t s 
a t adjacent temperature i n t e r v a l s using Eqn.VI-2. 

2.303 R0? 1T 2 k 2 

E - l 0 S — VI-2 
T 2

 — T/j k,| 

where k^ and k 2 are the mean rate c o e f f i c i e n t s at the absolute 
temperatures T,. and T p r e s p e c t i v e l y . 
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The standard deviations of E, cr ( E ) , was obtained 
104 from Eqn.VT-3 

" I * 
cr ( E ) = —2-2 

T 2 - T , 
cr . 2 cr P 2 

. k1 k 2 
• VI-3 

where cr̂  and cr2 are the standard deviations of the mean 
r a t e c o e f f i c i e n t s , k^ and k 2. I t should be noted that t h i s 
standard deviation, cr ( E ) , i s not the maximum possible error. 

The temperature c o e f f i c i e n t of a c t i v a t i o n energy, 
dE/dT, was calculated from the 'best' straight l i n e E vs. T 
by a l e a s t squares method on the assumption that E i s 
l i n e a r l y dependent on temperature. 

Then E = E + — . T V03-4 
0 dT 

whence the l e a s t squares value of dE/dT i s given by Eqn.VI-5 

dE = £(S - V ( T - V 
dT 2(T - T m ) 2 

where E f f l i s the mean of the experimental a c t i v a t i o n energies 
and T m i s the mean of the temperatures. E can be calculated 
at any temperature from 

E = E r a + — ( T - T ) 
m dT m 

The standard deviation of dE/dT was obtained i n two 
ways:-
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( i ) From the 'best' st r a i g h t l i n e E vs. T using 
Eqn.VI-6 

/CIEN S ( E o b s . " E o a l c . ) ' 
(n - 2 ) E(T - T m ) : 

.VI-6 

where n i s the number of determinations of E. 

( i i ) From a" (E) using Eqn.VI -7 

r 21* 

dT . .? .VI -7 
Z(T - T_V N m 

Both values are quoted i n Tables I I I - 1 to I I I - 8 though Tables 
I V - 1 and I V - 2 contain only the larger of the two values. 

* 

The entropy of a c t i v a t i o n , A S , at the temperature 
(T^ + T 2 V 2 was calculated from Eqn.VI -8 (see page 43 ) 

- (T. + T 2 ) A g ' 
In = ln(g) + I n 1

 2
 2 + 1 + E 

RT, . . .VI -8 

where k^ r e f e r s to the temperature T^ , and E to (T^ + *£^)/2 

A value for the heat capacity of a c t i v a t i o n , £SC , was 
obtained from the 'best' straight l i n e A S vs. log T. 

s i n o e . L&Ll 
dT T 

VI-9 

Then, by integration 

As' As* + 2 . 3 0 3 AC*log T v i - 1 0 
o 
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Therefore 

1 S(AS - AS m)Uog T - log T ) 
AC = — ± r a_ vi-11 

2.303 S(log T - log T m ) 2 

* 

where A S m i s the mean of the experimental entropies of 
a c t i v a t i o n , and T the mean of the experimental temperatures, 

AC , calculated i n t h i s way, was always i n good agreement 
w i t h A C * , obtained from dE/dT using the r e l a t i o n 

dE/dT = R + AC* 

where R i s the gas constant. 

AS could he calculated at any temperature by means 
of Eqn.VI-12 

AS* = AS* + 2.303 A C*(log T - log T m) VI-12 

The standard deviation of AS » cr ( AS ) , can be 
obtained from Eqn.VI-13 1 • 

2 2 
o- ( A S * ) - T I j / ( T r g j ) + ( T 2 . | 2 ) . . . .v i -13 

I t can be shown however that Eqn.VI-14 holds true approxi
mately and t h i s has been used here, 

a CAS*) * °" ( E ) vi-14 
T 

Since - c r ( B c a l 0 B ) = (T - T j a ( f ) 

then c r ( A s ; a l c . ) = ( ! - l i S ) c r C f f i ) VI-15 
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A c t i v a t i o n Parameters f o r the reaction of 
p-Methoxybenzyl Chloride i n 50% aqueous acetone. 

Values f o r k (50°), E (50°) and AS*(50°) f o r 
p_-methoxybenzyl chloride i n 50% aqueous acetone, an SJJ1 
r e a c t i o n (see page 61 ) were obtained by the fo l l o w i n g 
procedure. 

Using the expression 

AS* = A s J 2 + 2.305 A C*iogCVT 2), 

values f o r A C * / AS* at 0° were calculated f o r tert.-BuCl, 
PhCHCl2, PhCCl^ and p_-Me,C6H^.CHC12, a l l S N1 compounds, from 
values at 50°. The mean value f o r A c * / AS* at 0° was 
5.64. Since f o r p_-Me0.C6H4.CH2Cl, A s*(0°) = -3-01, then 

AC* = -17-0 g i v i n g dE/dT = -15-0. The f o l l o w i n g values 
are then obtained:-

k(50°) = 1.455x10"1sec"1 E(50°) = 18.94 AS*(50°) = -5-84 

Since the standard errors i n the two values of E, separated by 
a temperature i n t e r v a l of 10°, are + 0.06 kcal. (see Table 
I I I - 4 ) , the value dE/dT = -15.0 i s not inconsistent w i t h the 
experimental r e s u l t s . 

Concentration E f f e c t s . 

The rates of solvo l y s i s of p_-methoxybenzyl and p_-
methylbenyylidene chloride i n 50% aqueous acetone were found 
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to be affected by changes i n the concentration of the organic 
c h l o r i d e i n the f o l l o w i n g manner. 
p-Methoxybenzyl Chloride at 0.00°C. 

Concn. of Chloride 10 k(sec. ') Change i n Rate 

0.0169 M 5-764 1.8 % 
0.0115 M 5-873 

p-Methylbenzylidene Chloride at l9-4-6°C. 
Concn. of Chloride 10^lc(sec.~ ) Change i n Rate 

0.0103 M 7-799 2.0 % 
0.00570 M 7-954-

A l l experiments using p_-methoxybenzyl chloride were 
therefore carried out at the same concentration. For the 
solvol y s i s of p-methylbenzylidene chloride i t was necessary to 
use the chloride at a higher concentration i n the upper temper
ature range and at a lower concentration at lower temperatures 
due to the suspected incomplete s o l u b i l i t y of the compound at 
0°C. Two series of runs at 19-46°C (quoted above) were 
c a r r i e d out and used to obtain rate constants r e l a t i n g to the 
same concentration over the complete temperature range. 

E f f e c t of Added HC1 

As already pointed out in. Chapter I I I , experiments were 
c a r r i e d out i n the presence of approximately 0.02 N HC1 to 
es t a b l i s h whether t h i s concentration e f f e c t arises out of 
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competing ionic-strength and mass-law e f f e c t s . 

Solvolysis of p-methoxybenzyl chloride i n 70% aqueous acetone 
at 29.88°C i n the presence of HC1. 

Added HC1 1 o\(secT 1) Change i n Rate Change, f o r 0.02 N HC1 
7-048 

0.02250 N 6.788 -3-7 % ) 
) -3,0 % 

0.01777 N 6.884 -2.3 % ) 

Solvolysis of p-methylbenzylidene chloride i n 50% aqueous 
acetone at 24.76°C i n the presence of HC1. 

Added HC1 IQ^kCsecT1) Change i n Rate Change f o r 0.02 N HC1 

1.391 
0.01545 N 1.365 -1.9 % ) 

) -1.7% 
0.01697 N 1.380 -0.8 % ) 
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CHAPTER V I , APPENDIX 
Solvolysis of p-Methylbenzyl Chloride, p-Methoxybenzyl Chloride, 
p-Nitrobenzyl Chloride and p-Methylbenzylidene Chloride i n 
Aqueous Acetone. 

Deta i l s of In d i v i d u a l Runs. 

F i r s t order rate constants were calculated from the 
equation, 

k F 2.303 / t . l o g (a/a-x) 
-1 

where k i s the rate constant i n sec. , 
t i s the time i n seconds, 
a i s the concentration of a l k y l chloride at t = 0, 

a-x i s the concentration of a l k y l chloride at t = t . 
T i t r e s are expressed i n ml. of NaOH per sample. 
I n each case.details of one run are given and the mean 

r a t e c o e f f i c i e n t s k', k' 1, etc. of duplicate runs are also 
quoted. 

I n the solvolysis of £-methylbenzylidene chloride i t 
was assumed that a f t e r the f i r s t chlorine atom had been 
hydrolysed o f f , the second one i n s t a n t l y followed i t . 
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Expt.1. p-Methylbenzyl Chloride i n 50% aq.Acetone I at 29.55°C 
5.315 ml. t i t r a t e d w i t h 0.009931 N NaOH 

Time T i t r e 10 6 k 
0 0.03 -

61800 1.53 2.684 
92280 2.20 2.706 
149400 3-31 2.720 
186780 3.96 2.739 
233880 4.71 2.770 
264060 5.03 2.695 
320460 5.74 2.715 
326760 5.80 2.762 
495780 7-36 2.770 
520320 7.54- 2.782 
586200 7-93 2.783 
689460 8.38 2.755 
755760 8.63 2.758 

00 9.85 = 

£"::0>;.c. 0.02 
433500 6.86 2.745 
458820 7-04 2.725 

00 9.85 

k = = 2.740 
k 1 = 2.768 
k- ' = 2.723 
k 1'' = 2.703 

Mean k =2.735 

(15 readings) 
(13 readings) 
( 9 readings) 
(14 readings) 
+ 0.00607 
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Expt.2. p-Methylbenzyl Chloride i n 50% aq.Acetone I at 39.98°C 
5.315 ml. t i t r a t e d w i t h 0.01085 N NaOH 

Time T i t r e 10 6 k 

0 0.05 -
41880 3-33 (8.458) 
51840 4.07 8.775 
68640 5.03 8.782 
127260 7.46 8.802 
137640 7.44 (8.095) 
156480 8.29 8.840 
223680 9.55 8.912 
241620 9.80 9-002 

00 11.05 -

0 0.06 -
11620 1.09 8.537 
28740 2.50 8.735 
87180 5.91 8.717 
97740 6.42 8.847 
116100 7-10 8.837 
183480 8.88 8.845 
219540 9.00 8.863 

00 11.05 -

8.807 (13 readings) 
8.757 (13 readings) 
8.782 + 0.0228 
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Expt . 3 - p-Methylbenzyl Chloride i n 50% aq.Acetone I at 50.09°C 
5-315 ml. t i t r a t e d w i t h 0.009931 N NaOH 

Time T i t r e 10 5k 
0 0.06 -

55680 8.88 2.602 
60960 9.22 2.595 
66900 9-57 2.605 
76020 10.00 2.605 
86760 10.40 2.617 
00 11.59 -

0 1.05 -
3720 2.00 2.538 
7200 2.83 2.568 

11700 3.80 2.585 
14880 4.39 2.567 
18900 5.13 2.590 
22620 5.71 2.580 
26940 6.28 2.545 
33960 7-14 2.540 
39260 7.89 2.602 
00 11.59 -

k. = 2.581 (14 readings) 
k» = 2.575 ( 9 readings) 

Mean k = 2.578 + 0.00592 
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Expt.4 p-Methylbenzyl Chloride i n 50% aq,.Acetone I at 6Q.12°C 
5.301 mi. t i t r a t e d w i t h 0.009951 N NaOH 

Time T i t r e 10 5 k 
0 1.40 -
1860 2.69 6.908 
5340 4.73 6.987 
7140 5-58 6.945 
8880 6.34 6.982 
10080 6.80 6.978 
27240 10.50 6.983 

00 12.09 -

0 3.$5 — 
9060 7.62 7.015 
10800 8.11 6.960 
12420 8.51 6.905 
14264 9-01 7.062 
16110 9-98 (8.607) 

00 12.09 

k = 6.973 (10 readings) 
k' = 6.957 (11 readings) 

Mean k = 6.963 + 0.0103 



115-

t i t r a t e d w i t h 0.009931 N NaOH 
Time T i t r e 10 4 k 
0 0.18 -

600 1.35 (1.639) 
800 3.45 1.720 
5000 5.26 1.780 
4320 6.70 1.753 
5940 8.09 1.740 
8280 9.60 1.758 

GO 12.46 — 

0 0.13 -
1260 2.53 1.720 
2460 4.41 1.733 
3900 6.23 1.752 
4860 7.21 1.753 
7140 8.93 1.753 
9780 10.27 1.767 

00 12.46 -

k = 1.748 (11 readings) 
k' = 1.738 ( 8 readings) 
k 1 1 = 1.740 (12 readings) 

Mdan k = 1.74-2 + 0.00305 
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Expt.6 p-Methylbenzyl Chloride i n 50% ag.Acetone IV at 29.89°C 

4.330 ml. t i t r a t e d w i t h 0.007676 N NaOH 

Time T i t r e 10 6 k 
0 0.03 -

58410 1.76 2.734-
87420 2.47 (2.672) 
145620 3.89 2.741 
172080 4.44 2.74-1 
231540 5.54 2.741 
258120 6.03 2.776 
317520 6.92 2.789 
345360 7-20 2.739 

00 11.76 -

0 0.12 -
27480 0.98 2.741 
34554 1.28 2.764 

517740 9-00 2.781 
546480 9.22 2.787 
603480 9-56 2.762 
631320 9-69 2.739 
690060 10.03 2.764 
778680 10.38 2.739 

00 11.76 -

k = 2.756 
k' = 2.782 
k' ' = 2.766 

Corrected to Solvent I Mean k = 2.767 

(15 readings) 
(14 readings) 
(10 readings) 
+ 0.00455 
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Expt.7- p-Methylbenzyl Chloride i n 50% aq.Acetone IV at 39.79°C 
4.330 ml. t i t r a t e d w i t h 0.008702 N NaOH 

Time T i t r e 10 6 k 
0 0.17 -

43380 3.44 8.523 
58560 4.34 8.558 
70740 4.97 8.548 
129300 7.19 8.428 
150660 7-95 8.490 
216180 9.07 8.513 

00 10.75 -

0 0.24 -
14400 1.-4-2 (8.272) 
27360 2.41 8.452 
86040 5.69 8.500 
101460 6.29 8.450 
113700 6.73 8.455 
172860 8.36 8.468 
186240 8.60 8.522 

00 10.75 -

k = 8.492 (12 readings) 
k 1 = 8.500 (13 readings) 

Corrected to Solvent I Mean k = 8.500 + 0.00932 
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t i t r a t e d w i t h 0.007676 N NaOH 
Time T i t r e 10 5 k 
0 0.24 -

48720 8.95 2.384 
55320 9-54 2.390 
63480 10.19 2.420 
72600 10.79 2.457 
85260 11.34 2.444 

CD 12.92 — 

0 1.09 -
3780 2.12 2.412 
7320 3.00 2.404 
12540 4.17 2.407 
14940 4.66 2.405 
18300 5.32 2.419 
21660 5.95 2.444 
25200 6.50 2.425 
28920 7-10 2.454 
36600 8.00 2.397 

00 12.92 -
k = 2.419 (14 readings) 
k' = 2.419 (10 readings) 

Corrected to Solvent I Mean k = 2.419 + 0.00448 
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t i t r a t e d with 0.008702 N NaOH 
Time T i t r e 10 5 k 
0 1.51 -
1980 2.64 6.596 
3840 3.55 6.501 
5520 4.32 6.573 

16320 7-61 6.615 
18120 7.98 6.651 
21660 8.54 6.623 
24960 8.98 6.623 

00 10.75 -
0 1.73 -
7680 5-30 6.565 
9000 5-74 6.538 
10620 6.29 6.635 
12420 6.80 6.651 
14640 7.30 6.568 

00 10.75 -

k = 6.595 (12 readings) 
k' = 6.583 (12 readings) 

Corrected to Solvent I Wean k = 6.588 + 0.00918 
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Expt.10 p-Methylbenzyl Chloride i n 50% aq.Acetone IV at 69.91°C 

4.330 ml. t i t r a t e d w i t h 0.007676 N NaOH 

Time T i t r e ZL 
10 k 

0 1.30 -
660 2.49 1.762 
1200 3.32 1.719 
1800 4.28 (1.789) 
3000 5-70 1.737 
3840 6.58 1.740 
4200 6.88 1.725 
4800 7-41 1.735 

00 12.13 -

0 0.31 — 
2940 4.98 1.710 
6000 7-96 1.737 
6480 8.29 1.735 
7140 8.70 1.734-
8460 9.43 1.745 
954-0 9.87 1.735 
10680 10.29 1.74-2 

CO 12.13 -

k = 1.735 (13 readings) 
k' = 1.725 (11 readings) 

Corrected to Solvent I Mean k = 1.730 + 0.00292 



Expt.11 p-Methylbenayl Chloride i n 50% aq.iLcetone IV at 80.04°C 
4.330 ml. titrated with 0.008702 N NaOH 

Time Titre 10 4 k 
0 1.71 -
420 3.21 4.321 

1260 5.46 4.254 
2340 7.35 4.178 
CO 10.75 -
0 2.30 -
360 3-50 4.263 

1320 5.90 4.213 
2520 7.84 4.233 
00 10,75 -
0 0*97 — 
900 4.00 4.121 

1920 6.38 4.198 
00 10.75 

0 2.29 — 
780 4.70 4.299 

1800 6.81 4.248 
2880 8.27 4.263 
00 10.75 -

k = 4.236. (11 readings) 
k' = 4.233 (13 readings) 

Corrected to Solvent I Mean k = 4.233 +0.0115 

http://Expt.11
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Expt.12 p-Methoxybenzyl Chloride i n 50% aq.Acetone I I I at -10.07 
5 ml. titrated with 0.005328 N NaOH 

Time Titre 10 4 k 
0 0.75 -

521 1.60 (1.556) 
1116 2.41 1.480 
1697 3.20 1.498 
2331 3-98 1.505 
2914 4.55 1.469 
354-6 5.23 1.491 
4652 6.10 1.449 
5949 7.06 1.452 
7020 7-77 1.470 
8346 8.44 1.462 
9266 8.86 1.468 
10655 9.40 1.479 

00 11.66 — 

k = 1.475 (11 readings) 
k 1 = 1.470 (10 readings) 

Corrected to Solvent I Mean k = 1.495 + 0.00299 
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Expt.13 p-Methoxybenzyl Chloride in 50% aq.Acetone I I I at 0.00°C 
5 ml. titrated with 0.005328 N NaOH 

Time Titre 1 0 4 k 
0 1.23 -

159 2.16 6.068 
350 3.11 5-876 
533 3.99 5.977 
704 4.70 5-967 
889 5-36 5-900 

1092 6.04 5.909 
1409 6.90 5-832 
1724 7.68 5.886 
2068 8.35 5.880 
2386 8.87 5.892 
2823 9.43 5.888 
3183 9-75 5-797 
00 11.35 -

k = 5.906 (12 readings) 
k' = 5.908 (10 readings) 

Corrected to Solvent I Mean k = 5-980 + 0.0198 



124. 

Bxpt.14 p-Methoxybenzyl Chloride i n 50% aq .Acetone I I at 9.97°C 
5 ml. titrated with 0.005328 N NaOH 

Time Titre 10 p k 
0 1.71 -
75 2.92 (2.008) 

139 3.89 2.089 
243 5.18 2.110 
321 5,93 2.084 
394 6.62 2.128 
469 7.15 2.115 
589 7.87 2.114 
690 8.36 2.123 
761 8.61 (2.191) 
832 8.83 2,083 
897 9.04 2v083 
00 10.36 -

k = 2.103 (9 readings) 
i „ (9 readings) 

Corrected to Solvent I Mean k = 2.143 + 0.00407 



125. 

Expt .15 p-Methoxybenzyl Chloride in 50% ag.Acetone I I I at 19»540C 
5 ml. titrated with 0.004666 N NaOH 

Time Titre 10 5 k 
0 4.18 -
16 5.06 6.103 
40 6.33 6.454 
59-5 7.17 6.401 
78.5 7.85 6.263 

103 8 .69 6.299 
122 9.26 6.322 
141 9.78 6.368 
173 10.39 6.189 
197 10.88 6.267 
222 11.28 6.267 
270 11.90 6.290 
313 12.30 6.266 
00 13.63 -

k = 6.291 (12 readings) 
k' = 6.281 (10 readings) 

Corrected to Solvent I Mean k = 6.361 + 0.0250 



126. 

titrated with 0,008026 N NaOH 
Time l i t r e 1 0 6 k 
0 0 .05 -

60600 1.16 2.010 
82920 1.56 2.047 
147840 2.50 1.979 
172740 2.82 1.954 
235200 3.67 1.994 
254040 3.91 2.005 
317940 4.69 2.055 

00 9.72 

0 0.09 — 
60720 1.11 (1.844) 
318000 4.62 1.999 
489840 6 .27 2.097 
531180 6.40 2.005 
591840 6.83 2.034 
678780 7.32 2.047 
754620 7-58 1.994 

00 9.72 -
k 
k" 

2.017 (1.3 readings) 
2.004 (14 readings) 

Corrected to Solvent I Mean k = 2.040 + 0.00718 



127. 

titrated with 0.008026 N NaOH 
Time Titre 1 0 6 k 

0 0.09 -
44172 1.92 (4 .819) 
69060 2.90 5.053 
130800 4.64 4.956 
153960 5.26 5.073 
217920 6 .50 5.116 
252360 6.96 5.059 
303840 7.48 4.906 
475200 8.79 5.114 

0D 9.63 -
0 0.12 -

21276 1.08 5-001 
8^340 3.39 5.058 
106260 4.10 . . . 5.104 
170160 5.61 5.064 
204300 6.25 5.066 
256680 6.92 4.894 
427200 8.56 5*116 

00 9.63 -
k = 5.041 (14 readings) 
k' = 5.068 (11 readings) 

Corrected to Solvent I Mean k =5.128+0.0137 



128. 

Expt.18 p-Nitropenzyl Chloride in 50% aq.Acetone IX at 89.61°C 
4.370 ml. titrated with 0.007219 N NaOH 

Time Titre 10 5 k 
0 0.03 -
7608 0.85 (1.033) 
14640 1.62 1.084 
22758 2.39 1.079 
28368 2.89 1.080 
85680 6.60 1.088 
100680 7.22 1.081 
108840 7.50 1.074 
114720 7,69 1.070 
OD 10,87 — 

0 0.13 -
49560 9,51 1*057 
54120 4.89 1.082 
58140 5-10 1.069 
72780 5-98 1.081 
136440 8.29 (1.046) 
151620 8.74 1.070 
161280 9.00 1.084 
CO 10.87 -

k = 1.077 (13 readings) 
k' = 1.076 ( 9 readings) 

Corrected to Solvent I Mean k = 1.092 + 0.00173 



129. 

Expt .19 p-Nitrooenzvl Chloride i n 50% aq.Acetone IX at 99.60°C 
4.370 ml. titrated with 0.007219 N NaOH 

Time Titre 10^ k 
0 0.30 -

47772 7-39 2.342 
62280 8.39 2.349 
69780 8.93 2.382 
77340 9.20 2.412 
83700 9.42 2.402 
00 10.83 -
0 0.20 
3561 1.00 (2 .192) 
7020 1.78 2.294 
18636 3-91 2.304 
34140 6.07 2.354-
38820 6.55 2.344 
00 10.83 -
0 0.30 -

10536 2.68 2.430 
15552 3.57 2.392 
22476 4.57 2.314 
25098 4.99 2.349 
00 10.83 -

k - = 2.359 (13 readings) 
k 1 '- 2.315 (10 readings; 
k'• = 2.314 (12 readings) 
k " ' = 2.327 (13 readings) 
k " 1 1 = 2.350 (15 readings) 

Corrected to Solvent I Mean k = 2.370 + 0.00560 



130. 

Bxpt.20 p-flitrobenzyl Chloride i n 50% a%.Acetone IX at 108.84°0 
4.370 ml. titrated with 0.007219 N NaOH 

Time Titre 10 5 k 
0 0.30 -
1511 1.00 (4.314) 
3252 1.88 4.733 
5075 2.60 4.584 

29240 8,59 4.694 
31150 8.79 4.666 

00 11.38 -

0 0.60 — 

9330 4 .32 4.539 
11952 5.10 4.521 
16332 6.2.9 4.596 
24672 7.99 4.691 

00 11.38 -

0 0.30 — 

7080 3-36 4.564 
10860 4.60 4.524 
14910 5-76 4.554 
19236 6.87 4.674 
21792 7-35 4.644 

00 11.38 — 

k - 4.614 (13 readings) 
k' = 4 .586 (10 readings) 

Corrected to Solvent I Mean k = 4.671 + 0.0167 



131. 

Expt.21 p-Methylbenzylidene Chloride i n 50% aq.Acetone V I I I atO. 
Q.OO°C 

5 ml. titrated with 0.005037 N NaOH 
Time Titre 10° k 
0 . 0.11 -

41541 2.32 5.518 
49725 2.68 5.473 
57552 3.04 5.508 
70620 3.57 5.476 
125940 5.43 5-396 
137820 5-78 5.409 
155340 6.28 5.463 
212820 7.58 5-541 
223440 7.68 5.414 
240480 8.06 5.553 
300540 8.79 5-433 

00 10.90. 

k = 5.471 (11 readings) 
k' = 5.481 ( 9 readings) 
k:'' = 5.&36 (11 readings) 

Corrected to Solvent I Mean k = 5.587 + 0.00916 



132. 
Expt.22 p-Methylbenzylidene Chloride i n 50% aq.Acetone V I I I 

at 10.05°C 
5 ml. titrated with 0.005037 N NaOH 

Time Titre 
0 2.05 -

4263 2.96 (2.367) 
9378 3.86 2.259 

14154 4.70 2.318 
22396 5.80 2.248 
26499 6 .36 2.289 
31119 6 .85 2,269 
35432 7.3P 2.278 
42608 7*98 2.305 
46350 8 .25 2.289 
53606 8 .69 . 2 *249 
00 11.53 -

k = 2.278 (9 readings) 
k' = 2.284 (9 readings) 

Corrected to Solvent I Mean k = 2 . 3 3 3 + 0.00551 



133. 

Expt .23 p-Methylbenzylidene Chloride in 50% aq.Acetone V I I I 
at 19.46°C. 

5 ml. titrated with 0.005037 N NaOH 

Time l i t r e 10 5 k 
0 0.90 -
1113 1.74 (7.595) 
2280 2.58 7-749 
3490 3.39 7,859 
4965 4.21 7-738 
6553 5-01 7.696 
7907 5.66 7.791 
9953 6.53 7.856 
11452 7.02 'L 7.778 
13339 7.59-. 7,7_54 
15030 8 .07 7.809 
18348 8.84 7-893 

00 11.28 -
k = 7.792 (10 readings) 
k' = 7.757 ( 9 readings) 

Corrected to Solvent I Mean k = 7-954 + 0.0151 



134. 

Expt.24 p-Methylbenzyliflene Chloride i n 50% .aq. Ace tone V I I 
at 19.46°C 

5 ml. titrated with 0.008292 N NaOH 

Time T i t re 10 5 k 
0 0.30 -

1202 1.33 7.645 
2417 2.30 7.739 
3721 3.22 7.695 
4787 3.90 7.661 
5710 4.42 7-578 
6339 4.78 7.593 

11235 7.01 7-551 
11952 7-31 7.621 
14017 8.01 7.642 
174B0 8.98 7.709 
20912 9.65 7.630 

00 12.03 — 

k = 7.642 (11 readings) 
k' = 7.600 ( 8 readings) 

Corrected to Solvent I Mean k = 7-799 + 0.0120 



135. 

Expt.25 p-methylbenzylidene Chloride i n 50% aq.Acetone V I I 
at 29.90°C 

5 ml. titrated with 0.008292 N NaOH 

Time Titre 10̂ " k 
0 0.59 -* 

231 1.29 2.662 
530 2.10 (2.589) 
935 3.18 2.661 

1502 4.41 2.612 
1792 5.02 2.636 
2385 6.08 2.634 
2624 6.44 2.619 
324-2 7-39 2.661 
4050 8.30 2.628 
5290 9.45 2.642 
CD 12.36 -

2.639 (9 readings) 
2.643 (9 readings) 
2.702 + 0.00348 

k = 
k" = 

Corrected to Solvent I Mean k = 



136. 
Expt.26 p-Methvlbenzylidene Chloride in 50% aq .Acetone V I I 

at 3fr,77°C 
5 ml. titrated with. 0.008292 N NaOH 

Time Titre 10̂ " k 
0 2.01 -

113-5 2.79 7.811 
34i 4.15 7.778 
473 4.87 7.893 
635 5.50 C7.52&) 
732 6.01 7.82b 
887 6.60 7.816 

1082 7.30 7,936 
1272 7-78 7.785 
1373 8.03 7.767 
1561 8.48 7.818 
00 11.19 -

k = 7-825 ( 9 readings) 
k' = 7-831 (11 readings) 

Corrected to Solvent I Mean k = 8.008 + 0.0180 



137. 

Expt .27 p-Me/Ehyloenzyl Chloride i n 70% aq.Acetone I at 60.12°C 
4.378 ml. titrated with 0.08778 NaOH 

Time Titre 10 k 
0 0.12 -

16590 1.06 5-651 
24275 1.49 5-759 
83220 4.10 5,723 
92220 4.40* 5.671 
112560 5.11 5-724 
169680 6.55 5.579 
255300 8.24 5.803 

00 10.63 

0 0.12 — 

59530 3 .19 5.803 
69060 3.53 5.683 
145920 6 .10 5.789 
1.73160 6.78 5.801 
231660 7*84 5-729 

00 10.63 -. 

k = 5-726 (12 readings) 
k' = 5.766 (10 readings) 

Mean k = 5-743 + 0.0157 



138* 

Expt.28 p-Methylbenzyl Chloride i n 70% ag.AcetQiie I at 69.17°C 
4.738 ml. titrat e d with 0.008778 N NaOH 

Time Titre 10 5 k 
0 0.28 — 

11060 1.53 (1.311) 
14825 2.01 1.336 
22300 2.78 1.34-7 
33190 3.80 1,371 
78900 6.60 1.354 
86100 7-06 1.415 
99360 7-51 1.399 
107160 7-72 1.382 

00 9.91 -
0 0.14 — 

44610 4.61 1.371 
47730 . 4.80 1.358 
50820 5.13 1.407 
55465 5.40 1.394 
63600 5-95 1.420 
66540 6.10 1.416 
00 9-91 -

k = 1.38g (13 readings) 
k1 = 1.385 (11 readings) 

Mean k = 1.383 + 0.00546 



139. 
Expt.29 p-Methylbenzyl Chloride i n 70% aq.Acetone I at 79.24°0 
4.378 ml. titrat e d with 0.008778 N NaOH 

Time Titre 10^ k 
0 0.12 

36510 7-17 3.469 
50670 7.86 3.514 
59010 8 .27 3.529 

00 9.43 

0 0.39 -
3420 1.40 3.469 
6988 2.30 3.456 
8278 2.65 3.472 
14383 3.93 3.456 
16258 4.30 3.486 
19582 4.85 3.474 
23623 5.47 3,496 
26723 5*9.0 3.517 

00 9.43 -

k = 3.^85 (11 readings) 
k' = 3.499 (11 readings) 

Mean k = 3.492 + 0.00655 



1.40. 

Expt.30 p-Methylbenzyl Chloride i n 70% ag .Acetone I at 88.79°C 
4.738 ml. ti t r a t e d with 0.008778 H NaOH 

Time Titre 1 0 5 k 
0 1.23 -

1204 2.34 8.015 
7615 6.70 7.936 
9470 7-52 7-784 
10409 7.91 7._754 
18125 1®.46 7-997 
2Q959 11.05 8*036 

GO 13*29 — 

0 1.00 _ 

2312 3.01 7.731 
3651 4.00 7-670 
5470 5.22 7.693 
12490 8.60 7-714 
14-380 0 .40 --. 8.002= 
16415 9.89 7.827 

00 13.29 -

k 
k' 

Mean k 

= 7.846 (12 readings) 
- 7.903 (13 readings) 
= 7.876 + 0.0234 



141, 

Expt.31 p-Methylbenzyl Chloride i n 30>A aq.Acetone I at 98.80°C 
4.378 ml. titrated with 0.007787 N NaOH 

Time Titre 10 k 
0 2.69 

1931 5.39 1.800 
2818 6 .32 1.789 
9061 9-99 1.742 
oo 11.89 

0 0.71 
1361 3.07 1-742 
3613 5.95 1-750 
4736 7-03 1.760 
5416 7-59 1.764 
6293 8.22 1.769 
oo 11.89 

0 1.07 
1678 3.89 1.799 
3635 6.30 1.818 
5043. 7.45 1.766 
5493 7.83 1.784 
7420 8.93 1.747 
oo 11.89 

k = 1.771 (13 readings) 
k' = 1.773 (11 readings) 

Mean k = 1.772 + 0.00463 



142. 
Bxpt.32 p-Methoxytoenzyl Chloride i n 70% aq.Acetone I I at 0*00°C 
5 ml. tit r a t e d with 0.008000 H NaOH , 

Time Titre 10p k 
0 0.21 -
3410 0.99 (1.865) 
6311 1.51 1.712 
8940 2.04 1.745 
14810 .3.07 1.725 
19115 3.75 1.714 
22830 4.3ff 1.72$ 
25644 4.72 1.712 
28830 5.17 1.720 
35400 5.97 1.710 
37005 6.19 1.724 
38930 6.31 1.684 
42277 6.70 1.694 

00 12.90 — 

k = 1.715 (11 readings) 
k' = 1.710 (10 readings) 
k"= 1.709 ( 9 readings) 

Corrected to Solvent I Mean k = 1.717 + 0.00252 



143-

Bxpt.33 p-Methoxybenzyl C&loride i n 70% ag.Acetone I I at 9.93°C 
5 ml. titrat e d with 0.008273 ft NaOH 

Time- Titre W k 
0 0.90 -

1501 1.99 6.720 
2813 2.81 6.540 
4900 4.01 6.519 
6196 4.70 6.560 
7388 5.30 6.616 
9052 6.04 6.640 

11101 6.88 6.717 
13013 7.50 6.671 
14855 8.01 6.600 
16654 8.50 6,621 
19346 9'. 14 6.656 
21463 9.54 6.637 

00 12.28 ••— 

Corrected to Solvent I 

k 
k' 

Mean k 

= 6.625 (12 readings) 
= 6.583 (11 readings) 
= 6.625 + 0.0122 



144. 
Expt.34 p-Methoxybenzyl Chloride in 70% aq .Acetone I I at. 2Q,.38°C 
5 ml. titrat e d with 0.008273 N NaOH 

Time Titre 1<T..k 
0 1.00 -
310 1.90 2,429 
559 2.65 (2.559) 
922 3.54 2.491 
1305 4.40 2.461 
1630 5.07 2.445 
2019 5.81 2.436 
2538 6.70 2.431 
3210 7-73 2.444 
3985 8.69 2.436 
5132 9.81 2.423 
6075 10.53 2.425̂  
7260 11.21 2.399 
00 13.38 -

k b 2*438 (11 readings) 
k' •• 2.453 (10 readings) 

Corrected to Solvent I Mean k = 2.452 + 0*00529 



145. 

Expt.35 p-Efethoxybenzyl Chloride i n 70% ag.Aoetone XI at 29.94°C 
5 ml.titrated with 0.008000 N KaOH 

Time Titre I Q \ 

0 2.57 — 

107 3.31 7.081 
240 4.20 7.33f 
457 5.41 7.202 
577 6.00. 7.164 
702 6.59 7.204 
1002 7-78 7.204 
1255 8.61 7.230 
1522 9-35 7.271 
1758 9.80 7*117 
2052 10.41 7*247 
2261 10.70 - 7*178 
CO 12.70 — 

Corrected to Solvent I 

k 
k* 

Mean k 

= 7,201 (11 readings) 
= 7.191 ( 9 readings) 
= 7.218 + 0.0151 



146. 

Expt.36 p-Methoxybenzyl Chloride i n 70% ag.Acetone I I at 39.40°0 
5 ml. titrat e d with 0.008273 N BfaOH 

Time Titre 1 0 3 k 
0 1.39 -
43 2.31 1.997 
93 3.21 1.914 
141 4.09 1.963 
197 4.83 1.870 
257 5.77 1.939 
311 6,42 1.926 
376 $.18 1.945 
450 7.80 1.898 
512 8.21 1*845 
572 8.8.1 1.911 

633 8.95 (1 .787) 
695 9-65 1.939 
GO 12,55 — 

k = 1.922 (11 readings) 
k' = 1.938 (12 readings) 

Corrected to Solvent I Mean k = 1.941 + 0.00706 



147. 

Expt.37 p-Methoxybenzyl Chloride i n 80% aq.Acetone.at O.QO°C 
5 ml. titrated with 0.008273 N JSaOH 

Time Titre 10° k 
0 0.00 -

43107 1.41 2.217 
84240 2.64 2.217 
131700' 3.89 2.197 
173160 4.99 2.249 
218040 5.95 2.225 
252240 6.73 2.262 
301440 7.59 2r244 
330660 8.24 (2 .299) 
388440 8.99 2.239 
413280 9,37 2.250 
473820 10". 10. 2.232 

00 15.48 -
k = 2.23:3. (10readings) 
k' =. 2 .230 (10 readings) 

Mean k = 2.232 + 0*0.0112 



148. 
Expt.38 p-*Methoxybenzyl Chloride i n 80% aq.Aoetone at 10,78°C 
5 ml. titrat e d with 0.008273 N NaOH 

Time Titre 10° k 
0 0.08 -

14350 2.14 9.649 
21448 3.10 9.84$ 
28375 3.90 9-704 
33070 4.45 9-757 
86100 9.05 9.687 
91020 9.48 9.867 

101100 10.05 9.800 
105300 10.27 9-772 
109260 10,49 9.777 
113700 10.76 9-850 
115980 10.83 9-772 

00 15.94 -

k = 9.771 

k' = 9-750 
k" = 9.854 

Mean k = 9-788 

(11 readings) 
( 9 readings) 
( 9 readings) 
+ 0.0121 



149. 

Expt.39 p-Methoxybenzyl Chloride in 80% aq.Acetone at 20.39°C 
5 ml. titrated with 0.008273 N NaOH 

Time Titre ICf k 
0 0.19 -
3510 1.85 3.222 
7065 3.44 3.329 
12223 5.30 3.372 
13800 5.80 3.257 
17907 7.05 3.267 
21270 8.00 3.299 
25027 8.86 3.277 
27890 9.50 3.296 
35632 10.82 3.254 
39760 11.46 3.282 
41715 11.75 3.287 

CO 15.68 — 

- k- = "3.276 011 readings.) 
k 1 = 3.264 (11 readings) 

Mean k <= 3-270 + 0.00558 



150. 

Expt.40 p-Methoxybenzyl Chloride i n 80% aq.Acetone at 29.94°C 
5 ml. titrated with 0.008273 N NaOH 

Time Titre 10^ k 
0 0.68 -

1237 2.32 9.906 
2117 3.38 9-942 
3185 4.51 9.847 
4162 5-49 9.910 
5772 6.81 9-761 
6672 7.58 9.947 
7947 8.47 9.979 
9342 9.26 9.891 

10617 9.90 9-833 
11642 10.40 9.872 
12659 10.89 9.986 
14452 11.48 9.847 

00 14.91 -

k = 9.893 (12 readings) 
k' = 9.964 (11 readings) 

Mean k = 9-928 + 0.0181 



151. 

Erpt.41 p-Methoxybenzyl Chloride in 80% aq .Acetone at 39.68°C 
5 ml. titrat e d with 0.008273 N NaOH 

Time Titre 10 k 
0 1.21 -
595 3.46 2.818 
1211 5-41 2.807 
1530 6.29 2.799 
1961 7.37 2.799 
2440 8.38 2.778 
2811 9.15 2.798 
3714. 10.66 2.809 
4006 11.00 2,776 
4438 11.52 2.765 
4690 11.93 2.830 
CO 15-80 -

k 
k' 

Mean k 

= 2.799 (10 readings) 
-. 2.814-(10 readings) 
= 2.806 + 0.00473 



152. 

Expt.42. p-Methoxybenzyl Chloride i n 50% ag.Acetone I I at O.QO°C 
5 ml. titrat e d with 0.008533 N NaOH 

Time l i t r e 10̂ " k 
0 1.99 -
165 2.65 5.820 
415 3.51 5-706 
585 4.05 5.751 
760 4.58 8̂ .859 
1305 5-79 5.738 
1818 6.69 5.805 
2386 7-38 5.771 
2614 7-61 5.784 
2875 7.82 5-750 
3223 8.09 5.806 
CO 9.20 -

k = 5*779 (10 readings) 
k' = 5-754 (12 readings) 

Mean k = 5-764 + 0.0099 



Expt.43 p-Methoxybenzyl Chloride in 30% aq.Acetone I I at 0.00°C 
5 ml. titrated with 0.005328 N NaOH 

Time Titre 1Q*k 
0 2 .17 -

183 3.03 5.989 
380 3.82 5.848 
560 4 .50 5.900 
753 5.10 5.799 
935 5-70 5.943 

1173 6.28 5.849 
1543 7.03 5.731 
1863 7.69 5.879 
2211 8 .19 5.873 
2600 8.65 5.870 
3025 9.04 5.855 
00 10.45 -

k = 5-867 (11 readings) 
k' = 5.878 (11 readings) 

Mean k = 5.872 + 0.0113 



154. 

Expt.44 t>-Methoxybenzyl Chloride i n 70% aq.Acetone I I I at 29.88°C 

5 ml. t i t r a t e d with 0.007657 N NaOH 
No added s a l t s . 

Time T i t r e 1 0 4 k 
0 1.09 -
145 2.30 6 .972 
290 3.40 6 .997 
441 4.49 7.134 
598 5.40 7.001 
738 6.18 7.013 
895 fc.90 6.908 

1285 8.57 7-009 
1425 9.13 7*134' 
1654 9.75 7.030 
2122 10.86 7.041 
2565 11.65 7.099 
2843 12,00 7.066 

00 13.69 -

k = 7.034 + 0.0184 (12 readings) 
k* = 7.062 + 0.0124 (10 readings) 

Mean k = 7*046 + 0.0150 



155-

Expt.45 p-Methoxybenzyl Chloride i n 70% aq.Acetone I I I at 29,85°C 
5 ml. t i t r a t e d with 0.007314 N NaOH 
Added HOI 0.01777 BT 

Time T i t r e 10 k 

0 12.15 -
127 13.20 6.908 
273 14 .30 6.916 
420 15.30 6 .921 
580 16.30 6.956 
685 16.80 6.798 
792 17-41 6.902 

1172 18.99 6.769 
1428 19.87 6.745 
1730 20.66 (6.612) 
1947 21.31 6 .790 

2097 21.68 6.866 
00 24.64 — 

k » 6.857 + 0.0224 (10 readings) 

Duplicate Experiment 
Added HC1 0.0225Q N k' = 6.756 + 0.0234 ( 9 readings) 



156. 

Expt.46 p-Methylbenzylidene Ohloride i n 50% aft.Acetone V I I I 
at 24.76°0 

5 ml. t i t r a t e d with 0.007314 N NaOH 
No added s a l t s . 

Time T i t r e 1tT k 

0 0.60 -. 

526 1.62 1.419 
1176 2.75 1*3?B 
1690 3.60 1.4®5 
2514 4*77 1,385 
3531 6.14 1*401 
3771 6.34 1 ,375 
4641 7.-39 1*402 
5585 8.20 1 .372 
6611 9.14 1.392 
7506 9.80 1-393 
8609 10.50 1.388 
ob 14;.80 -

k = 1.394 + 0.0039 (11 readings) 
k' = 1.387 # 0.0033 ( 9 readings) 

Mean k,= 1.391 + 0 .00272 
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Expt.47 p-MeTShylbenzylidene Chloride i n 50% aq.Acetone V I I I 
at 24.76°0 

5 ml. t i t r a t e d with 0.007314 N NaOH 
Added HC1 0.01545 N 

Time T i t r e 1 0 4 k 
0 10.56 -
682 11.99 1.344 

1633 13.84 1.375 
2121 14.61 1.345 
2867 15.85 . 1.366 
3518 16,78 1.363 
4058 17.50 1.363 
5266 19.00 1.380 
6466 20.18 1.375 
7684 21 .15 1.359 
8253 21.55 1.353 
9396 • 22.41. 

10218 22 .90 1.377 
00 26.90 — • 

k = 1.365 + 0.0034 (12 readings) 
Bbuplicate Experiment 
Added HC1 0.01697 k' = 1.380 + 0.0041 (10 readings) 
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CHAPTER I 

ELECTROLYTE EFFECTS IN NUCLBOPHILIC ALIPHATIC SUBSTITUTION1 

The hydrolysis of a l k y l and aralphyl halides can occur 
e i t h e r by the single stage mechanism, S^2, 

RCl + H 20 ;==^ [H^D R C l ] >ROH + H + + C l ~ 

or by the multi-stage mechanism, SJJ1 , 

RCl [ R --01 ] f = * R + + C l (slow) 

R + + HgO ROH + H + ( f a s t ) 

Since the nucleophilic reagent, water, i s present i n vast 
excess, both reactions can be expected to show f i r s t - o r d e r 
k i n e t i c s , provided that the i o n i s a t i o n of RCl i s the r a t e -
determining step i n the 3^1 process. Hughes, Ingold and 
co-workers have however pointed out that two opposing e f f e c t s 
can cause deviations from f i r s t - o r d e r k i n e t i c s i n S ^ l solvoly-

s i s 1 

The f i r s t of these, the mass-law e f f e c t , a r i s e s from 
the r e v e r s a l of the rate-determining i o n i s a t i o n by the chloride 
ions produced (step 2 ) . T h i s r e s u l t s i n a progressive 
r e t a r d a t i o n of hydrolysis, as the re a c t i o n proceeds, corres
ponding to decreasing f i r s t - o r d e r rate c o e f f i c i e n t s . The 
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addition of chloride ions w i l l enhance t h i s e f f e c t and, 
s i m i l a r l y , 11 common-anions" w i l l r e t a r d the BJJ1 reactions of 
other compounds. "Non-common-ion" e l e c t r o l y t e s cannot show 
t h i s e f f e c t . 

The second e f f e c t , the ionic-strength e f f e c t , a r i s e s 
from the s t a b i l i s a t i o n of the charged t r a n s i t i o n state i n the 
rate-determining i o n i s a t i o n by e l e c t r i c charges, an e f f e c t 
analogous to the ion-atmosphere s t a b i l i s a t i o n of ions i n 
solution. Since the hydrolysis i s accompanied by the produc
t i o n of ions, t h i s e f f e c t should enhance the rate of i o n i s a -
t i p n of RG1 and, hence, i t s rate of hydrolysis. Added 
e l e c t r o l y t e s w i l l cause further a c c e l e r a t i o n of hydrolysis by 
t h i s e f f e c t i r r e s p e c t i v e . o f whether they contain common-ions, 
or not. 

I n the unimolecular mechanism one therefore expects a 
progressive increase i n the calculated f i r s t - o r d e r rate 
c o e f f i c i e n t , due to the ionic-strength e f f e c t , superimposed on 
a progressive decrease i n the rate constant, due to the mass-
law e f f e c t . I t i s therefore evident that i n a s o l v o l y s i s 
occurring by t h i s mechanism there are three p o s s i b i l i t i e s , 

( i ) Calculated f i r s t - o r d e r rate c o e f f i c i e n t s r i s e as the 
r e a c t i o n proceeds. T h i s i s due to the ionic-strength e f f e c t 
outweighing the mass-law e f f e c t , e.g. i n the hydrolysis of 

p 
terti-butyl bromide i n aqueous acetone . 
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( i i ) Rate c o e f f i c i e n t s remain constant due to a ca n c e l l a t i o n 
of the two e f f e c t s , e.g. i n the hydrolysis of benzhydryl 
chloride i n 80% aqueous acetone . 

( i i i ) Rate c o e f f i c i e n t s f a l l due to the mass-law e f f e c t out
weighing the ionic-strength e f f e c t , e.g. i n the hydrolysis of 
p_p_1-dimethylbenzhydryl chloride and p_-methylbenzhydryl chloride 

h. 5 
i n aqueous acetone ' . 

The predicted e f f e c t s of the products of hydrolysis and of 
added e l e c t r o l y t e s are summarised i n Table 1-1. 

RC1.+ H20 r==^ [H^O -R——<3lJ — > BOB + H * C l " 

the t r a n s i t i o n state i s also subject to ion-atmosphere 
s t a b i l i s a t i o n and reac t i o n by t h i s mechanism should therefore 
a l s o show the ionic-strength e f f e c t . The magnitude of t h i s 
e f f e c f w i l l hoxvever be much smaller than i n S ^ l hydrolysis 
since the e l e c t r i c charges i n the t r a n s i t i o n state are now 
much more d i f f u s e . No mass-law e f f e c t i s possible i n S^2 
hydrolysis. 

d i s c u s s i o n i s now r e s t r i c t e d to re a c t i o n by t h i s mechanism. 

I n SJJ2 hydrolysis, 

E. 

The present i n v e s t i g a t i o n i s only concerned with the 
ef f e c t of added e l e c t r o l y t e s on S w1 hydrolysis, and the 
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TABLE 1 - 1 

PREDICTED MASS-LAW AND IONIC-STRENGTH EFFECTS IN THE 

UNIMOLECULAR SOLVOLYSIS OF AN ALKYL HALIDE 1 

Formed Ions 

Mass-Law Ionic-Strength 
(Progressive f a l l ) (Progressive r i s e ] 
( ) . ( ; 
( i n s p e c i f i c r a t e ) ( i n s p e c i f i c rate, 

"Common-ion" 
e l e c t r o l y t e 

Retardation Acceleration 

"N on-c ommon-ion" 
el e c t r o l y t e 

No e f f e c t Acceleration 

Quantitative Approach. 

Hughes, Ingold and co-workers have developed a simple 
e l e c t r o s t a t i c theory to account q u a n t i t a t i v e l y for the opera
t i o n of mass-law and ionic^strength e f f e c t s i n S ^ l reactions. 

R X 
( D 

(2) 
^ R + X 

(3) 

ROH + HH 

H 20 

I f v ^ j , Vg and v^ are the instantaneous r a t e s of stages 
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( 1 ) , (2) and (3) r e s p e c t i v e l y , then 

v1 - k l [ R X ] > v 2 - » a [ H + ] [ x 1 ' v 3 • k 3 [ R + ] 
The carbonium ion R + was assumed to be i n the stationary state 
since i t r e a c t s by e i t h e r stage (2) or stage (3) almost as 
soon as i t i s formed. 

v1 " v 2 + v 3 
The measured r a t e , 

dx v 1 v 3 
— = v, = — . .1-1 
dt 5 v 2 + v 3 

6 
Using the formalism of Polanyi, Evans and E y r i n g 

i t was shown that *S (a - x) 
^ * ' 1 - 2 1 f *T 

where f^, is. the a c t i v i t y c o e f f i c i e n t of the t r a n s i t i o n state 
and k° i s the f i r s t - o r d e r rate constant for zero i o n i c -
strength. The approximation was made that f^, d i f f e r s from 
uni t y by so much more than does the a c t i v i t y c o e f f i c i e n t of 
RX that the l a t t e r may be set equal to unity. 

The a c t i v i t y c o e f f i c i e n t , f^ , for the t r a n s i t i o n state 
of i o n i s a t i o n was then calculated. The fcransitien state was 
treated as a dipole. The surrounding ions reduce the magni
tude of t h e . e l e c t r i c a l p otential of each of the dipole charges 
thus s t a b i l i s i n g the system. 
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The t r a n s i t i o n s t a t e was regarded as two point charges 
+ ze separated "by a fi x e d distance d and surrounded by a d i l u t e 
atmosphere of point-ions of charges + e. Using the Debye-
Poisson equation for the po t e n t i a l (// at a point due to any 
c e n t r a l e l e c t r i c a l d i s t r i b u t i o n i n a d i l u t e atmosphere of 
univalent ions, i t was found that 

- - 4* Ne 4 -2, / u
 T , — i n im = ——— . A' . z a . ?- — A 

1 1000 (DT) 

where N i s Avagadro 1s number 
^u i s the ionic strength of the solution 
D i s the d i e l e c t r i c constant of the medium 
IE i s Boltzmann's constant 
T i s the absolute temperature. 

p 
Eqn.I-3 contains one unknown constant * o~ = z d. cr was 
termed the ionic-strength constant and i s a measure of the ion 
atmosphere s t a b i l i s a t i o n of the t r a n s i t i o n state i n the r a t e -
determining process. 

Eqns.I-2 and 1-3 were combined and the values of the 
u n i v e r s a l constants inserted giving 

v 1 = k°(a-x) a n t i l o g 1 0 ( 0 . 9 l 2 x 10 l 6<r yu/D 2! 2) 1-4 

The e f f e c t of i o n i c strength on stage (2) was c a l c u l a t 
ed on the ba s i s that t h i s stage i s unimolecular with respect 

it 
t o each of the p a r t i c i p a t i n g ions. The Bronsted a c t i v i t y 
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correction, f + f _ / f^ , was introduced into the r i g h t hand 
side of Eqn.I-5 

v 2 - * 2 [ E * ] [ X - ] - f±5= 4[Z+][X-] 1-5 
rT 

where k2 i s the value of k~ at zero i o n i c strength. f- , the 
c o e f f i c i e n t 

a c t i v i t y Aof the t r a n s i t i o n s t a t e , i s given by Eqn.I-3. Debye's 
l i m i t i n g law, 

2_ a* e 5 / u 

- I n f - - i n f = ; . y j . • »/ 
+ ~ J1000 k 3 / 2 (DT) 5 /2 

was used to evaluate f and f _ . These expressions were 
substituted into Eqn.I-5 and the values of the un i v e r s a l con
stants inserted giving 

T 2 - k![B+]:[r] «ta«8,0|«».912 X ^ ^ S ) - (3.63 X 

Stage (3) i s unimolecular with respect to the ion H + 

and i t was found by t r i a l to be multimolecular with respect to 
water. 

There i s a very large s p a t i a l d i s t r i b u t i o n of the posi
t i v e charge i n the t r a n s i t i o n state for the collapse of the 

c o e f f i c i e n t 
s h e l l . I t s activityAcould not therefore be calcu l a t e d by 
means of Debye's l i m i t i n g law. As the s p a t i a l d i s t r i b u t i o n 
i s increased the extra f a c t o r which enters into the Debye-

ii it 
Huckel law causes - I n f + a | c . to approach zero. The Bronsted 
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c o r r e c t i o n f a c t o r becomes f , /f.„„ = f , . The r a t e equa-
+ +aq. + ^ 

t i o n i s t h e r e f o r e 

v ? -
antilog 1 0(1.815 x 10 

On s u b s t i t u t i n g i n Eqn.I-1 f o r v^ , v 2 and v^ and 
d e f i n i n g a 0 , the mass-law constant equal t o k^/k^ , the 
f o l l o w i n g equation was obtained, 

dx 
d t 

k° ( a - x ) 

a°[x"]antilog/L -1.815 x 10 6/u^ \ + a n t i l o g 1 0 / - 0 . 9 l 2 x 10^ 6cr/u 
y D3/2 T3/2/ ^ D 2 T 

P u t t i n g A = -1.815 x 10 b(D'f) c and B = -0.912 x 10 , o(DT) 
-3A 1 6 , ^ - 2 

dx 
k° (a - x ) 

dt a°[ x~] a n t i l o g ^ Q ( A ^ u ^ ) + a n t i l o g 1 0 ( B o - ^u) 
.1-6 

which, on i n t e g r a t i o n , gives 
x 

k°t = a 0 -LLI a n t i l o g x i n A / u ^ . d x + 
(a-x) 1 0 7 

a n t i l o g y QBCT/U 
(a-x) 

. dx 

...1-7 

Combination of Eqn.1-7 w i t h the observed f i r s t - o r d e r 
r a t e c o e f f i c i e n t s gave v e r y reasonable values f o r the 
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parameters cr and a 0 f o r the S^l h y d r o l y s i s of a number of 
a l k y l and a r a l p h y l h a l i d e s i n aqueous acetone. The r e q u i r e 
ments of Eqn.I-6 were obeyed and the parameters cr and a 0 

found t o be independent of the nature of the added e l e c t r o 
l y t e , w i t h i n the l i m i t s o f experimental e r r o r . 

C onsistent w i t h the d e f i n i t i o n of the i o n i c - s t r e n g t h 
p 

c o n s t a n t , v i z . o~ = z d, t h i s parameter was found t o 
increase on passing t o compounds i n which a g r e a t e r s e p a r a t i o n 
o f charges i n the t r a n s i t i o n s t a t e o f i o n i s a t i o n was t o be 
expected, and the mass-law constant, a 0 , was found t o increase 
w i t h i n c r e a s i n g s t a b i l i t y of the carbonium i o n , R +. Hughes, 
I n g o l d and co-workers considered t h i s reasonable since a 0 

r e p r e s e n t s the r a t e of a t t a c k of common-anions on R + r e l a t i v e 
t o the r a t e of c o l l a p s e of i t s s o l v a t i o n s h e l l ; the g r e a t e r 
the s t a b i l i t y of R +, the gr e a t e r the chance t h a t a common-
anion can penetrate t h i s s o l v a t i o n s h e l l before i t c o l l a p s e s . 

The simple e l e c t r o s t a t i c treatment of Hughes and I n g o l d 
r e q u i r e s t h a t the magnitude of the i o n i c - s t r e n g t h e f f e c t i s 
independent of the nature of the e l e c t r o l y t e and depends only 
on the i o n i c s t r e n g t h of the s o l u t i o n . C o n t r a r y t o t h i s 
r e q uirement, s p e c i f i c e l e c t r o l y t e e f f e c t s have been r e p o r t e d 

7 8 9 10 on a number of occasions ' ' ' 

Hughes and I n g o l d themselves have p o i n t e d out t h a t t h i s 
approach i s s t r i c t l y o n l y a p p l i c a b l e t o very d i l u t e s o l u t i o n s , 
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analogous t o Debye's l i m i t i n g law f o r the a c t i v i t y c o e f f i 
c i e n t s of i o n s . T h i s approximation only holds t r u e a t 
i n c r e a s i n g l y lower c o n c e n t r a t i o n s as the i o n i s i n g power of 
the solvent decreases, and t h i s may account f o r some of the 

r e p o r t s of s p e c i f i c e l e c t r o l y t e e f f e c t s . 
7 

Nash and Monk have drawn a t t e n t i o n to the a s s o c i a t i o n 
o f e l e c t r o l y t e s i n s o l u t i o n t o give i o n - p a i r s which may 
a f f e c t the i o n i c s t r e n g t h of the s o l u t i o n i n a manner depending 
on the a s s o c i a t i o n constant of the e l e c t r o l y t e i n question. 
Such c o n s i d e r a t i o n s c o u l d account f o r S p i e t h and Olson's 
o b s e r v a t i o n t h a t l i t h i u m c h l o r i d e , l i t h i u m bromide and l i t h i u m 
p e r c h l o r a t e have d i f f e r e n t e f f e c t s on the r a t e of h y d r o l y s i s 
o f t e r t . - b u t y l bromide and t e r t . - b u t y l c h l o r i d e i n aqueous 
acetone and t h a t the e f f e c t of each s a l t does not var y i n the 

9 

same manner w i t h changing solvent composition . The q u a n t i 
t a t i v e arguments of Nash and Monk are however su b j e c t t o 
e r r o r s and t h e i r c o n c l u s i o n t h a t the e f f e c t of l i t h i u m , 
potassium and hydrogen bromides on the r a t e of h y d r o l y s i s of 
t e r t . - b u t y l bromide i s e q u a l l y w e l l p r e d i c t e d by the simple 
e l e c t r o s t a t i c treatment of Hughes and I n g o l d and by Moelwyn-
Hughes 1 expression 1' 1 f o r the r e a c t i o n between an i o n ( R + ) and 
a d i p o l e (H 20) cannot be maintained, f o r the f o l l o w i n g 
reasons, 
( i ) The treatment used by Nash and Monk does not take iiaifco 
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account the mass-law e f f e c t of e i t h e r the formed ions or the 
added io n s . 

( i i ) I n t e g r a t e d r a t e c o e f f i c i e n t s were compared w i t h Moelwyn-
Hughes' t h e o r e t i c a l expression, which i n v o l v e s instantaneous 
r a t e c o e f f i c i e n t s . 

( i i i ) I n order t o apply Moelwyn-Hughes1 equation, the r a t e -
d e t e r m i n i n g stage was assumed t o be the r e a c t i o n o f the 
carbonium i o n w i t h a water molecule. I f t h i s i s the case, 
t h e observed f i r s t - o r d e r r a t e c o e f f i c i e n t f o r h y d r o l y s i s i s 
n o t the same as the r a t e c o e f f i c i e n t of the r a t e - d e t e r m i n i n g 
s t e p , due t o bromide ion s r e a c t i n g w i t h the carbonium i o n s , 
and the h y d r o l y s i s r a t e would be i n v e r s e l y p r o p o r t i o n a l t o 
t h e bromide i o n c o n c e n t r a t i o n . T h i s i s however c o n t r a r y t o 
o b s e r v a t i o n , 

10 
Painberg and Winsteain i n v e s t i g a t e d the e f f e c t s of 

s e v e r a l e l e c t r o l y t e s , i n c l u d i n g l i t h i u m and diphen y l ^ y 
guanidinium acetates, l i t h i u m and diphenylguanidinium 
p e r c h l o r a t e s , l i t h i u m p_-toluenesulph<anate:and p_-toluene-
sulphonic a c i d , on the r a t e s of a c e t o l y s i s of neophyl and 
p_-methoxyneophyl h a l i d e s and a r y l s u l p h o n a t e s . Although each 
s a l t increased the r a t e , a marked s p e c i f i c i t y i n the e l e c t r o 
l y t e e f f e c t s was found. T h i s behaviour was als o observed 
when the e f f e c t of e l e c t r o l y t e s on the r a t e s of a c e t o l y s i s of 

12 
a s e r i e s o f secondary a r y l s u l p h o n a t e s was s t u d i e d . Since 
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both a d d i t i o n of e l e c t r o l y t e t o a solvent and gross v a r i a t i o n 
o f solvent are medium changes, a p a r a l l e l i s m between the 
responses of v a r i o u s s t r u c t u r e s t o e l e c t r o l y t e and solvent 
composition was expected. I t was i n f a c t found t h a t changing 
R i n the s o l v o l y s i n g m a t e r i a l RX from neophyl t o p_-methoxy-
neophyl reduced both the magnitude of the e l e c t r o l y t e e f f e c t s 
and the s e n s i t i v i t y t o gross solvent v a r i a t i o n . This 
p a r a l l e l i s m was not observed however when the l e a v i n g group X 
o f RX was changed. 

The e f f e c t of l i t h i u m p e r c h l o r a t e was i n v e s t i g a t e d over 
a. range of s a l t c o n c e n t r a t i o n s and a l i n e a r r e l a t i o n s h i p , 
Eqn.I-8, was found between the s o l v o l y s i s r a t e constant, k, 
and the molar c o n c e n t r a t i o n of l i t h i u m p e r c h l o r a t e up t o a 
c o n c e n t r a t i o n of 0.06 M. l i t h i u m p e r c h l o r a t e . T h i s was 
designated a "normal" s a l t e f f e c t . 

k = k° (1 + bx) 1-8 

where k° i s the s o l v o l y s i s r a t e constant a t zero s a l t 
c o n c e n t r a t i o n 

b i s a constant, equal t o the percentage increase i n 
r a t e constant over k° per 0.01 M. increment of 
LiC 10^ 

x i s the c o n c e n t r a t i o n of LiClO^. 
1 The expression used by Hughes, I n g o l d and co-workers 
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f o r e l e c t r o l y t e e f f e c t s in. s o l v o l y s i s i n media of considerably 
h i g h e r d i e l e c t r i c constant than t h a t of a c e t i c a c i d , Eqn.I - 9 , 
p r e d i c t s a l i n e a r dependence of l o g k on. the molar concentra
t i o n of the added e l e c t r o l y t e . 

log k = log k° + 0-912 * K ^ V / u j _ 9 

DV 
where D i s the d i e l e c t r i c constant of the s o l v e n t 

T i s the absolute temperature 
^u i s the i o n i c s t r e n g t h , or molar c o n c e n t r a t i o n f o r 

u n i - u n i v a l e n t e l e c t r o l y t e s 
cr i s the i o n i c - s t r e n g t h constant. 

I t was found by Fainberg and W i n s t e i n t h a t t h i s 
e xpression was i n f e r i o r t o Eqn.I-8 f o r p r e d i c t i n g the e f f e c t 
o f l i t h i u m p e r c h l o r a t e i n a c e t o l y s i s . 

As a r e s u l t of t h e i r experiments on a c e t o l y s i s , 
W i n s t e i n and co-workers proposed an e l a b o r a t i o n of the SJJ1 

13 
mechanism . These authors considered t h a t i n a h e t e r o l y s i s 
o f t h i s t y p e , two types of i o n - p a i r s are concerned as meta-
s t a b l e i n t e r m e d i a t e s p r i o r t o the f o r m a t i o n of the f u l l y 
developed carbonium i o n ; the f i r s t an " i n t e r n a l " i o n - p a i r i n 
which no solvent molecules are i n t e r p o s e d between the i o n s ; 
t h e second an " e x t e r n a l " i o n - p a i r , where a small number of 
s o l v e n t mockecules are i n t e r p o s e d between the i o n s . 
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I I I I I I IV 

I n t e r n a l 
i o n - p a i r 

E x t e r n a l 
i o n - p a i r 

D i s s o c i a t e d 
i o n s . 

RX RV/ X R X 

RQS 

^ R + + X" 

I n g e n e r a l , a l l thaiee v a r i e t i e s of carbonium i o n I I , I I I and 
IV may lead t o the s o l v o l y s i s product R0S. The r e t u r n t o 
t h e covalent RX, accompanying a c e t o l y s i s , may be from any of 
t h e i o n i c stages, I I , I I I or IV. 

14 
Fainberg and W i n s t e i n found t h a t the a d d i t i o n of 

l i t h i u m p e r c h l o r a t e i n the a c e t o l y s i s o f 2 - a n i s y l e t h y l 
g-toluenesulphonates gave r i s e t o a two-stage a c c e l e r a t i o n o f 
r a t e : ( i ) an i n i t i a l v e r y steep r i s e i n the f i r s t - o r d e r 
s o l v o l y s i s r a t e constant a t low c o n c e n t r a t i o n s of l i t h i u m 
p e r c h l o r a t e ("Ispecial" s a l t e f f e c t ) ; ( i i ) a subsequent small 
increase i n the r a t e constant v i r t u a l l y l i n e a r w i t h s a l t 
c o n c e n t r a t i o n a t somewhat higher l i t h i u m p e r c h l o r a t e concen
t r a t i o n s ("normal" s a l t e f f e c t ) . S p e c i a l s a l t e f f e c t s , 
which are found t o occur only w i t h systems g i v i n g r i s e t o the 
l o n g e r - l i v e d carbonium i o n species, e.g. c h l o l e s t e r y l and 

15 
2-(2,4-dimethoxyphenyl)-ethyl a r y l s u l p h o n a t e s % were regarded 
as being due t o the e l i m i n a t i o n of a s u b s t a n t i a l i o n - p a i r 
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r e t u r n by the s a l t . The l a c k of s p e c i f i c i t y i n the magnitude 
o f the s p e c i a l s a l t e f f e c t produced by d i f f e r e n t s a l t s showed 
t h a t the same f r a c t i o n of i o n - p a i r r e t u r n i s e l i m i n a t e d i n the 
s p e c i a l s a l t e f f e c t by a l l s a l t s . 

S p e c i a l s a l t e f f e c t s i n the a c e t o l y s i s o f threo-5-p-
a n i s y l - 2 - b u t y l benzenesulphonates were s t u d i e d i n order t o 
determine whether a l l or only p a r t of i o n - p a i r r e t u r n was 

16 
e l i m i n a t e d i n t h i s system . The f r a c t i o n of i o n - p a i r r e t u r n 
b e i n g e l i m i n a t e d i n the s p e c i a l s a l t e f f e c t was obtained by 
observing the e f f e c t of l i t h i u m p e r c h l o r a t e on the gap between 
the r a t e s of i o n i s a t i o n and s o l v o l y s i s . I t was found t h a t 
t h e s p e c i a l s a l t e f f e c t o n l y p a r t l y closes the gap and t h e r e 
f o r e i o n - p a i r r e t u r n i s only p a r t l y e l i m i n a t e d by t h i s e f f e c t . 
T h i s was i n t e r p r e t e d on the basis t h a t the s p e c i a l s a l t e f f e c t 
e l i m i n a t e s e x t e r n a l i o n - p a i r r e t u r n (from the e x t e r n a l i o n -
p a i r I I I ) due t o a t r a p p i n g of R+// X~ as a quadruple w i t h 
Li +C10^~, thereby p r e s e r v i n g i t f o r r e a c t i o n w i t h the s o l v e n t . 
I n t e r n a l r e t u r n ( f r o m the i n t e r n a l i o n - p a i r I I ) i s however 
s t i l l p e r m i t t e d . 

S p e c i a l s a l t e f f e c t s observed i n the a c e t o l y s i s of 
2-p_-anisyl-1-propyl p_-toluenesulphonate were i n t e r p r e t e d i n a 
s i m i l a r w a y ^ 

18 
Hughes, I n g o l d and co-workers have c r i t i c i s e d 

W instein's scheme as i t assumes the complete d i s s o c i a t i o n of 
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an e l e c t r o l y t e i n a p o o r l y i o n i s i n g s o l v e n t and Bensley and 
1 Q 2 0 Kohnstam and Kohnstam and S h i l l a k e r have shown t h a t the 

e f f e c t of mixed c h l o r i d e s and bromides i n the S j j l h y d r o l y s i s 
o f dichlorodiphenylmethane i s c o n s i s t e n t w i t h the e l e c t r o 
s t a t i c treatment of Hughes and I n g o l d and argues s t r o n g l y 
a g a i n s t the i n t e r v e n t i o n of i n t e r n a l or e x t e r n a l i o n - p a i r s 
f o r r e a c t i o n w i t h 70% or 75% aqueous acetone. 

Q 
Lucas and Hammett found s p e c i f i c s a l t e f f e c t s i n the 

SJJ1 h y d r o l y s i s of t e r t . - b u t y l n i t r a t e i n aqueous dioxan. 
Anions a f f e c t e d the r a t e i n the order C10^~ ^>N0^~ ̂ > C l ~ y> OH 
the l a t t e r a c t u a l l y causing a depression of the r a t e . They 
i n t e r p r e t e d t h e i r r e s u l t s by assuming d i f f e r i n g degrees of 
s o l v a t i o n of these ions by the water i n the s o l v e n t . The 
so l v e n t composition was considered t o change as a r e s u l t of 
t h i s s o l v a t i o n , and i t was of course w e l l known t h a t S-̂ 1 
r e a c t i o n s are h i g h l y s e n s i t i v e t o changes i n the solvent 
composition. Thus 0H~ i o n s , which were regarded as the most 
s t r o n g l y s o l v a t e d , 'dry' the solvent t o such an ex t e n t t h a t 
the r e s u l t i n g decrease i n r a t e i s more than enough t o counter 
balance the increase i n r a t e t o be expected from the i o n i c -
s t r e n g t h e f f e c t . The f r e e z i n g p o i n t s of e l e c t r o l y t e s i n 
aqueous dioxan and analyses of the s o l i d phases, gave q u a l i 
t a t i v e support t o t h e i r views. Recent work on the a c t i v i t i e 
o f the solvent components of water-dioxan mixtures i n the 
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presence of e l e c t r o l y t e s has confirmed Lucas and Hammett's 
view of a d i f f e r e n t i a l s o l v a t i o n of ions though i t now appears 
t h a t s o l v a t i o n of both solvent components must be taken i n t o 

21 
account 

Benfey, Hughes and I n g o l d , w h i l e acknowledging the 
p l a u s i b i l i t y of Lucas and Hammett's views, showed t h a t d i f f e r 
e n t i a l s o l v a t i o n of ions could not account f o r the "common-
i o n " e f f e c t i n S^1 s o l v o l y s i s t o the e x c l u s i o n of the mass-lav/ 

22 

e f f e c t ; c h l o r i d e ions r e t a r d the h y d r o l y s i s o f benzhydryl 
c h l o r i d e w h i l e bromide ions a c c e l e r a t e i t but r e t a r d the 
h y d r o l y s i s of benzhydryl bromide. These authors confirmed 
Lucas and Hammett's observations on the e f f e c t of 0H~ ions b ut 
regarded t h i s as a s p e c i a l case, a p p l i c a b l e t o l y a t e ions 
o n l y = The OH ions were considered t o d i s t r i b u t e t h e i r 
charge by p r o t o n s h i f t s over a number of solvent molecules. 
The d i s t r i b u t e d p r o t o n d e f e c t i n the solvent then impairs the 
s o l v a t i o n of the f o r m i n g h a l i d e i o n more than i t a i d s the 
s o l v a t i o n of the developing carbonium i o n . T h i s would be 
l i k e l y t o reduce the r e a c t i o n r a t e . 

I n t e r e s t i n t h i s problem.arose from the work described 
i n P a r t I . The r a t e of h y d r o l y s i s of p_-methoxybenzyl c h l o r i d e 
was found t o depend t o some extent on the c o n c e n t r a t i o n of 
the h a l i d e . I t was thought t h a t t h i s could have a r i s e n from 
a combination of mass-law and i o n i c - s t r e n g t h e f f e c t s , as had 



180. 

already been demonstrated for s i m i l a r observations i n the 
1°/ 

hy d r o l y s i s of dichlorodiphenylmethane . Experiments with 
added sodium chloride (a common-ion s a l t ) and sodium 
perchlorate^ (a non-common-ion s a l t ) led to values for the 
mass-law and ionic-strength constants which predicted that 
the integrated, f i r s t - o r d e r r a t e c o e f f i c i e n t s i n the reaction 
with the pure solvent should decrease as the r e a c t i o n proceeds. 
Constant r a t e c o e f f i c i e n t s were however observed under these 
conditions and i t was therefore decided to investigate the 
e f f e c t s of a v a r i e t y of e l e c t r o l y t e s i n hydrolysis i n 
more d e t a i l . Preliminary work was c a r r i e d out using 
pj-methoxybenzyl chloride but most of the measurements were 
c a r r i e d out using benzhydryl chloride since t h i s compound i s 

24 
s t e r i c a l l y unfavourable to bimolecular attack and therefore 
permitted the use of a wider range of e l e c t r o l y t e s . A l l the 
work was c a r r i e d out i n 70% aqueous acetone, where ion-pair 
a s s o c i a t i o n i s n e g l i g i b l y small for most strong e l e c t r o 
l y t e s 2 5 , 7 . 

/ Sodium bromide could not be used because of the danger 
of bimolecular attack by the bromide ions. 
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CHAPTER I I 

ELECTROLYTE EFFECTS IN 8^1 HYDROLYSIS 

p-Methoxybenzyl Chloride i n 70% acetone. 

The s o l v o l y s i s of p_-methoxybenzyl chloride i n 70% 
acetone was studied at 2°/.88°C i n the presence of 0.05 W. 
NaClO^, 0.05 M. NaCl and i n the absence of added e l e c t r o l y t e s . 
The data obtained are shown i n Table I I - 1 . The f i r s t - o r d e r 
integrated fate c o e f f i c i e n t s i n the absence of added e l e c t r o 
l y t e s were found to remain constant as the re a c t i o n proceeded. 
Thi s means that, even though i n the absence of added e l e c t r o 
l y t e s mass-law and ionic-strength e f f e c t s both operate, due 
to the formed ions, these e f f e c t s must balance. V e r i f i c a t i o n 
of t h i s was sought by studying the re a c t i o n i n the presence of 
NaClO^, which led to o~ , the ionic-strength constant, and 
also i n the presence of NaCl, which gave a 0 , the mass-law 
constant. This procedure assumes that the value of a" i s 
independent of the nature of the added e l e c t r o l y t e . The 
methods by which o~ and o° were obtained are given i n 
Chapter IV; for these c a l c u l a t i o n s mean quantities through-

Q 
out a run were used. The values obtained were o~ = 2 x 10" , 
a 0 = 16. Substitution of these values into Eqn.I-7 however 
showed that the integrated f i r s t - o r d e r rate c o e f f i c i e n t s should 
decrease by more than 7% over the course of a k i n e t i c run i n 
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TABLE I I - 1 

ELECTROLYTE EFFECTS IN THE HYDROLYSIS OF p-KETHOXY-

BENZYL CHLORIDE IN 70% AQUEOUS ACETONE AT 29.88°C. 

Added 
E l e c t r o l y t e 

E l e c t r o l y t e 
Concn. 1 o \ ( s e c T 1 ) 

% change i n r a t e f o r 
0.05 M. e l e c t r o l y t e 

- - 7-045 -
NaClO^ 0.04984 8.212 -:1:.*36.6 + 0.46 
NaCl 0.05008 6.013 -14.6 + 0.23 

% change i n r a t e f o r 
0.02 M. e l e c t r o l y t e 

NaCl 0.02039 6.594 - 6.4 + 0.48 
HC1 0.02013 6.829 - 3 .1 + 0 .29 

TABLE I I - 2 

ELECTROLYTE EFFECTS IN THE HYDROLYSIS OF p-METHOXY-
BENZYL CHLORIDE IN $0% AQUEOUS ACETONE AT 0 = 00°C* 

Added 
E l e c t r o l y t e 

E l e c t r o l y t e 
Concn. 1(Ac ( sec7 1 ) 

% change i n r a t e f o r 
0.05 M. e l e c t r o l y t e 

- - 1.690 -
NaClO^ 0.05005 1.970 +16.6 + 0.25 

NaCl 0.05010 1.511 -10 .6 + 0 .21 
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the absence of added e l e c t r o l y t e . T h i s i s i l l u s t r a t e d i n 
Table I I - 3 where i t can be seen t h a t such a v a r i a t i o n i s 
o u t s i d e the l i m i t s of experimental e r r o r . I t must t h e r e f o r e 
be concluded t h a t the e l e c t r o l y t e e f f e c t s noted i n t h i s 
i n v e s t i g a t i o n cannot be accounted f o r e n t i r e l y u s i n g the 
Hughes-Ingold approach, which assumes t h a t the i o n i c - s t r e n g t h 
e f f e c t i s independent of the nature of the e l e c t r o l y t e . 
C o n f i r m a t i o n of t h i s c o n c l u s i o n also a r i s e s from the f a c t 
t h a t f o r a given e l e c t r o l y t e c o n c e n t r a t i o n , HC1 and NaCl do 
n o t have the same e f f e c t on the r a t e (Table I I - 1 ) . 

A p o s s i b l e method of accounting f o r the present obser
v a t i o n s i n v o l v e s assuming t h a t the magnitude of the i o n i c -
s t r e n g t h e f f e c t depends on the nature of the e l e c t r o l y t e . 
The reasons f o r t h i s w i l l be discussed l a t e r . I f t h i s view 
i s c o r r e c t , Eqn.I-7 w i l l s t i l l h o l d provided o~ i s allowed t o 
v a r y w i t h the s a l t added. On t h i s view the o b s e r v a t i o n t h a t 
t h e a c c e l e r a t i n g e f f e c t of NaClO^ i s v i r t u a l l y independent of 
temperature (see Tables I I - 1 and I I - 2 ) i s f u l l y i n accordance 
w i t h the Hughes-Ingold approach since i t can r e a d i l y be shown 
from Eqn.I-7 t h a t the magnitude of the i o n i c - s t r e n g t h e f f e c t , 
i n the present s o l v e n t , changes l i t t l e w i t h temperature. 
S i m i l a r l y the decrease i n the r e t a r d i n g e f f e c t of NaCl w i t h 

decreasing temperature i s f u l l y i n accordance w i t h previous 
o 19*20.21 

observations t h a t a has a p o s i t i v e temperature c o e f f i c i e n t . 
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TABLE I I - 3 -

OBSERVED AND CALCULATED INTEGRATED FIRST-ORDER COEFFI

CIENTS FOR HYDROLYSIS OF p-METHOXYBENZYL CHLORIDE IN 

70% ACETONE IN ABSENCE OF ADDED ELECTROLYTES 

Time 
(sec.) 

a 10 4k obs. h. 
10 k c a l c . Time 

(sec.) a - x (sec.'^) (sec."^) 

145 1.106 6 . 9 7 2 7-301 
2 9 0 1.224 6.997 7 . 2 3 7 

441 1.369 7 . 1 3 4 7 .168 
598 1 . 5 2 0 7.001 7 - 1 3 8 

7 3 8 1.678 7.013 7 . 0 9 9 

895 1 . 8 6 6 6 .908 7-124 
1285 2.461 7.009 6.960 
1425 2.763 7-134 6.968 
1654 3.198 7.030 6.944 
2122 4.452 7-041 6.873 
2565 6.176 7 . 0 9 9 6.797 
2843 7-456 7.066 6.779 
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Although thece i s a s l i g h t r e t a r d i n g e f f e c t by the 
HC1, the temperature-dependence of t h i s e f f e c t i s so small 
t h a t i t has l i t t l e i n f l u e n c e on the values of the a c t i v a t i o n 
energies and hence on the dE/dT v a l u e s , which were o f such 
importance i n Pa r t I . 

Benzfaydryl C h l o r i d e i n 70% acetone. 

E l e c t r o l y t e e f f e c t s i n the s o l v o l y s i s o f benzhydryl 
c h l o r i d e i n 70% acetone were i n v e s t i g a t e d , f o r reasons 
a l r e a d y discussed i n Chapter I , The r e s u l t s obtained using 
approximately 0.05 M. e l e c t r o l y t e s , w i t h the exception of 
HC1, NaCl and L i C l , where the c o n c e n t r a t i o n was approximately 
0.02 M. , are given i n Table F u l l d e t a i l s of the 
methods of c a l c u l a t i o n used are give n i n Chapter IV. For 
experiments w i t h HC10 4, HNOj, NaNj, NaNO^ and (CH^^NF the 
r a t e of f o r m a t i o n of c h l o r i d e i o n was f o l l o w e d ; f o r runs 
w i t h NaC10 4, LiClO^, CsBr, ( C H ^ N B r , NaBr, L i B r , HC1, NaCl 
and L i C l , the development o f a c i d i t y i n the s o l u t i o n was 
noted (see Chapter I V ) . When the added e l e c t r o l y t e i s a 
c h l o r i d e , t he mass-law e f f e c t operates and these r e s u l t s are 
t h e r e f o r e considered s e p a r a t e l y . 

I t can be seen i n Table I I - 4 t h a t d i f f e r e n t e l e c t r o 
l y t e s have d i f f e r e n t e f f e c t s on the r a t e s ; HCIO^ being the 
most s t r o n g l y a c c e l e r a t i n g and (CHO^NF a c t u a l l y r e t a r d i n g 
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TABLE I I - 4. 
ELECTROLYTE EFFECTS IN THE HYDROLYSIS Off BENZHYDRYL 

. CHLORIDE IN 7 0 % AQUEOUS ACETONE AT 24.80°C 

AcMlied E l e c t r o l y t e „ . % change i n r a t e f o r 
E l e c t r o l y t e Concn. 1 0 k(sec7 ) 0 . 0 5 M. e l e c t r o l y t e 

— — 4.386 — 

HC104 0.04686 5 - 2 9 1 + 2 1 . 1 + 1.06 
H N 0 5 0 . 0 4 9 5 2 5 . 2 2 5 + 1 9.3 + 0 . 7 1 

NaNj 0 . 0 5 0 2 1 5-170 +17.8 + 0.55 
NaNO? 0 . 0 5 1 3 7 5 - 0 7 8 +15-3 + 0 . 8 7 

NaC 10 0 . 0 5 0 1 9 5 . 0 5 0 + 1 5 - 1 + 0 . 2 1 

LiClO^ 0.04610 4.975 +14.5 + 0.19 
CsBr 0.04997 4.793 + 9.3 + 0 . 2 7 

(CH 5) 4NBr 0.04695 4.767 + 9.3 + 0 . 2 3 

NaBr 0 . 0 5 0 2 0 4.E65 + 8 . 6 + 0.24 
L i B r 0 . 0 5 0 1 0 4.685 + 6.7 + 0.29 
(CH 3) 4NF 0.04293 4.211 - 4.7 + 0.60 

HC1 0.02131 4.326 - 3 . 2 ' + 0 . 5 1 

NaCl 0.01937 4.255 - 7-7 / + 0.30 
L i C l 0.01703 4 . 2 7 3 - 7.7^ + 0.31 

/ C a l c u l a t e d on the assumption t h a t the e f f e c t of 
'eommon-ion' e l e c t r o l y t e s on the r e a c t i o n r a t e obeys 
a l i n e a r r e l a t i o n s h i p (see Table I I - 1 ) . 
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the r a t e - d e t e r m i n i n g i o n i s a t i o n . 

Examination of the r e s u l t s shows t h a t the e f f e c t s of 
t h e v a r i o u s anions and c a t i o n s are a d d i t i v e . T h i s i s i l l u s 
t r a t e d i n Table where i t can be seen t h a t w i t h i n the 
l i m i t s of experimental e r r o r , the d i f f e r e n c e between the e f f e c t 
o f an e l e c t r o l y t e and i t s corresponding sodium salt.' i s always 
•fche same i r r e s p e c t i v e of the nature of the anion and t h a t 
s i m i l a r c o n s i d e r a t i o n s apply t o d i f f e r e n c e s between c h l o r i d e s 
and other anions i r r e s p e c t i v e of the nature of the c a t i o n . 

I t may be observed t h a t of a l l the c a t i o n i c species 
examined, H + ions have the g r e a t e s t a c c e l e r a t i n g e f f e c t on 
the r a t e w h i l e the others ( i . e . a l k a l i metals and (CH^)^N +) 
behave i n a s i m i l a r manner. I t i s a l s o noteworthy t h a t a z i d e , 
n i t r a t e and p e r c h l o r a t e ions increase the r a t e of i o n i s a t i o n 
g r e a t l y w h i l e f l u o r i d e and c h l o r i d e ions e x e r t r e t a r d i n g 
e f f e c t s , although i n the l a t t e r case t h i s i s most probably due 
t o the o p e r a t i o n of the mass-law e f f e c t . Some doubt must be 
expressed r e g a r d i n g the v a l i d i t y o f r e s u l t s obtained f o r the 
bromides since i t i s p o s s i b l e t h a t the bromide ions r e a c t w i t h 
the formed carbonium i o n s . T h i s p o i n t i s discussed more 
f u l l y i n Chapter IV. 

The d i f f e r e n c e s between the e f f e c t s of NaClO^ and 
NaCl and a l s o between the e f f e c t s of HC1 and NaCl are found 
t o be g r e a t e r f o r p_-methoxybenzyl c h l o r i d e than f o r benzhydryl 
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c h l o r i d e (see Table I I - 6 ) . A p l a u s i b l e e x p l a n a t i o n f o r the 
former o b s e r v a t i o n i s t h a t the p_-methoxy compound has l a r g e r 
v alues t h a n benzhydryl c h l o r i d e f o r the i o n i c - s t r e n g t h and 
mass-law constants. The l a t t e r o b s e r v a t i o n i n d i c a t e s t h a t 
t h e s p e c i f i c i t y of the added e l e c t r o l y t e i s more pronounced 
i n the case of the p_-methoxy compound. 

TABLE I I - 6. 
COMPARISON OF DIFFERENCES IN ELECTROLYTE EFFECTS IN 
HYDROLYSIS OF BENZHYDRYL CHLORIDE AND p-METHOXYBENZYL 

CHLORIDE IN 70% ACETONE 

(D i f f e r e n c e s r e f e r t o percentage change i n r a t e due t o 
a d d i t i o n of 0.05 M. e l e c t r o l y t e ) 

Compound Temp. (NaClO^) - (NaCl) (HC1) - (NaCl) 

Benzhydryl 24.80 +22.8 + 0 . 4 + 4 . 5 + 0 . 6 
c h l o r i d e ~~ 

p_-Methoxybenzyl 29.88 +31.2 + 0.5 +8.2 + 0.6 
c h l o r i d e 
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CHAPTER I I I 

DISCUSSION 

Possible explanations t o account f o r the s p e c i f i c 
e l e c t r o l y t e e f f e c t s observed i n the SN1 h y d r o l y s i s of 
p_-methoxybenzyl and benzhydryl c h l o r i d e s , r e a c t i o n s where 
i o n i c - s t r e n g t h e f f e c t s operate, w i l l now be discussed. 

A s s o c i a t i o n between the e l e c t r o l y t e ions seems 
u n l i k e l y t o be r e s p o n s i b l e f o r two reasons; f i r s t l y , the 
observed a d d i t i v i t y of the e f f e c t s of ions would not be 
expected and secondly, the negative e f f e c t of the f l u o r i d e 
i o n could not be accounted f o r on t h i s b a s i s . 

The suggestion of Lucas and Hammett (see Chapter I ) 
t h a t the s p e c i f i c i t y o f s a l t e f f e c t s i s due t o a v a r y i n g 
a f f i n i t y of the d i f f e r e n t ions f o r water, thus g i v i n g a 

g 
decreased a c t i v i t y on the p a r t of the water , i s a d i s t i n c t 
p o s s i b i l i t y and an a d a p t a t i o n of t h i s approach w i l l now be 
used i n an attempt t o e x p l a i n the e f f e c t s observed i n the 
present i n v e s t i g a t i o n . 

( Q u a l i t a t i v e Approach. 

When the problem i s considered i n a q u a l i t a t i v e 
manner, small ions are expected t o be more h i g h l y s o l v a t e d 



191. 

than l a r g e ions by water and the former should t h e r e f o r e e x e r t 
t h e g r e a t e s t r e t a r d i n g e f f e c t . Data f o r the anion s e r i e s 
support t h i s p r e d i c t i o n (see Table I I I - 1 ) ; the l a r g e s t 
a c c e l e r a t i o n i s observed f o r the l a r g e s t i o n s , v i z . p e r c h l o r a t e ; 
n i t r a t e and azi d e , w h i l e f o r the f l u o r i d e i o n , the smallest 
i o n , a r e t a r d a t i o n a c t u a l l y occurs. The l a r g e e f f e c t of the 
anions i s perhaps r a t h e r s u r p r i s i n g ! s i n c e i n water anions are 
regarded as l e s s s t r o n g l y s o l v a t e d than c a t i o n s . When the J 

c a t i o n s are considered, the size of the i o n seems t o have , 
l i t t l e e f f e c t ; on going from the l i t h i u m t o the t e t r a m e t h y l -
ammonium i o n , l i t t l e change i n r a t e i s found. The hydrogen 
i o n , which i s u s u a l l y regarded as b e i n g f a i r l y s t r o n g l y 
s o l v a t e d and which should t h e r e f o r e be s t r o n g l y r e t a r d i n g , i s 

i 
however found t o be the best a c c e l e r a t i n g i o n . 

:J 
21 1] 

Recent work by Baughman, Grunwald and Kohnstam 
suggests t h a t i n a d d i t i o n t o s o l v a t i o n o f the ions by water, 
s o l v a t i o n by the organic component should also be taken i n t o 
account and i t i s p o s s i b l e t h a t the behaviour of c a t i o n s , 
noted above, can be accounted f o r i n t h i s way. 
Q u a n t i t a t i v e Treatment. 

The approach o u t l i n e d above w i l l now be discussed i n 
a q u a n t i t a t i v e manner. 

I f the e l e c t r o l y t e i s s o l v a t e d , the i r u e composition 
A 
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of the s o l v e n t (mole f r a c t i o n of water, x j p i s not the same 
as the f o r m a l composition ( f o r m a l mole f r a c t i o n o f water, x^) 
which does not take t h i s s o l v a t i o n i n t o account. The e f f e c t 
o f an e l e c t r o l y t e , c o n c e n t r a t i o n c, on the f i r s t - o r d e r r a t e 
o f s o l v o l y s i s , k, can t h e r e f o r e be considered t o r w s u l t from 
an e f f e c t a t constant s o l v e n t composition, xj| j and a c o n t r i 
b u t i o n from the change i n xj^ caused by the s o l v a t i o n of the 
added e l e c t r o l y t e . 

Hence, f o r r e a c t i o n s w i t h a g i v e n s o l v e n t 

d I n k fain k\ . /Sin k\ ^1 
MX \ 3x' k , I I I - 1 dc \ dc M\ \ o-x.^ h dc 

The f i r s t term on the r i g h t hand side o f t h i s equa
t i o n i s assumed t o be g i v e n by the e l e c t r o s t a t i c t h e o r y o f 

1 
Hughes, I n g o l d and co-workers and r e p r e s e n t s the i o n i c -
s t r e n g t h e f f e c t proposed by these workers; hence 

/dlnjA = A ^ ^ w i t h A = 2.10 x 10 1 6/DV 
\ ^c /xjj 

where o- i s the i o n i c - s t r e n g t h c o n s t a n t , D the d i e l e c t r i c 
c o nstant o f the solvent and T the absolute temperature. 

As a f i r s t approximation i t i s assumed t h a t the e f f e c t 
o f a change i n the so l v e n t composition on the r a t e i s the same 
i n the presence of e l e c t r o l y t e s as i n t h e i r absence. Hence 

/ S i n k\ = /Sin kV m /d I n k\ 
V ̂  I ~ \ *X1 Lo \ DX1>U 
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since =. x^ a t zero e l e c t r o l y t e c o n c e n t r a t i o n . 

I f the s o l v a t i o n of the e l e c t r o l y t e i s independent 
o f i t s c o n c e n t r a t i o n , a reasonable assumption f o r d i l u t e 
s o l u t i o n s 

dxj_ _ / d x j \ 
d c \ d c / c = o 

= l n a l / a ^ \ . dm . / D X1 
dm / d,c 'c=o ,d l n a 1 / a 2 / c = o 

since xjj = x^ when c = 0; a^ and a 2 are the a c t i v i t i e s of the 
water and the organic component of the solvent r e s p e c t i v e l y 
and m i s the m o l a l i t y of the e l e c t r o l y t e . 

A p p l i c a t i o n of these c o n s i d e r a t i o n s t o Eqn.111-1 
y i e l d s 

d I n k A ( J /d I n k\ dm ^ 1 dc. \ dx^ yfc=o d'c 

= ACT + * ' ( D L N A1 /A2) i u - J 
\ d m /c-o 

where the constant B' represents the f i r s t t h r e e f a c t o r s of 
the l a s t term and i s independent of the nature or concentra
t i o n of the e l e c t r o l y t e . 

2 7 
Grunwald and B a c a r e l l a ' have shown t h a t the term 

/d l n a^/a^ 
V dm y c = o 

can be obtained from experimental measurements 

and t h a t i t i s r e l a t e d t o the mean i o n i c standard chemical 
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p o t e n t i a l , , of the e l e c t r o l y t e by the expression 

2 M 1 2 d /u+° d I n a.^/a^2 

c=o 1000R T dx 1 

where = x ^ M ' j + X2 M2» t n e m o ^ a r w e i S n - t of the b i n a r y 
s o l v e n t . 

S u b s t i t u t i o n i n E q n . I I I - 2 y i e l d s 
d 0 

d - l n j c = A O - + B . I I I - 3 
dc dx^ 

2 M 2 

where S = — — B' 
1000 R T 

On t h i s view s p e c i f i c s a l t e f f e c t s are t o be expected 
i f the value of d^u+°/dx^ depends on the nature of the e l e c t r o 
l y t e , and i t has been shown t h a t t h i s i s indeed the case f o r 

21 
s o l u t i o n s i n 50% aqueous dioxan 

U n f o r t u n a t e l y , no r i g o r o u s t e s t of E q n . I I I - 3 i s 
p o s s i b l e since values of d^u+°/dx^ are only a v a i l a b l e f o r 50% 

dioxan. These values are compared i n Table I I I - 1 w i t h 
d I n k/dc' f o r 70% acetone; i o n i s e d c h l o r i d e s are l i s t e d 
/ Since f o r i o n i c - s t r e n g t h e f f e c t s , a l i n e a r r e l a t i o n s h i p 

holds between I n k and c",»28j t h e n , t o a f i r s t approximation 
d I n k = I n k(0.05) - I n k Q 

dc 0.05 
where k(0.05) i s the r a t e constant i n the presence of 0.05 M 
e l e c t r o l y t e and ko i s the r a t e constant i n the absence of 
added e l e c t r o l y t e . 
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TABLE I I I - 1 

CORRELATION OF KINETIC DATA FOR HYDROLYSIS OF BENZHYDRYL 
CHLORIDE IN 70% ACETONE WITH VALUES OF d y U + V d x ^ A N D 

LOG f 3 0 . 

Added 

E l e c t r o l y t e 

Percentage Change 
i n Rate Produced 

by 0.05 M 
E l e c t r o l y t e 

d l n k 
dc 

9 d-/u+° 
dx 1 

( k c a l ) 
50%dioxan 25 C 

l o g f 

HC10 4 

HN03 

21.1 
19.3 

3.84 
3.53 

+ 0.6 
* 

- 4.6 
-0.041 

<-0.048^ 
NaN^ 17.8 3.27 - -
NaNOj 15.3 2.85 - 9.8 0.119 
NaClO^ 15.1 2.81 - 4.0 0.103 
LiClO^ 14.5 2.73 + 

- 2.4 -
CsBr 9.3 1.77 -10.0* -

(CH 3) 4NBr 
NaBr 

9.3 
8.6 

1.77 
1.65 

-11.0* 
-11.3* 

-0.24 
0.155 

KBr - - -11.3 -
L i Br 6.7 1.32 * 

- 9.0 
-

(CH 3) 4NF -4.7 -0.95 -
If1 it* 

0.255 

HC1 -3.2 -0.65 - 7.9 -0.048 
RbCl - - -13.2 -
CsCl -6.0* -1.27 -12.5 

(CH 3) 4NC1 -6.0* -1.27* -13-5 -
L i C l -7-7 -1.54 -11.5 0.145 
NaCl -7-7 -1.57 . -13-8 0.195 
KC1 - - -13-8 -
/ » * » * * ; - For f o o t n o t e s see page 196. 
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s e p a r a t e l y i n t h i s t a b l e since t h e i r presence r e s u l t s i n the 
o p e r a t i o n of r e t a r d i n g mass-law e f f e c t s which are not taken 
i n t o account by E q n . I I I - 3 . I t can be seen t h a t q u a l i t a t i v e l y 
d I n k / dc decreases w i t h decreasing d / U + ° / dx^ and i t may 
w e l l be t h a t much b e t t e r agreement would have been obtained 
i f the values of the two parameters had been a v a i l a b l e f o r the 
same s o l v e n t . I t i s however noteworthy t h a t the la r g e change 
i n d I n k / dc on r e p l a c i n g a s a l t by the corresponding a c i d , 
t h e s i m i l a r e f f e c t of the other monovalent c a t i o n s , and the 
a c c e l e r a t i n g e f f e c t of r e p l a c i n g a h a l i d e by the p e r c h l o r a t e 
are also r e f l e c t e d i n d^,u+u/ dx^. 

Footnotes f o r Table I I I - 1 . 
/ U n f o r t u n a t e l y no data f o r the e f f e c t of HNO^ i s a v a i l a b l e 

f o r benzene. Studies f o r hydrogen, oxygen and carbon 
d i o x i d e show t h a t HNO-, has a lower value than HC1 f o r 
l o g f (see Table I I I - 2 ) . Assuming HNO^ occupies a 
s i m i l a r p o s i t i o n i n the s e r i e s of e l e c t r o l y t e s i n benzene, 
the value f o r l o g f would be l e s s than -0.048. 

* C a l c u l a t e d from experimental data f o r other e l e c t r o l y t e s 
u s i n g a d d i t i v i t y r e l a t i o n s , which have been e s t a b l i s h e d 
f o r d I n k / dc values (see page 187) and which also hacld 
f o r 2 . d^u+ 0/ dx^ values. 

** Value obtained f o r NaF. 
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The approach which has been discussed above i s s i m i l a r , 
though i t d i f f e r s i n d e t a i l , t o one which has already been 

29 
used by Duynstee t o account f o r s a l t e f f e c t s i n the racemisa-
t i o n of L-(+)-threo-3-phenyl-2-butyl-p-toluenesulphonate i n 
50% aqueous dioxan. T h i s approach was found t o be a p p l i c a b l e 
f o r NaOH, NaCl, NaNOj and NaClO^ but Na l , NaBr, and s a l t s w i t h 
organic ions were found t o de v i a t e considerably from the 
requirements of E q n . I I I - 3 - Of t h i s l a t t e r group o f s a l t s 
o n l y MaBr has been i n v e s t i g a t e d i n the present work but here 
i t appears t o s a t i s f y the t h e o r y o u t l i n e d above. Duynstee 
p o s t u l a t e d t h a t i n the anomalous cases, the r e a c t i o n r a t e was 
a f f e c t e d by short-range i n t e r a c t i o n s b e t w e e n the ions and the 
molecules of the reagent and t r a n s i t i o n s t a t e . 

I n c o n c l u s i o n i t can be s t a t e d t h a t the approach used 
above i s c o n s i s t e n t w i t h the s p e c i f i c e l e c t r o l y t e e f f e c t s 
obtained i n the present i n v e s t i g a t i o n . 

S a l t i n g - i n and S a l t i n g - o u t . 

The Hughes-Ingold treatment (see Chapter I ) assumes 
t h a t the e f f e c t of e l e c t r o l y t e s on the a c t i v i t y of the i n i t i a l 
s t a t e i s BO much l e s s than t h e i r e f f e c t on the t r a n s i t i o n 
s t a t e t h a t the former may be ignored. S a l t i n g - i n and s a l t i n g -
out data however show t h a t t h i s e f f e c t i s by no means n e g l i g 
i b l e ^ 0 . The question fchus a r i s e s as t o whether s p e c i f i c 
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e l e c t r o l y t e e f f e c t s a r i s e from s p e c i f i c e f f e c t s on the a c t i v i t y 
o f the i n i t i a l s t a t e of the organic c h l o r i d e . U n f o r t u n a t e l y 
t h i s has not been i n v e s t i g a t e d i n p r a c t i c e . Data are however 
a v a i l a b l e f o r the e f f e c t of e l e c t r o l y t e s on organic substrates 
i n s a t u r a t e d s o l u t i o n , though even then the so l v e n t i s u s u a l l y 
water. The only a v a i l a b l e data f o r the e f f e c t of e l e c t r o 
l y t e s on the s o l u b i l i t y of n o n - e l e c t r o l y t e s i n mixed s o l v e n t s 

31 
are due t o B u t l e r and Grunwald^ who s t u d i e d the e f f e c t o f 
HC1, E I , NaCl and KC1 on the s o l u b i l i t y of a-naphthoic a c i d 
and of NaCl and KC1 on the s o l u b i l i t y of naphthalene, 50% 
dioxan being the solvent i n both cases. 

E l e c t r o l y t e s have been found t o a f f e c t the s o l u b i l i t y 
o f d i f f e r e n t n o n - e l e c t r o l y t e s i n water i n a s i m i l a r manner. 
This i s i l l u s t r a t e d i n Table I I I - 2 u s i n g data f o r benzene, 
s u c c i n i c a c i d , oxygen and carbon d i o x i d e from the c o m p i l a t i o n 

30 
of Long and McDevit^ . 

I f the s p e c i f i c e l e c t r o l y t e e f f e c t s now found a r i s e 
s o l e l y from the a l t e r a t i o n i n the a c t i v i t y c o e f f i c i e n t of 
benzhydryl c h l o r i d e , the a c t i v i t y c o e f f i c i e n t of s a t u r a t e d 
s o l u t i o n s of n o n - e l e c t r o l y t e s i n water i n the presence of 
e l e c t r o l y t e s should p a r a l l e l the e f f e c t s of these e l e c t r o l y t e s 
on the r a t e s of i o n i s a t i o n i n the present r e a c t i o n . The 
a p p r o p r i a t e data f o r benzene i n water have t h e r e f o r e been 
i n c l u d e d i n Table I I I - 1 , where l o g f ( f i s the molar a c t i v i t y 
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TABLE I I I - 2 
ELECTROLYTE EFFECTS FOB BENZENE, SUCCINIC ACID, OXYGEN 

AND SULPHUR DIOXIDE 
Values of l o g f , the molar a c t i v i t y c o e f f i c i e n t of the s o l u t e 

i n the e l e c t r o l y t e s o l u t i o n , from s o l u b i l i t y data^ 
E l e c t r o l y t e Benzene Succinic A c i d Oxygen Carbon Dioxide 

(CH 3) 4NBr -0.24 
HC10 4 -0.041 - - -
HN03 - - 0.019 -0.014-
HC1 0.048 - 0.031 0.019 
CsCl 0.088 -0.026 - 0.048 
NaClO^ 0.106 - - -
KN0 3 - - 0.100 0.044-
NaNO, - - - 0.078 
KBr 0.119 0.002 - 0.063 
RbCl 0.141 -0.005 - 0.063 
L i C l 0.141 0.154 0.100 -
NaBr 0.155 - 0.110 -
KC1 0.166 0.018 0.132 0.073 
NaCl 0.195 0.088 0.141 0.101 
NaF 0.255 — - — 

V 
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c o e f f i c i e n t of benzene) i s compared with dlnk/dc. I t can 
be seen t h a t , w i t h the exception of tetramethylammonium 
bromide, values of dlnk/dc and log f p a r a l l e l each other. 

There are however three objections to such a compari
son, 

( i ) The e f f e c t of e l e c t r o l y t e s on the a c t i v i t y of the 
solute i n a saturated s o l u t i o n i s assumed to be the 

same as the e f f e c t on the a c t i v i t y i n a d i l u t e one. 

( i i ) The e f f e c t of e l e c t r o l y t e s on the a c t i v i t y of the 
solute i n water i s assumed to p a r a l l e l i t s a c t i v i t y i n 

aqueous organic solvents. The data of Butler and Grunwald^ 
suggest tha t t h i s i s not the case. 

( i i i ) The discussion assumes that these e l e c t r o l y t e s have 
d i f f e r e n t e f f e c t s on the a c t i v i t i e s of the i n i t i a l 

s t ate and eith e r no e f f e c t or a l t e r n a t i v e l y the same e f f e c t 
on the a c t i v i t y of the t r a n s i t i o n state i n the i o n i s a t i o n . 

pq 
Duynstee J attempted to overcome t h i s l a s t objection 

i n the f o l l o w i n g way. 
The s a l t i n g - i n and salting-out of naphthalene and 

naphthoic acid were studied and from t h i s work i t was con-
32 

eluded that the Setschenow constant^ , E , which i s equal to 
dln f ^ / d c , (where f ^ i s the molar a c t i v i t y c o e f f i c i e n t and c 
the molar concentration of the non-electrolyte i n the 
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e l e c t r o l y t e solution) i s given by an expression s i m i l a r to 
Eqn.III-3, namely, 

d I n f, 
K = 2- = A1 + B1 

dc 
d,u±° /W>\ 

I ' M . . . . I I I - 4 
dx. \ d x „ / c k1 x v 1-

where A' i s an empirical constant analogous t o the i o n i c -
strength term and also to the e l e c t r o s t a t i c term employed "by 

50 
Long and McDevit i n discussing s a l t i n g - i n and sa l t i n g - o u t ^ . 

B1 i s an empirical constant which i s rather i n s e n s i t i v e 
t o the nature of the non-electrolyte. 

( <^Uj0/c?x,j ) c represents the change i n standard 
chemical p o t e n t i a l of non-electrolyte solute w i t h v a r i a t i o n 
i n solvent composition at constant e l e c t r o l y t e concentration 

d r e p r e s e n t s the change i n the mean io n i c 
standard chemical p o t e n t i a l of the e l e c t r o l y t e w i t h v a r i a t i o n 
i n solvent composition. 

Duynstee assumed that Eqn.III-4 applied t o "both the 
i n i t i a l and t r a n s i t i o n states of i o n i s a t i o n . Thus, 

i i i . A** + + B . ' ^ I I I - 5 

dc dx / j \3x /j / c 

where the superscript r e f e r s t o the t r a n s i t i o n state. 
The e f f e c t of e l e c t r o l y t e s on the rate constant i s 

33 
given by the f o l l o w i n g equation due to Brjrfnsted^ 

fx ^ ^ 
f3 (-3Npy»«> 
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where f ^ and f ̂ are the molar a c t i v i t y c o e f f i c i e n t s of the 
reactant i n the i n i t i a l and t r a n s i t i o n states respectively 
and k i s the rate constant at i n f i n i t e d i l u t i o n , when the o 
a c t i v i t y c o e f f i c i e n t s are unity. 

Therefore, 

d I n k 
dc 

d I n f 1 _ 
dc 

d I n f. 
dc 

,111-6 

On s u b s t i t u t i n g i n Eqn. I I I - 6 f o r dlnf^/dc and 
d l n f j / d c and assuming B1 = B£ , one obtains 

o 

dx 
d l n k = (A- - A1 *) + B' 

But 

dc 

3x„ 

I I I - 7 

1 ^ . 3 ( A G ) M 8 

3x„ 

where AG i s the Gibb's free energy of the a c t i v a t i o n 
process and 

i n k = ln*£ - AS-
RT 

(Ref. 34) 

where k i s Boltzmann's constant, h Planck's constant, 
R the gas constant and T the absolute' temperature. 

On s u b s t i t u t i n g f o r AG i n Eqn.III-8 one obtains 
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3x^ 8 ^ \ dx 1 / c=o 

( d l n k / d x ^ ) c = 0 i s a constant f o r a given solvent and hence, 
on s u b s t i t u t i n g f o r ( -.9/Uj/ 3x^ - c^u^/dx^) i n Eqn.III-7i 
E q n . I I I - 9 i s obtained. 

d X n ^ = (A' - A'*) + B . I I I - 9 
dc dx^ 

where B i s a constant * equal to B'RTCdlnk/dx^) c_ 0 • 

I t i s r e a d i l y seen that E q n . l i i - 9 has the same form as 
E q n . I I I - 3 - I n the equation used by Duynstee, A1- A' was i n 
f a c t found to be of the order of magnitude to be expected f o r 
the ionic-^strength term. The two approaches are thus equi
v a l e n t . 

The f i r s t approach (where the solvation of the e l e c t r o 
l y t e i s considered), although i t i s more d i r e c t , does however 
involve the acceptance of a l i m i t i n g expression of the Hughes-
Ingold form f o r the ion-atmosphere s t a b i l i s a t i o n of the trans
i t i o n state. Using t h i s approach, the s p e c i f i c e f f e c t s of 
the e l e c t r o l y t e s are i n t e r p r e t e d as a r i s i n g from t h e i r e f f e c t s 
on the a c t i v i t i e s of the solvent components (which can be 
i n t e r p r e t e d i n terms of d i f f e r e n t i a l solvation of ions by both 
components) which change the i o n i s i n g power. acRfi. the solvent 
and hence the rate i n a s p e c i f i c manner. 



204. 

Duynstee's approach suffers from the disadvantage that 
the e f f e c t of e l e c t r o l y t e s on the a c t i v i t y of saturated solutes 
i s assumed to be the same as t h e i r e f f e c t on the a c t i v i t y of 
solutions which are very f a r from being saturated i . e . 0.02 M 
benzhydryl chloride i n 70% acetone. The o r i g i n a l views of 

Q 

Lucas and Hammett , v i z . that the e l e c t r o l y t e causes a change 
i n the e f f e c t i v e solvent composition, are also i m p l i c i t i n 
Duynstee's approach and i n e f f e c t there i s l i t t l e d i s t i n c t i o n 
between his approach and the solvation one used i n the present 
work. 

The use of the solvation approach to account f o r 
sp e c i f i c e l e c t r o l y t e e f f e c t s appears hopeful. I t must 
however be stressed that t h i s explanation can only be advanced 
p r o v i s i o n a l l y at present since i t depends on a comparison of 
k i n e t i c e l e c t r o l y t e e f f e c t s observed i n aqueous acetone w i t h 
the e f f e c t of e l e c t r o l y t e s on the a c t i v i t i e s of the solvent 
components i n 50% aqueous dioxan. 

There are however some indications which suggest that 
t h i s approach may be j u s t i f i e d . For example, i t has already 
been pointed out that d^u+°/dx^ values can be in t e r p r e t e d 
i n terms of the solvation of the e l e c t r o l y t e s by the two 

21 
solvent components. Baughman, Grunwald and Kohnstam have 
shown tha t solvation by dioxan increases r e l a t i v e to solvation 
by water as d/U+°/dx^ becomes increasingly more p o s i t i v e , 
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the values f o r sodium perchlorate and perchloric acid (see 
Table I I I - 1 ) thus corresponding to a r e l a t i v e l y high degree 
of solvation by the organic component, dioxan. The abnor
mally high s o l u b i l i t y of sodium perchlorate i n anhydrous 
acetone, as compared w i t h that of sodium chloride or bromide 
suggests t h a t powerful i n t e r a c t i o n s may also occur between 
the perchlorate ion and acetone and i t i s therefore not 
unreasonable to expect a f a i r l y high degree of solvation of 
perchlorate ions by acetone even i n aqueous acetone mixtures 
The comparison of the present k i n e t i c data f o r acetone w i t h 
the measurements of d^u+°/dx^ i n dioxan assumes that ions 
which are strongly solvated by dioxan i n dioxan-water 
mixtures are also strongly solvated by acetone i n acetone-
water mixtures; f u r t h e r work i s necessary before i t can be 
concluded that t h i s assumption i s of general v a l i d i t y . 
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CHAPTER IV 
EXPEHIMBNTAL 

Preparation and P u r i f i c a t i o n of Materials 

Benzhydryl chloride was prepared from benzhydrol (B.D.H.) by 
a method analogous to that f o r p_-methoxybenzyl chloride (Part 
I ) and p u r i f i e d by d i s t i l l a t i o n under reduced pressure. The 
hydrolysable chloride content of the sample was i d e n t i c a l w i t h 
the t h e o r e t i c a l amount. 
p-Methoxybenzyl chloride was prepared as described i n Part I . 
Sodium chloride (Analar) was dried by keeping i n the oven at 
120°C f o r 2 hours. 
Sodium bromide (Hopkin and Williams) was dried by keeping i n 
the oven at 120°C f o r 4 hours. 
Sodium n i t r a t e (Analar) was dried by keeping i n the oven at 
120°C f o r 24 hours. 
Sodium perchlorate (B.D.H.) was p u r i f i e d by r e c r y s t a l l i s a t i o n 
from aqueous dioxan and d r i e d by heating i n a p i s t o l at 100°C 
at 0 . 5 mm. pressure f o r 3 hours. 
Sodium azide (Hopkin and Williams) was p u r i f i e d by r e c r y s t a l l i 
sation from water and dr i e d by keeping i n the oven at 120°C 
f o r 24 hours. 
Lithium chloride (Hdpkin and Williams) was dried by roughly the 
required amount being placed i n a p i s t o l which was heated at 
100°C at 0 . 5 mm. pressure, The s a l t was then quickly trans
f e r r e d t o the solvent and the exact concentration determined by 
potentiometric t i t r a t i o n w i t h standard s i l v e r n i t r a t e s o l u t i o n . 
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Lithium bromide (Hopkin and Williams) was dried and made up 
in t o a standard s o l u t i o n by a method analogous to 
th a t f o r l i t h i u m chloride. 

Lithium perchlorate (Hopkin and Williams) was drie d by heat
ing roughly the required amount i n a p i s t o l at 150°C 

at 5 nun. pressure f o r 3 hours. The s a l t was then 
quickly transferred to the solvent, the exact 
concentration being determined by passing a sample of 
the so l u t i o n down a cationic exchange column and 
t i t r a t i n g w i t h standard sodium hydroxide. 

Caesium bromide (B.D.H. laboratory reagent) was dried by 
heating i n a p i s t o l at 100°C at 0 . 5 mm. pressure f o r 
3 hours. 

Tetramethyl ammonium bromide was prepared by adding t r i m e t h y l -
amine ( 1 2 . 5 gm.) to methyl bromide ( 2 0 gm.) dissolved 
i n dry ether. The product was f i l t e r e d o f f , washed 
wi t h water and p u r i f i e d by heating i n a p i s t o l at 100°C 

at 0 . 5 mm. pressure f o r 4 hours. The sample obtained 
was 1 0 0 % pure. 

Tetramethyl ammonium^fluoride was prepared by the addi t i o n 
of the appropriate amount of an aqueous s o l u t i o n of 
tetramethyl ammonium bromide to a sol u t i o n of s i l v e r 
f l u o r i d e . The s i l v e r bromide p r e c i p i t a t e d was 
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f i l t e r e d o f f and hydrogen sulphide passed through the 
warm so l u t i o n to remove traces of s i l v e r . The solu
t i o n was evaporated down and the f l u o r i d e dried "by 
pumping f o r 20 hours at 150°C at 0.5 mm. pressure. 
The f l u o r i d e content of the sample was 98% of the 
t h e o r e t i c a l amount. The s a l t was quickly added to 
the solvent, the exact concentration being determined 
i n a manner analogous to that f o r l i t h i u m perchlorate. 

The s i l v e r f l u o r i d e was prepared by the action of 
a s o l u t i o n of 40% hydrofluoric acid (Analar) on s i l v e r 

35 
carbonate^ . 

Perchloric acid was the B.D.H. Analar product containing 72% 

HCIO^. The appropriate amount of the acid was added 
to the solvent together w i t h s u f f i c i e n t p u r i f i e d 
acetone to ensure that the solvent composition remained 
unchanged. The exact concentration of HGIO^ i n the 
solvent was determined by t i t r a t i o n w i t h standard 
sodium hydroxide solution. 

N i t r i c acid was Hopkin and Williams' Analar product contain
ing 70% HNÔ . I t was added to the solvent and the 
exact concentration determined by methods analogous 
to those used f o r perchloric acid. 

Hydrochloric acid. I n Expt.5, HC1 was introduced i n t o the 
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solvent by passing s u f f i c i e n t HC1 gas (generated by 
the action of sulphuric acid on v o l t o i d s ) through the 
solvent, which was cooled i n ice. Since there i s the 
p o s s i b i l i t y that evaporation of the solvent occurs 
using t h i s technique, f o r Expt.28 a method s i m i l a r to 
that used f o r adding perchloric acid was employed, the 
acid i n the present case being the B.D.H.Analar product 
containing 3 5.4% HC1. The exact concentration of HC1 
i n the solvent was determined by t i t r a t i o n w i t h stand
ard sodium hydroxide s o l u t i o n . 

The solvent ("70%" aqueous acetone) was made up by the method 
described i n Part I . 

Estimation of Added E l e c t r o l y t e s 

Sodium chloride, sodium bromide, sodium n i t r a t e , sodium 
perchlorate, sodium azide, caesium bromide and tetramethyl-
ammonium bromide were weighed i n t o a known volume of solvent. 
I n other cases the concentration of the added e l e c t r o l y t e was 
obtained by methods already described. 

Rate Measurement:. 

Ki n e t i c runs were carried out at 24.80°C ( f o r benzhydryl 
chloride) and 0.00°C and 29.88°C ( f o r £-methoxybenzyl c h l o r i d e ) , 
the thermostats being as described i n Part I . A l l runs were 
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f l a s k runs. About 100 ml. of solvent i n a stoppered f l a s k 
were allowed to come t o the thermostat temperature. The 
reactant was added and the f l a s k thoroughly shaken. Samples 
were removed a f t e r s u i t a b l e i n t e r v a l s of time using a 5 ml. 
p i p e t t e and the r e a c t i o n stopped by running these samples 
i n t o about 150 ml. of ice-cold acetone. 

Runs containing HC1, NaCl, L i C l , LiClO^, NaClO^, NaBr, 
LiBr, CsBr, Me^NBr were followed by measuring the change i n 
a c i d i t y of the s o l u t i o n . For runs containing HCIO^, HNÔ , 
NaN^, ;iHaHBj a n d Mê NF the change i n chloride ion concentra
t i o n was followed, using the apparatus described i n the next 
section. This was necessary f o r the fo l l o w i n g reasons, 

( i ) I f samples containing 0.05 N acid, had been t i t r a t e d 
w i t h a l k a l i large inaccuracies i n the t i t r e s obtained 

would have been expected. 

( i i ) Sodium azide reacts with a carbonium ion forming a 
stable organic azide which does not ionise, The 

re a c t i o n r a t e followed by measuring the increase i n a c i d i t y 
would thus be less than the true i o n i s a t i o n r a t e . 

( i i i ) For runs c a r r i e d out i n the presence of NaNO^ a 
percentage increase i n rate of 19-3% was observed when 

the rate of chloride formation was followed but the value f o r 
the increase was only 7.1% when the ra t e of production of 
hydrogen ions was u t i l i z e d . This i s probably due to the 
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reaction of n i t r a t e ions with the formed carbonium ions 
according to the f o l l o w i n g system, 

HOI k R +i? 01" 

ROH + H + 

Even though the i o n i s a t i o n of n i t r a t e s i s approximately f o r t y 
times that of chlorides 7^, on t h i s basis i t i s possible f o r the 
r a t e of production of chloride ions to be greater than that of 
hydrogen ions. 

I t i s possible t h a t the r e s u l t s f o r bromides are also 
low since bromides ionise fit a s i m i l a r rate to n i t r a t e s ^ . 
Unfortunately no accurate method e x i s t s f o r f o l l o w i n g the rate 
o f production of chloride ions i n the presence of a r e l a t i v e l y 
large concentration of bromide ions and the present r e s u l t s 
f o r bromides are therefore accepted. 

D e t a i l s of i n d i v i d u a l runs are given i n Appendix A, at 
the end of t h i s chapter. 
/• For the solvolysis of t e r t . - b u t y l n i t r a t e i n 60% aqueous 

ethanol at 0°C, 1 0 5 k ( s e c 7 1 ) = 1 2 . 5 5 6 ; f o r t e r t . - b u t y l 
bromide under si m i l a r conditions, 10^k( sec?'1) = 1 3 . 3 ^ • 

For the sol v o l y s i s of t e r t . - b u t y l bromide i n 80% 
aqueous ethanol at 25°C , 1o\(sec7 1) = 3.74; f o r t e r t . -

6 —1 

b u t y l chloride under s i m i l a r conditions, 10 k(sec. ) = 
9.14 3 8. 
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Potentiometric Determination of Chloride-ion Concentration 

The apparatus used i s shown diagrammatically i n 
Fig.IV-1. 

The acetone containing the chloride ion, the concentra
t i o n of which was to be determined, was contained i n a beaker 
which was w e l l s t i r r e d . Standard s i l v e r n i t r a t e s o l u t i o n 
was added from the burette and a f t e r each ad d i t i o n the e.m.f. 
between the glass electrode qndrtihe Ag/AgCl electrode was 
determined using a pH meter. At the equivalence p o i n t , the 
change of e.m.f. per u n i t t i t r e wa3 at a maximum. 

Determination of cr , the i o n i c - s t r e n g t h constant and a , the 
mass-law constant i n the hydrolysis of p-methoxybenzyl 

chloride i n 70% aq. acetone at 29.88°C 

The ioni c - s t r e n g t h and mass-lav; effec t s a f f e c t the 
measured reaction rate i n accordance w i t h Eqn.I-7 (see page 
170). 

x x 
k°t = a 0 -̂X~̂  antilogy^A >u^.dx + 

(a-x) 1 0 ' 
antilog 1 0Bo- / U ^ ^ 

(a-x) 
» 1-7 

where the symbols have the same significance as i n Chapter I 
Let c represent the concentration of added common-ion 



FIGURE IV I 
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POTENTIOMETRIC DETERMINATION OF 
CHLORIDE - ION CONCENTRATION. 
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e l e c t r o l y t e and b the concentration of non-common-ion e l e c t r o 
l y t e . W r i t i n g [X~] 
obtains, 

I 
t 

= c + x and = b + c + x one 

- o°( * ) 
t 

.IV-1 

where 
"antilog^QBcr (b + c + x) 

(a - x) 
. dx 

and 
ft. 
(c+x) a n t i l o g ^ A (b + c + x) 

(a - x) 
dx 

o „ 
A and B were evaluated from Akerlof*s data f o r the d i e l e c t r i c 

39 
constants of acetone-water mixtures and are given f o r 70% 
acetone at 30°C i n Table IV-
from the expression 

The i n t e g r a l I was obtained 

I = (k,jt - 2.303 Bo- x) antilog 1 0Bo" (b + c + a) 
(see Appendix C, t h i s chapter) 

J was obtained graphically. 

the e f f e c t of 0.04984 M NaClO^ on the rate constant. 
The ion i c - s t r e n g t h constant, a , was obtained from 

For 
the operation of the ionic-strength e f f e c t only, the reaction 
rate i s affected i n accordance w i t h Eqn.IV-2, the integrated 
form of Eqn.I-4. 
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a n t i l o g B a /U / IV-2 

I t was assumed, to a f i r s t approximation, that the i o n i c -
strength and mass-lav; e f f e c t s due to the chloride ions 
produced during hydrolysis are s i m i l a r i n the presence and 
absence of NaClO^. The r a t i o k / k ^ ( f o r ̂ u = 0.04984) i s 
then equal to the r a t i o of the mean integrated r a t e c o e f f i 
c i e n t s i n the presence and absence of 0.04984 N NaClO^ (see 
Table I I - 1 ) . cr vras found to be equal to 1.9 x 10" . 
There i s l i t t l e point i n using a value f o r o~ more precise 

-8 
than 2 x 10 i n view of the assumption made i n the establish
ment of k^/k^ 0 and t h i s value was therefore used i n the 
determination of a 0, the mass-law constant. I and J 
i n t e g r a l s were obtained f o r experiments i n the absence of 
added e l e c t r o l y t e s (shown i n Table IV-1) and i n the presence 
of 0 . 0 5 0 0 0 M NaCl. Using mean values f o r I / t and J / t , the 
two simultaneous equations obtained by applying Eqn.IV-1 to 
each experiment gave, on s o l u t i o n , k^° = 7.469 x lO"^, a 0 = 16. 

Calculation of Results 

Mean rate c o e f f i c i e n t s , k , were obtained f o r each 
7 m 

run. The standard devi a t i o n a (k) was obtained from 

<r (k) = 
it [2(k - k m ) 2 ] 

n 
where n i s the number of separate determinations of k. 
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TABLE IV - 1 
I AND J INTEGRALS FOR REACTION OF p-METHOXYBENZYL 
CHLORIDE WITH 70% AQ.ACETONE AT 29.88°C. NO, ADDED 

ELECTROLYTES (EXPT. 1) 
(5 ml. samples t i t r a t e d with 0.007657 N NaOH; D = 37-8, 

A = -1.481, B = -0.6944 x 10 8, cr = 2 x 1 0 - 8 ) 

Time T i t r e 10^ lc 1 0 4 I / t 10 6 J / t 
( s e c . ) (ml.) ( s e c T 1 ) (secT^) (mole If ' s e c T ' ' ) 

0 1.09 - - -
145 2.30 6.972 6,914 1.568 
290 3.40 6.997 6.918 2.054 
441 4.49 7.134 7.028 2.535 
598 5-40 7.001 6.885 2.854 
738 6.18 7.013 6.877 3.176 
895 6.90 6.908 6.760 3.132 

1285 Q - - n n 7.009 6.827 4.301 
1425 9.13 7.154 6.934 4.308 
1654 9.75 7.030 6.818 4.565 
2122 10.86 7.041 6.810 5.170 
2565 11.65 7.099 6.827 5.750 
2843 12.00 7.066 6.787 5.941 
oo 13.69 - - -
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Values for the percentage change i n rate produced by 
each added e l e c t r o l y t e were obtained using the value for the 
mean rate constant for experiments with no e l e c t r o l y t e addi
t i o n i n the same solvent. The standard error for the per
centage change i n r a t e , c (x) , was obtained from 

2 /_ \\ * 
'o-CkV 

k J 

a (x) = 

where a ( k ) and k r e f e r to no e l e c t r o l y t e addition and ( k^ ) 

and k̂ j to the addition of the e l e c t r o l y t e . 

Assuming that for small v a r i a t i o n s i n the concentra
t i o n of added e l e c t r o l y t e , the change i n rate v a r i e s l i n e a r l y 
with concentration, the percentages were corrected to a value 
corresponding to the addition of 0.05000 N'electrolyte (or, 
i n the case of NaCl, L i C l and HC1, 0.02000 N e l e c t r o l y t e ) and 
an average value obtained for the percentage change i n rate 
produced by each e l e c t r o l y t e added. 

The standard deviation for t h i s f i n a l percentage i s 
given by, 

o* = 
2 2 2 2 2 2 n,, 0".(x 1) + n 2 cr.(x 2) + n^x^-y) + n 2 ( x 2 - y ) 

,136 

+ n 2 ) 

where cr ( x ^ ) , x^ , and n^ r e f e r r e s p e c t i v e l y to the standard 
•error i n the percentage change i n r a t e , the percentage change 
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4 

and the number of separate determinations of the rate constant 
i n an experiment; cr ( X 2 ) , ^2 n 2 a r e s ^ - m ^ a ' r quantities 
i n a duplicate experiment; y i s the weighted mean of x^ and 

^2" 
These c a l c u l a t i o n s are shown i n d e t a i l i n Appendix B 

a t the end of t h i s chapter. 
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CHAPTER IV. APPENDIX A 

HYDROLYSIS OF BENZHYDRYL CHLORIDE AND p-HETHOXYBENZYL 

CHLORIDE IN 70% AQUEOUS ACETONE. 

D e t a i l s of Individual Runs. 

F i r s t order rate constants were calculated from the 
e quation, 

k = 2.303/t". log(a/a - x) 

where k i s the rate constant i n sec. , 
t i s the time i n seconds, 
a i s the concentration of a l k y l chloride at t = 0, 

a-x i s the concentration of a l k y l chloride at t = t . 
T i t r e s are expressed i n ml. of NaOH or AgNO^ per sample. 

I n each case d e t a i l s of one run are given and the mean 
ra t e c o e f f i c i e n t s k 1, k 1 1 , etc. of duplicate runs are also 
quoted. 
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Expt.1 p-Methoxybenzyl Chloride i n 70% aq.Acetone I I I at 29.88°C 

5 ml. t i t r a t e d with 0.007657 N NaOH 
No added s a l t s 

Time T i t r e 4 
1(T k 

0 1.09 -
145 2.30 6.972 
290 3.40 6.997 
441 4.49 7.134 
598 5.40 7.001 
758 6.18 7.013 
895 6.90 6.908 
1285 8 .57 7.009 
1425 9.13 7-134 
1654 9-75 7.030 
2122 10.86 7-041 
2565 11.65 7.099 
2843 12.00 7.066 
CO 13.69 — 

k = 7.033 + 0.0181 (12 readings) 
k' = 7-062 + 0.0237 (10 readings) 

Mean k = 7-046 ft 0.0150 
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Expt . 2 p-Methoxypenzyl Chloride i n 70% aq.Acetone I I I at 29.88°C 
5 ml. t i t r a t e d with 0.007657 N NaOH 
Added KaCl 0.05000 N. 

Time T i t r e 1 0 4 k 
0 0.80 -
151 1.90 6.039 
303 2.97 (6.226) 
452 3.81 6.024 
603 4.70 6.084 
746 5.40 6.067 
900 6.11 6.057 

1241 7-49 6.074 
1533 8.46 6.078 
1768 9-13 6.087 
2119 9.91 6.036 
2528 10.70 6.049 
2773 11.02 5.962 
00 13-44 — 

k = 6.051 + 0.0104 (11 readings) 
Duplicate Experiment. 
Added NaCl 0.05015 N k' = 5*971 + 0.0117 (10 readings) 

Mean k =6 . 013 



220. 

Expt . 3 p-Methoxybenzyl Chloride i n 70% aq.Acetone I I I at 29.88°C 
5 ml. t i t r a t e d with 0.007657 N NaOH 
Added NaCIO,, 0.04984 N 

Time T i t r e 4 

0 1.79 -
145 3.12 8.354 

. 290 4.26 8.202 
559 6.03 8.079 
710 7.00 8.322 
859 7-70 8.222 

1292 9.40 8.175 
1815 10.87 8.294 
2075 11.33 8.198 
2347 11.70 8.061 
00 13.46 -

k = 8.212 + 0.0340 (9 readings) 
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Expt.4 p-Methoxybenzyl Chloride i n 70% aq.Acetone I I I at 29-85°C 
5 ml. t i t r a t e d with 0.007314- N NaOH 
Added NaCl 0.01979 N 

Time T i t r e 1 0 4 k 
0 1.98 -

149 3.20 6.739 
303 4.51 6.643 
438 5-21 6.646 
587 6.10 6.628 
735 6.93 6.661 

1115 8.66 6.628 
1602 10.21 (6.440) 
1778 10.87 6.680 
1896 11.20 6.732 
2086 11.60 6.688 
2210 11.80 6.609 
00 14.77 — 

k = 6.665 + 0.0135 (10 readings) 
Duplicate Experiment 
Added NaCl 0.02100 N k' = 6.482 + 0.0494 (10 readings) 

Mean k = 6.573 
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Expt.5 p-Methoxybenzyl Chloride i n 70% aq.Acetone I I I at 29.85°C 
5 ml. t i t r a t e d with 0.007314 N NaOH 
Added H31 0.01777 N 

Time T i t r e 10 4 k 
0 12.15 -

127 13.20 6.908 
273 14.30 6.916 
420 15-30 6.921 
580 16.30 6.956 
685 16.80 6.798 
792 17.41 6.902 

1172 18.99 6.769 
1428 19.87 6-745 
1730 20.66 (6.612) 
1947 21.31 6.790 
2097 21.68 6.866 
00 24.64 — 

k = 6.857 + 0.0224 (10 readings) 
Duplicate Experiment 
Added HC1 0.02250 N k' = 6.756 + 0.0211 ( 9 readings) 

Mean k = 6.829 
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Expt.6 p-Methoxybenzyl Chloride i n 70% ag.Acetone I I I at 0.00°C 
5 ml. t i t r a t e d with 0.007657 N NaOH 
No added s a l t s 

Time T i t r e 10 5 k 

0 1.48 -
5395 2.58 1.669 
8805 3.21 1.656 

12150 3.82 1.671 
16315 4 .59 1.711 
19095 5.00 1.691 
20796 5.29 1.707 
26700 6.10 1.685 
28170 6.36 1.710 
30260 6.60 1.695 
33625 7-00 1.685 

00 14.24 — 

k = 1.688 +.0.00539 (10 readings) 
k' = 1.692 + 0.00460 (10 readings) 

Mean k = 1.690 + 0.00355 
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Expt.7 p-Methoxybenzyl Chloride i n 70% aq.Acetone I I I at Q.00°C 
5 ml. t i t r a t e d with 0.007657 N NaOH 
Added NaCl 0.05000 N 

Time T i t r e 10 5 k 
0 0.06 -

5886 1.23 (1.464) 
11346 2.30 1.518 
14659 2.88 1.518 
18024 3.44 1.516 
22108 4.09 1.519 
24666 4.46 1.513 
26606 4.71 1.500 
32706 5.60 1.522 
33971 5.73 1.510 
36036 5.95 1.496 

00 14.19 -

k = 1.512 + 0.00281 ( 9 readings) 
Duplicate Experiment 
Added NaCl 0.05020 N k' = 1.511 + 0.00362 (10 readings) 

Mean k =1 . 5 1 1 
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Expt.8 p-Methoxybenzyl Chloride i n 70% aq.Acetone I I I at 0.00°C 
5 ml. t i t r a t e d witfh 0.007657 N NaOH 
Added NaClO^ 0.05002 N 

Time T i t r e e 10 5 k 
0 0.06 -

4116 1.16 1.949 
9269 2.41 1.937 

12474 3.18 1.979 
15865 3.92 1.987 
19200 4.51 1.944 
21667 5-01 1.964 
29502 6.39 1.985 
30842 6.55 1.964 
33662 6.95 1.955 
36217 7.32 1.960 

00 14.35 — 

k = 1.962 + 0.00674 (10 readings) 

k' = 1.977 + 0.00412 (10 readings) 
Mean k = 1.970 

Duplicate Experiment 
Added NaClO^ 0.05007 N 
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Expt.9 Benzhydryl Chloride i n 70% ag.Acetone IV at 24.80°C 
5 ml. t i t r a t e d with 0.01099 N NaOH 
No added s a l t s 

Time T i t r e 1 0 4 k 
0 0.53 -

230 1.50 (4.256) 
£25 2.29 4.384 
667 3.19 4.454 
925 4.00 4.412 

1160 4.64 4.365 
1375 5.20 4.365 
1875 6.30 4.349 
2233 6.99 4.384 
2765 7.80 4.383 
3090 8.21 4.385 
3390 8.59 4.450 
00 10.88 -

k = 4.393 + 0.0106 
k' = 4.376 + 0.0109 

k''= 4.392 + 0.0168 
Mean k = 4.386 + 0.0073 

(10 readings) 
(11 readings) 
( 9 readings) 



227. 

Expt . 10 Benzhydryl Chloride i n 70% aq.Acetone IV at 24.80 C 
5 ml. t i t r a t e d with 0.01099 N NaOH 

ZL 
10 k 

Added NaCl 0.01957 N 
Time T i t r e 
0 1.19 

242 2.11 
465 2.81 
810 3.87 
1045 4.53 
1308 5-14 
1860 6.20 
2070 6.50 
2483 7.15 
2780 7 .59 
3375 8.19 
00 10.37 

k = 
Duplicate Experiment 
Added NaCl 0.01918 k' = 

4.359 
4.165 
4.263 
4.329 
4.302 
4.243 
4.173 
4.220 
4.298 
4.261 

k = 4.261 + 0.0190 (10 readings) 

Mean k = 4.255 
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Expt . 11 Benzhydryl Chftoride i n 70% ag.Acetone IV at 24.80°C 
5 ml. t i t r a t e d with 0.01099 N NaOH 
Added L i C l 0.01653 N 

Time T i t r e 1 0 4 k 
0 0.40 -

237 1.35 4.218 
453 2.12 4.169 
668 2.87 4.247 

1049 4.00 4.256 
1302 4.70 4.319 
1507 5.15 4.277 
1972 6.10 4.281 
2147 6.40 4.269 
2577 7.09 4.291 
2997 7-70 4.369 
3382 8 .10 4.346 
00 10.40 -

k = 4.277 + 0.0162 
Duplicate Experiment 
Added L i C l 0.01753 N k 1 = 4.267 + 0.0114 ( 9 readings) 

Mean k = 4.273 

http://Expt.11
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5 ml. t i t r a t e d with 0.01099 N FaOH 
Added NaClO^ 0.05023 N 

Time T i t r e 10 4 k 
0 0.60 -

196 1.56 5.041 
366 2.33 5.071 
531 3.00 5.044 
786 3.96 5.077 

1044 4.79 5.060 
1303 5.56 5-098 
1716 6.51 5.040 
2063 7.20 5-041 
2538 8.00 5.084 
2890 8.46 5-083 
3208 8.83 5.114 
00 10.81 — 

k = 5-068 + 0.0073 (11 readings) 
Duplicate Experiment 
Added NaClO^ 0.05015 N 

k 1 = 5.031 + 0.0081 (10 readings) 
Mean k = 5.050 



230. 

Expt.13 Benzhydryl Chloride i n 70% aq.Acetone IV at 24.80°C 
5 ml. t i t r a t e d with 0.01099 N NaOH 

Added NaBr. 0.04988 N 
Time Tit r e 1 0 4 k 
0 0.50 -

185 1.38 4.817 
366 2.12 4.676 
560 2.90 4.739 
873 4.00 4.756 

1103 4.70 4.751 
1318 5-30 4.760 
1796 6.40 4.735 
2126 7-05 4.754 
2593 7.85 4.822 
2911 8.27 4.823 
3263 8.61 4.746 
CD 10.80 -

k = 4.762 + 0.0127 

Duplicate Experiment 
Added NaBr 0.05051 N k' = 4.767 + 0.0163 

Mean k = 4-765 

(11 readings) 

(11 readings) 
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Expt.14 Benzhydryl Chloride i n 70% aq.Acetone IV at 24.80°C 
5 ml. t i t r a t e d with 0.01099 N NaOH 
Added NaNÔ  0.04965 N 

Time Ti t r e 1 0 4 k 
0 0.50 -

212 1.45 4.661 
470 2.46 4.593 
746 3.49 4.704 
961 4.20 4.747 

1209 4.90 4.73* 
1481 5-59 4.735 
2141 6.90 4.691 
2J66 7.20 4.602 

7.82 4.652 
3088 8.26 4.737 
3313 8.48 4.688 
00 10.60 -

k = 4.686 + 0.01*5 (11 readings) 

k' = 4.728 + 0.0071 ( 9 readings) 
Mean k = 4.705 

Duplicate Experiment 
Added NaNOz 0.04993 N 



23©. 

Expt .15 Benzhydryl Chloride i n 70% ag.Acetone IV at 24.80°C 
5 ml. t i t r a t e d with 0. 009225 N NaOH 
Added NaN̂  0.05049 N 

Time Ti t r e 4 
10 k 

0 0.86 -
295 2.44 5.083 
54-0 3.56 5.032 
770 4.57 5.140 
985 5.53 5.381 

1257 6.44 5.384 
1597 7.26 5-196 
2037 8.33 5.271 
$048 9.79 5-070 
3210 10.06 5-186 
00 12.21 — 

k = 5-194 + 0.0377 (9 readings) 
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Expt.16 Benznydryl Chloride i n 70% aq.Ace tone V at 24.80°C 

5 ml. t i t r a t e d with 0.01020 N NaOH. 
No added salts. 

Time Tit r e 1(T" k 
0 0.60 -

230 1.70 4.296 
403 2.45 4.269 
738 3.76 4.259 

1033 4.82 4.324 
1271 4.316 
1468 6.10 4.316 
1906 7.20 4.347 
2311 7-96 4.281 
2793 8.80 4.308 
3068 9.20 4.315 
3270 9.50 4.359 
CD 12.52 -

k = 4.308 + 0.0088 (11 readings) 
k 1 = 4.325 + 0.0195 (10 readings) 
k'' = 4.342 + 0.0178 (11 readings) 

Mean k = 4.325 + 0.0089 
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Expt .17 Benzhydryl Chloride i n 70% aq.Acetone V at 24.80°C 
5 ml. t i t r a t e d with 0.01020 N NaOH 
Added LiBr 0.05290 N 

Time Ti t r e 10^ k 
0 0.51 -

261 1.70 (4.306) 
522 2.80 (4.389) 
752 3.79 4.617 
967 4.50 4.567 
1204 5.30 4.650 
1454 5.99 4.637 
1964 7-20 4.650 
2265 7.80 4.668 
2623 8.40 4.671 
3047 8.79 4.647 
3277 9.28 4.695 
3546 4.633 
CD 11.68 -

k = 4.643 + 0.0103 (10 readings) 
Duplicate Experiment 
Added LiBr 0.04730 N k' = 4.586 + 0.0216 ( 7 readings) 
Corrected to Solvent IV Mean k = 4.685 
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Expt.18. Benghydryl Chloride i n 70% aq.Acetone V at 24.80°C 
5 ml. t i t r a t e d with 0.01056 N NaOH 
Added CsBr 0.05015 N 

Time Titre 
0 0.49 — 

246 1.66 4.597 
482 2.73 4.744-
685 3.51 4.704 
930 4.40 4.740 
1167 5.14 4.729 
1389 5.76 4.714 
1954 7.18 4.820 
2255 7-72 4.773 
2631 8.30 4.932 
3096 8.90 4.701 
3548 9.42 4.742 
00 11.46 — 

k = 4.727 + 0.0164 (11 readings) 
Duplicate Experiment 
Added CsBr 0.04978 N k 1 = 4.728 + 0.0111 (10 readings) 
Corrected to Solvent IV Mean k = 4.793 
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Expt.19 Benzhydryl Chloride i n 70% aq.Acetone V at 24.80°C 
5 ml. t i t r a t e d with 0.01056 N NaOH 
Added Mê NBr 0.04695 N 

Time Tit r e 10 k 
0 0.45 -

248 1.51 (4.586) 
613 2.89 4.643 
876 3.87 4.713 

1119 4.46 4.673 
1281 4.90 4.692 
1467 5-35 4.690 
1955 6.39 4.726 
2144 6.70 4.693 
2578 7.37 4.703 
2979 7.90 4.741 
3395 8.30 4.697 
GO 10.30 -

k = 4.697 + 0.0081 (10 readings) 
Duplicate Experiment 
Added Mê NBr 0.04692 N k' = 4.705 + 0.0128 (11 readings) 
Corrected to Solvent IV Mean k = 4.767 



237. 

Bxpt.20 Benzhydryl Chloride i n 70% aq.Acetone V at 24.80°C 
5 ml. t i t r a t e d with 0.01056 N NaOH 
Added LiClO^ 0.04996 N 

Time Ti t r e 10 4 k 
0 0.68 -

207 1.78 (5 .229) 
450 2.79 4.872 
709 3.80. 4.854 
931 4.67 5.002 

1181 5-45 4.985 
1681 6.72 4.932 
1948 7-36 5-009 
2379 8.10 4.953 
2650 8.50 4.934 
2967 8.93 4.948 
3414 9.49 5-054 
00 11.40 — 

k = 4.954 + 0.0184 
Duplicate Experiment 

Added LiClO^ 0.04224 N k' = 4.852 + 0.0084 

Corrected to Solvent IV Mean k = 4.975 

(10 readings) 

( 9 readings) 
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Expt.21 Benzhydryl Chloride i n 70% aq.Acetone V at 24.80°C 

5 ml. t i t r a t e d with 0.009225 N NaOH 
Added NaN, 0.04980 N 

Time Tit r e 1 0 4 k 
0 2.06 -

217 3-21 5-125 
473 4.49 5-316 
690 5.25 5.003 
895 6.25 5.401 
1147 7.05 5.316 
1590 8.05 4.996 
1785 8.47 4.949 
2150 9.20 4.928 
2447 9.76 4.983 
2657 10.05 4.944-
2964 10.46 4.938 
3214 10.55 (4.667) 

CO 12.99 — 

k = 5-082 + 0.0520 (11 readings) 
Duplicate Experiment 
Added NaN̂  0.0504-5 N k'= 5-095 + 0.0469 ( 8 readings) 
Corrected to Solvent IV Mean k = 5.158 



239. 

Expt.22 Be-nzhydrffl Chloride i n 70% aq.Acetone VI at 24.80°C 
5 ml. t i t r a t e d with 0.01056 N NaOH 
No added salts. 

Time Titre 1CT k 
0 0.50 -
264 1.69 4.292 
509 2.70 4.330 
776 3.70 4.384 
983 4.40 4.394 

1311 5-29 4.308 
1765 6.43 4.318 
2117 7-18 4.338 
2400 7-75 4.399 
2652 8.14 4.381 
2915 8.45 4.306 
3157 8.80 4.347 
00 11.62 -

k = 4.352 + 0.0113 (11 readings) 
k" = 4.320 & 0.0106 (11 readings) 

Mean k = 4.336 + 0.0078 



240. 

Exp t . 2 3 Benzhydryl Chloride i n 70% aq.Acetone VI at 24.8Q°C 
5 ml t i t r a t e d with 0.008857 N AgNOj 

Added HCIO^ 0.05028 N 

Time Ti t r e 
0 1.89 

270 3.29 
458 4.12 
680 5-00 
1155 6.75 
1477 7.64 
2217 8.90 
2535 9.45 
2701 10.00 
00 12.40 

k 
Duplicate Experiment 
Added HC104 0.04744 N k 
Corrected to Solvent IV Mean k 

1(T k 

5.297 
5-208 
5.160 
5-376 
5.364 
4.961 
5.013 
5.469 

= 5-231 + 0.0594 (8 readings) 

= 5.226 + 0.0589 (9 readings) 

= 5-291 



241. 

Expt.24 Benzhydryl Chloride i n 70% aq.Acetone VI at 24.80°C 
5 ml. t i t r a t e d with 0.008857N AgNO, 

Added NaNOj 0.05304 N 
Time Tit r e 10 4 k 
0 0.87 -
448 3.37 4.894 
638 4.27 4.884 
852 5.36 5-124 
1089 6.25 5.049 
1436 7.56 5.211 
1711 8.28 5-119 
2184 9-55 5-265 
2653 10.09 4.881 
3306 10.96 4.787 
3465 11.26 4.919 
CO 13.57 -

k = 5-013 # 0.0477 (10 readings) 
Duplicate Experiments 
Added NaNÔ  0.05046 N k 1 = 5-032 + 0.0823 ( 8 readings) 

Added NaNÔ  0.05062 N k 1 1 = 5-011 + 0.0664 ( 9 readings) 

Corrected to Solvent IV Meani'k = 5-078 



242. 

Expt .25 Benzhydryl Chloride i n 70% aq.Acetone VI at 24.80°C 
5 ml. t i t r a t e d with 0.008857 N AgNÔ  

Added HNÔ  0.04892 N 
4 

Time T i t r e 10 k 
0 0.69 

589 2.73 
870 4.82 
1432 6.70 
1835 7-70 
2220 8.47 
2537 9.01 
3387 10.0? 
3529 10.14 
CO 12.03 

k 
Duplicate Experiment 
Added HNÔ  0.05012 N k' 
Corrected to Solvent IV Mean k 

5.098 
5.208 
5.273 
5-247 
5.220 
5-217 
£.184-
5-079 

= 5-191 + 0.0227 (8 readings) 

= 5-134 + 0.0567 (8 readings) 

= 5-225 



243-

Expt.26 Benzhydryl Chloride i n 70% ag.Acetone V I I at 24.80°C 

5 ml. t i t r a t e d with 0.009523 N NaOH 
No added salts 

Time Titre 1CT k 
0 0.70 -
246 1.90 4.578 
480 2.89 4.491 
705 3.75 4.472 
1045 4.95 4.519 
1445 6.10 4.502 
1732 6.80 4,486 
2146 7-69 4.498 
2425 8.20 4.523 
2685 8.69 4.581 
3365 9-50 4.493 
3601 9.78 4.529 

A A QQ -
k = 4.516 +.0.0103 (11 readings) 
k' = 4.551 + 0.0343 (11 readings) 

Mean k = 4.534 + 0.0179 



244. 

Expt .27 Benzhydryl Chloride i n 70% aq.Acetone V I I at 24.80°C 

5 ml. t i t r a t e d with 0.009497 N AgNÔ  

Added Me,,NF 0.03314 N 

Time Ti t r e 1 0 4 k 
0 1.34 -

240 2.17 4.591 
480 3-25 4.467 
733 4.05 4.365 

1033 4.88 4.284 
1310 5.65 4.364 
1651 6.40 4.335 
2080 7.10 4.192 
2543 7-95 4.333 
2770 8.35 4.433 
3005 8.74 4.581 
CO 11.24 

k = 4.395 + 0.0378 (10 readings) 
Duplicate Experiment 
Added Mê NF 0.05272 N k 1 = 4.301 + 0.0268 ( 8 readings) 

Corrected to Solvent IV Mean k = 4.211 



245. 

Expt.28 Benzhydryl Chloride i n 70% aq.Acetone V I I at 24.80°C 

5 ml. t i t r a t e d with 0.009523 N NaOH 
Added HC1 0.02192 N 

Time Ti t r e 10^ k 
0 12.07 -
242 13.20 4.273 
485 14.40 4.544 
768 15.51 4.457 
1040 16.45 4.410 
1367 17.50 4.438 
1677 18.29 4.379 
2030 19.20 4.461 
2315 19-70 4.379 
2757 20.65 4.563 
3047 20.91 4.387 
3337 21.40 4.510 
00 24.08 = 

k = 4.436 + 0.0241 (11 readings) 
Duplicate Experiment 
Added HC1 0.02070 k' = 4.512 + 0.0291 (10 readings) 
Corrected to Solvent IV Mean k = 4.326 
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CHAPTER IV, APPENDIX C 

EVALUATION OF INTEGRAL 

x 
c 

I = 
antilogy Be (b + c + x) 

. dx 
a - x 

x 
= e 2.303 Bcr (b+c) 

2.303 Bcr x 
dx 

a - x 

Let Y = a - x 
.•. dY = -dx 

a-Y 
.'. I = e 2.303 Bcr (b+c) - e 2.303 BO-C&-Y) . dY 

= e 2.303 Bo- (b+c+a) 
a-Y 

o 

a-Y 

-2.303 Bcr Y 
. dY 

= e 2.303 Bcr (b+c+a) (- ± + 2.303 Bo- ) dY 

Only the f i r s t two terms of the series were taken, further 
terms being negligible 

= e 2.303 Bcr (b+c+a> (a-x) 
- 2.303 Bcr dx 



2.303 Bo- (b+c+a) log a 
a - x 

- 2.303 BCT x 

(k. t - 2.303 Bcr x) antilogy Ba (b + c + a) 
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