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SUMMARY

The aim of this study was to investigate the effect of added
nucleophiles on the kinetics of the reactions of L-nitrobenzyl compounds
and 4-methoxybenzyl chloride under solvolytic conditions. Such reactions
of the L-nitro compounds are generally regarded as occurring via the
bimolecular mechanism (SNZ) whereas L~methoxybenzyl chloride is

thought to undergo unimolecular (S 1) hydrolysis in aqueous solvents,

N
though there is evidence to suggest that its reaction with stronger
nucleophiles (e.g. azide ions) occurs bimolecularly, Parallel studies
on benzhydryl chloride, a'substrate where nucleophilic bimolecular attack
is subject to considerable steric hindrance, were carried out in order to
estimate the magnitude of electrolyte effects on hydrolysis under these
conditions,

Anions were found to accelerate the decomposition of the L-nitro and
L-methoxy compounds in aqueous acetone, the acceleration increasing with
increasing nucleophilicity of the anion and was more pronounced for the
Lk-nitro compounds than in the case of 4-methoxybenzyl chloride,

The results obtained were found to be fully consistent with an

interpretation in terms of reactions by mechanisms S_1 and SNZ, as long as

N
it is assumed that the transition state for the bimolecular process (SNZ)
can have varying degrees of carbonium character according to the ease of
ionisation of the substrate relative to the ease of attack by the
nucleophile.

The results were also considered in terms of schemes involving ion-pair
intermediates prior to full ionisation to the fully developed carbonium ion,

which is still necessarily required in any scheme where unambiguous common-

ion retardation is observed for hydrolysis. Such ion-pair schemes, which



explicitly exclude direct attack by nucleophiles on the substrate (i.e.
mechanism SNZ) , lead to serious inconsistencies with the present results,
It is concluded that both classical mechanisms (SN1 and SNZ) are

required to explain the experimental evidence,
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CHAPTER 1

Introduction

1.1 Types of Reaction1

Chemical reactions are conveniently discussed in terms of the
modifications of electron pairs involved in the rupture of existing bonds
and the formation of new bonds., On this view three basic types of

substitution reactions can be considered:

Reactions of type II involve homolytic or symmetric bond fission; the
leaving group separates with one electron whilst the new bond is formed from
the pairing of electrons from Y and R, These reactions are not the concern
of the present study and will not be considered further.

Reactions of type I involve heterolytic bond fission, the bonding
electrons either departing with the leaving group as in (Ia) or remaining
with the reaction centre (Ib).

Reaction type (Ib), where an electron deficient reagent Y gains a share

in paired electrons from the reaction site, is known as electrophilic

substitution (SE). When an electron deficiency arises at the reaction site
which is satisfied by an electron donating reagent Y, as in (Ia), the

reaction is a nucleophilic substitution (SN).

The requirements for nucleophilic substitution are that the nucleophile
Y should possess an unshared electron pair and that an overall transfer of
electrons occurs from Y to the leaving group X. Thus the formal charge

state of Y becomes a unit charge more positive, that of X one unit more

llm
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negative as illustrated by the following typical examples.

N + RCL ——> RN. + C1°

3 3

H20 + RC1 — ROH + C1

H~ + RN ——— ROH + RN
+ +

RIN + R,S* ——s RNRj + SR,

This thesis is only concerned with nucleophilic substitution in neutral
substrates and the subsequent discussion is therefore confined to these

systems.

1.2 Classical Mechanisms of Nucleophilic Substitution

1.2.1 Duality of mecham’.smi’2

Originally, two distinct mechanisms were postulated for nucleophilic
substitution reactions. Reaction by mechanism SN2 is considered to occur via
a single bimolecular step, involving a synchronous formation and destruction
of chemical bonds., A necessary redquirement of this mechanism is that both
nucleophile and substrate are covalently involved in the rate determining

transition state,

Y o+ X — [ e -R---xX]— ¥R + X (5,2)

In reaction by mechanism S _1, the essential feature is a slow, rate-

N

determining ionisation of the substrate, RX, to form a carbonium ion, R+.

This species then reacts rapidly with the nucleophiles present.

RX — [R6+ - xb-] —_—s R’ . x

transition state (SNi)
R+ + Yo __fE._S_t__, RY

The SN1 transition state involves a partially ionised bond of the substrate

RX and, whilst solvation plays an enormously important role in facilitating



the ionisation, there is no direct covalent attachment of the nucleophile
in the transition state. The mechanism is, therefore, regarded as
unimolecular,

3

Recently, it has been proposed” that these schemes, particularly the

SN1 reaction, require modification by the inclusion of intermediate ion-
pairs in the reaction scheme. These ion-pairs and their relative importance
in discussing nucleophilic substitution reactions, are the central theme of
this thesis. They are discussed in section (1,3) but those earlier
experimental results which can, however, be interpreted on the basis of

classical SN1 and SN2 mechanisms, are discussed in these terms in the

succeeding sub-sections, for the sake of simplicity.

1
1,2,2 Kinetic form of nucleophilic substitutions 2

Reaction by the bimolecular mechanism (SNZ) is considered to occur via
a single step and can therefore be expected to follow second-order kinetics,
first-order with respect to both the substrate and the nucleophile. In
solvolyses, however, the nucleophile (HS) is present in vast excess, being
a major coﬁponent of the solvent and first-order kinetics can therefore be
expected,

For unimolecular (SN1) solvolysis, application of the steady state
approximation to the highly reactive carbonium ion intermediate leads to the

rate law shown in equation (1,1), First-order kinetics will be observed in

RX F‘ R" + X ; R —ZHS-> RS + H (SNI)
~d[RX] - k1[RXJ t (1.1)
dt 1+a.[X7]

where o = k_1/k2

Throughout this thesis rate constants with arabic subscripts (e.g. ki’kz)

refer to the rate constants for the individual steps in a reaction scheme.



SNl solvolysis if the value of the mass-law constant, a, is such that
a[X"] << 1, even though X~ is produced as the reaction proceeds.

Under these conditions, both SN1 and SN2 solvolyses have the same
kinetic order and cannot be distinguished on the basis of their kinetics,
Other less direct methods must be employed to determine the mechanism.
These methods are illustrated in the subsequent sub-sections and most of
them have been extensively reviewed (for example see reference 4).

However, when o is large enough to ensure a[X"] is not negligible

compared with unity the instantaneous rate coefficient for decomposition of

the substrate, can be expected to decrease as the reaction proceeds,

inst kl
ka = —— (see equation (1.1)
1+a[X7]

Innumerable examples of such mass-law retardations are known (for example,
see reference 5).

Similarly the addition of common anions, X-, will significantly retard
the SNI decomposition of RX under solvolytic conditions if o[X"] is not
negligibly small (for example, see reference 5). These common-ion effects
are strong evidence in favour of reaction by mechanism SN1 but are not
necessarily observed in the majority of unimolecular solvolyses. Indeed,
the effect is often masked by the simultaneous accelerating electrolyte

effect (see sub-section 1,2.6).

1.2.3 Structural changes in the substratel’2

The rate of reaction by mechanism SN1 is controlled by the ionisation
of the substrate. Associated with this is an increase in positive charge
at the reaction site in the transition state for this process, Hence,

electron release by substituents toward the reaction centre is expected to

facilitate the ionisation through stabilisation of the polar transition state.



In bimolecular substitution, the electronic requirements in the
transition state are ambiguous. The SNZ mechanism is essentially a process
of synchronous bond formation and dissociation. Therefore, electron release
toward the reaction centre should aid the expulsion of the leaving group,
whilst hindering approach by the nucleophile. The overall effect depends
on an inequality of these two requirements and as such is expected to be
much smaller than in unimolecular reactions.

Methyl groups are capable of stabilising a positive charge by inductive
and hyperconjugative effects. In the series of alkyl bromides, RBr, the
capacity for electron donation toward the central carbon atom increases in
the order,

R: Me <Et < 'pr < 1:Bu

but the rates of their solvolyses in aqueous ethanol follows the sequence,

R: Me > Et < 'pr << By (see Table 1.1)

Table (1.1)

Relative rates of solvolysis of alkyl bromides RBr in

1.
80% aqueous ethanol at 55°C 6d
R Me Et 1Pr tBu
Relative rates 25 1 1.7 7300

The large rate for the tertiary alkyl halide in this series, convincingly
demonstrates the operation of mechanism SN1 for this compound. This

conclusion is confirmed by the lack of any acceleration by the more powerful

nucleophile, hydroxide ion.

Throughout this thesis an 'X%' solvent refers to (100-X) volumes of the
first-named component mixed with X volumes of the second-named component

of a mixed solvent.



A phenyl group directly attached to the reaction centre is capable of

stabilising the developing positive charge for the S 1 transition state, by

N
resonance interaction with this charge.2 The rate of solvolysis of
benzhydryl chloride in 70% aqueous acetone at SOOC is greater by a factor
of 1600 than the corresponding solvolysis of the primary halide, benzyl
chloride.7 Such sensitivity to structural change is, again, highly
indicative of unimolecular solvolysis for the former compound. This
conclusion is also supported by the absence of any acceleration on the
addition of hydroxide ions8 and the retardation of solvolysis by common
anions. Thus with phenylmethyl chlorides unimolecular solvolysis is
observed for the secondary halide, benzhydryl chloride.

The solvolysis of benzhydryl halides and substituted benzhydryl halides
has been widely studied in aqueous solvents and shown to be a model SN1

5,7

reaction,™? The steric requirements of the two phenyl groups are thought
to inhibit the approach of the nucleophiles to the covalent substrate thus

hindering mechanism S 2 while, at the same time, the polar effects of these

N
groups have a large stabilising influence on the partial positive charge at
the reaction centre in the SN1 transition state,

Steric complications arising from the introduction of substituents in
the vicinity of the reaction centre can be avoided by studying L4-substituted
benzyl halides (Q-ZC6HACH2X) where the effect of the substituen£ on the rate
arises mainly, if not entirely from their polar effects. Solvolysis in
aqueous acetone occurs by mechanism SN1 in the compounds capable of substantial
electron donation to the reaction centre (Z = MeO, PhO) while the bimolecular
reaction path is followed with less efficient electron releasing groups
(Z = H, NOz).9 These compounds also demonstrate the ambiguity of the polar

requirements for SNZ reactions with anions. For bromide exchange in

diethylene diacetate, the powerful electron donating and attracting groups



(z = MeO, NOz) lead to virtually the same rate while a rate minimum is

observed with the parent compound.10

1.2.4 Variation of the nucleophile 1,2

In SN1 reactions the overall rate of decomposition of the substrate
depends on its rate of ionisation and should therefore not be affected by
the nature of any nucleophiles present as these only react with the carbonium
ion intermediate formed in the rate-determining step. Added substances will
however influence the rate of ionisation to a relatively small extent through
medium effects (see sub-section 1.2.6) but it must be stressed that the
magnitude of these effects rarely, if ever, follows the order of the
nucleophilic power of the species under consideration.

The nature of the nucleophile is, howeveg, an important factor in
determining the rate of SNZ reactions, Thus the solvolysis of methyl and
ethyl bromide in aqueous ethanol is greatly accelerated by the addition of
hydroxide ions,6d thus indicating bimolecular attack by these ions though
not necessarily by the much more weakly nucleophilic solvent molecules.

It is therefore possible to envisage the situation illustrated in

2 reaction becomes the energetically more favourable

Figure (1.1) where SN

process if a sufficiently powerful nucleophile is present. This behaviour

Figure (1.1)
N

Rate of ) N

reaction

7

4

Increasing nucleophilic power



has been reported for the reactions of trimethyl sulphonium salts in ethanol11
but the interpretation has been criticised on the grounds that the constant
rate observed in the presence of the weaker nucleophiles could arise from
bimolecular reaction with the solvent which is present in vast excess.12

A less ambiguous demonstration is afforded by the reactions of 4-methoxy- and
4-phenoxy-benzyl chlorides in 70% aqueous acetone. The reaction centre of
these compounds is not sterically unfavourable to SNZ attack but solvolysis

9

occurs unimolecularly”’ while the decomposition is accelerated by the addition

of azide ions far beyond the limits to be expected from the operation of a

13

medium effect,

1.2.5 Solvent effects

The kinetic effect of solvent changes or other alterations in the
medium is given by the well known Brgnsted relation14 which can be expressed

in the form of equation (1.2) for the reaction between an organic halide (RX)

and an anion (Y ). In this expression
ky i (fod Ay (f9)q (1.2)
kB B (f*)A ) (fo)B(fY-)B |

the subscripts A and B refer to the two media, the f's to the activity
coefficients, and the subscript ¥ to the activated complex. Equation (1.2)
also applies to solvolysis if the fY- terms are omitted.

Earlier workers considered the kinetic effect of solvent changes in
terms of the solvation requirements associated with the activation process.
The creation of electric charges was considered to require increased
solvation, and vice versa, while a proportionally smaller decrease in
solvation was involved in the dispersal of a given charge. Solvents were

classified in terms of their solvating (ionising) power which was affected

by the water content of aqueous organic solvents and controlled the



stabilisation of solute species in relation to their solvation requirements.
The vast majority of the available results is fully consistent with this
view, Thus the SNZ reactions of organic halides with anions are slightly

decelerated by making the solvent more aqueous (charge dispersal) while the

same solvent change greatly accelerates S 1 decomposition where charges are

N
. . . 6b -

created in the activation process. Similarly the smaller degree of

charge development and its greater dispersal in SNZ solvolyses, relative to

the S, 1 process, should render these reactions less sensitive to solvent

N

changes, as observed for the S 2 solvolysis of L4-nitrobenzyl chloride when

N
compared with the SN1 reaction of 4-nitro-4'-phenylbenzhydryl chloride.8

More recent observations however require a modification of this
interpretation, Determinations of the activity coefficient of the substrate
(fo) from solubility or partial vapour pressure measurements show that about
one half of the effect of changes in the composition of aqueous ethanol on the
rate of the S 1 solvolysis of t-butyl chloride arises from changes in the

N
)15

stability of the substrate (i.e. f and that such initial state effects

RX
are almost entirely responsible for the kinetic effect of altering the

water content of aqueous acetone on the rate of hydrolysis of L-nitro-4'-
phenylbenzhydryl chloride by the same mechanism.8 Moreover, the

transition state for the SN2 solvolysis of L-nitrobenzyl chloride is actually
destabilised on increasing the solvating power, the observed rate increase
arising from an even larger destabilisation of the initial state.

No similar study of the relative importance of initial and transition
state effects has been reported for the bimolecular attack by anions on
neutral substrates, The rates are almost invariably reduced on increasing
the ionising power of the solvent,16 as predicted by the simple solvation
approach and a few exceptions involve systems with an appreciable degree

17

of charge development at the reaction centre in the transition state.
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Under these conditions 'SN1—1ike' behaviour with respect to solvent changes
is not unreasonable.

Similarly the simple solvation approach appears to predict the majority
of the observations for solvolytic reactions if it is viewed slightly

differently from the original proposal.

1.2.6 The effect of added electrolytes

This thesis is mainly concerned with the effect of added anions (Y )
on the decomposition of substrates (RX) and it is therefore convenient to
limit the subsequent discussion to this area. In elementary terms the
addition of Y will accelerate the overall decomposition and leave the
rate of production of the solvolysis product unaltered if Y attacks the
substrate bimolecularly, However, the anion competes with the solvent
for the carbonium ion formed in the rate determining step if mechanism SN1
is operating so that Y will leave the overall rate of decomposition
unaltered under these conditions though the formation of the solvolysis
product will be retarded.

Superimposed on these elementary considerations will be the medium
effect arising from the changes in ionic strength caused by the addition of

the electrolyte. This is conveniently discussed in terms of the Bronsted

relation14 (cf. equation 1.2) in the form,
k = k — (1.3)

where the superscript 'o' refers to zero ionic strength and the f's now
represent the activity coefficients relative to unity at zero ionic strength.
Equation (1.3) is valid for S

1 decomposition or S 2 solvolysis but S 2

N N N
reaction with an anion (Y') requires the relation,
f f -
RX
Kk = k°o—1 (1.4)

fy
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The kinetic effects of added electrolytes were originally rationalised
in terms of a simple electrostatic model which assumes that polar species
were stabilised by their surrounding ion-atmosphere by amounts which
increased with increasing charge and decreased with the dispersal of a
given charge; the effect on the stability of a formally neutral substrate
(RX) was regarded as negligibly small.18 On this view the rate coefficient
of the SNZ reaction with an anion should decrease with increasing ionic
strength (f* > fY-), as generally observed.19 Unimolecular decomposition
and bimolecular solvolysis should be unambiguously accelerated by the
addition of electrolytes and though this is usually found exceptions are
known ( for examples, see reference 20 and Table 1.2).

A quantitative development of the electrostatic approach for SN1
reactions leads to the conclusion that the acceleration caused by electrolytes
was independent of their nature and was solely controlled by the ionic
strength and the nature of the substrate, at least in very dilute solutions.1
Contrary to this requirement, specific electrolyte effects have been observed
on many occasions (for examples see references 20 and 21). In addition
the original assumption of negligibly small changes in the stability of
neutral solutes on the addition of electrolytes is contradicted by the large
amount of information on salting-in and -out, and this also applies to
substrates which undergo nucleophilic substitution reactions.ZOb’22

Specific electrolyte effects in mixed aqueous solvents have been
ascribed to the different degrees of solvation of different ions so that the
'‘effective!' solvent composition depends on the nature of the added ions.z1
A quantitative development of these viewszoa combined with experimental
information on the effect of electrolytes on the activities of the components

23

of agqueous dioxan showed that the observed influence of electrolytes on

solvolytic rates was consistent with the operation of such a 'salt induced
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medium effect' and an electrostatic effect of the type originally envisaged,
provided that both initial and transition state stabilities were taken into

account.

Table (1,2)202

Kinetic salt effects in the solvolysis of neophyl

p-toluenesulphonate in 50% aqueous dioxan at SOOC

Salt kf/k:
[Salt] = 0-1M [Salt] = 0.-2M

NaOH 086 0-73
NaCl 0-98 0:92
LiC1 1.00 1.01
NaBr 1.05 1.05
NaNo3 106 1.08
Nal 106 1012
NaC104 1-16 1-30
2-010H7503Na 1-03 110

24

1.2.7 Activation parameters for solvolytic reactions7’

The conventional form of the absolute rate equation for reaction in

solution25
Kr AS* E
lnk = 1n_lT + 1+ T -R/r (1.5)

allows the calculation of energies and entropies of activation (E and AS ,

respectively) provided it is recognised that the definition of these

. . 26
parameters requires them to vary with temperature according to the relations

+
DAS OE #
TT = ¥ - R = ACp
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where the heat capacity of activation, AC_, represents the difference
between the standard heat capacities of the initial and transition states.
Negative values for this quantity have been observed in numerous solvolytic
reactions of neutral substrates in water24 and agueous organic solvents,7
resulting in a significant temperature dependence of the energy and entropy
of activation, Valid comparisons of these parameters for different

systems must therefore refer to the same temperature and it is found that

for solvolysis in a given medium, AS¢ is considerably more negative for the
7,24

SNZ process than for the S 1 reaction of a structurally similar compound,

N
in agreement with earlier suggestions.27 Apparently a solvent molecule
suffers a greater loss of entropy when it forms a partial covalent bond
than when it merely participates in the solvation of a charged centre.

The ratio AC;/ASi has been found to be larger for SN1 than for SNZ
solvolysis in aqueous organic solvents and independent of the nature of the
substrate when the unimolecular mechanism is operating. This property
affords a sensitive test of solvolytic mechanism particularly in the
vicinity of the mechanistic borderline region (see sub-section 1.2.8) where
the other criteria do not always provide unambiguous answers and may arise
from the fact that the changes in solvation accompanying the activation
process are by far the most important factors controlling the magnitudes of
both AC: and AS#.7’28 It must however be stressed that this criterion of
mechanism will not apply to solvolysis in highly structured solvents like

¥ ¥
water, Here ACp/AS for S 1 solvolysis is not independent of the nature of

N
the substrate, possibly because changes in solvent-solvent interactions

resulting from passage into the transition state contribute substantially to

the magnitudes of these parameters,

1.2.8 The mechanistic borderline region

It has already been pointed out in previous sub-sections that the

introduction of electron-donating groups, or alterations in the nature of the
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nucleophile or solvent can progressively favour reaction by mechanism SN1

relative to mechanism SNZ until ultimately the unimolecular process is the
energetically more favourable. The mechanistic 'borderline' region is

defined as the earlier stage when SNl and S 2 reactions are about equally

N
likely and is now considered since some of the reactions described in this

thesis occur in or near this region.

It is convenient to base the discussion on the general formulations,

(1+0-9)- @+ e-
Yoo e R X

} (09 <H<1)
(6-9)+ P+ 6~
HSccm e . X

for the transition states of the reactions with anions (Y~ ) and solvent (HS),
respectively, instead of the alternative equivalent description in terms of
13,29,

resonances hybrids of appropriate canonical forms e.g.,

On the present formulation the degree of covalent attachment by the
nucleophile (Y—,HS) increases with increasing difference between the
magnitudes of the opposing charges created on the substrate and on the
leaving group (X) in the transition state, When this difference is zero

($ = B) no covalent participation by the nucleophile occurs in the activated
complex and the reaction is therefore unimolecular. However, the mechanism
must be regarded as bimolecular whenever ¢ < g since the nucleophile is now
covalently involved in the activation process and it is therefore apparent
that mechanism SN2 can proceed via a wide spectrum of different transition

states, subject only to the requirement 0 £ ¢ < A< 1.

The precise nature of the reaction path in the mechanistic borderline
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region has aroused considerable interest, Some workers consider that all
the individual molecular acts of substitution proceed via identical

transition states such that ¢ tends progressively closer to B as the

29,30

mechanism approaches the limiting SN1 form, However, ® is less than

B until this stage is reached and this view therefore demands bimolecular
reaction in the borderline region though the relative high degree of charge
development in the substrate can be expected to lead to characteristics

(e.g. kinetic solvent effects) closer to those for S_.1 reactions than to

N

those for the more extreme forms of mechanism SN2 where ¢ << 0,

Alternatively, reaction may occur via a whole spectrum of transition states
associated with varying values of @, including ¢ = 0.3  such a process
must be considered to involve the concurrent operation of mechanisms SN1 and
SNZ.

In principle it should be easy to distinguish between these two
possibilities for non-solvolytic reactions since reaction via identical
transition states with ® < 8 should result in second-order kinetics while
mixed first- and second-order kinetics should be observed for reaction by
concurrent S 1 and S 2 processes, Such mixed kinetics have been reported for

N N
. . R 31a 32
the reactions of benzhydryl compounds in sulphur dioxide,

33

nitromethane,

and acetonitrile and acetoneBQ and also for the bromide

35

dimethy] formamide,

exchange of tert,butyl bromide in acetone

36

though this observation was not
confirmed by subsequent studies. These substrates are generally considered
to be sterically unfavourable with respect to bimolecular attack by
nucleophiles but this does not rule out such processes for strong nucleophiles
and poor ionising conditions. For example, the decomposition of L-nitro-
benzhydryl chloride in 85% aqueous acetone is accelerated very substantially
by the addition of small amounts of azide ions, presumably because of an

37

energetically favourable SN2 reaction. Nevertheless, the observation of
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mixed kinetics in the reactions of these compounds does not unequivocally

demand the concurrence of SN1 and SNZ processes in the absence of

information about the medium effects resulting from the introduction of the
nucleophiles,
Conclusions about the mechanism of solvolyses in the borderline region

have been sought from the effect of solvent changes on the rate via the

29a

Grunwald-Winstein relation,
log(k/ko) = mY (1.6)

where the subscript 'o' refers to a reference solvent (80% aqueous ethanol),
and Y to the ionising power of the solvent defined as log(k/ko) for the
solvolysis of tert.butyl chloride. The parameter 'm' was found to be

unity for S 1 solvolysis and very much smaller when the alternative mechanism

N

was operating. The intermediate value of m (0<54) found for the solvolysis

of isopropyl bromide was held to result from reaction via identical

29b

transition states for all the individual molecular decompositions but

this conclusion has been criticised on the grounds that m depends on the
nature of the substrate in SN1 solv01y51512 and that the linear relation

between logk and Y, required by equation (1.6) does not always apply to S 2

N
solvolysis.Bla

Information has also been sought from the effect of added nucleophiles

(N) on the rate coefficients for solvolysis (k_.) and total decomposition

RS
(ka) of a substrate (RX). This approach was originally suggested by Gold

who pointed out that S 2 attack by N must inevitably lead to a larger k

N RX

in its presence without any effect on kRS’ while concurrent SN1 and SN2

reaction with N should increase ka and decrease kRS if the solvolysis

occurs wholly or partially by mechanism S 1.31b’d

N Unfortunately the example

studied (benzoyl chloride) probably does not undergo solvolysis by SN

mechanisms.3
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This approach has been applied to the reactions of L-methoxy- and

11,31e

L-phenoxy-benzyl chloride in 70% aqueous acetone. These systems

have the advantage that solvolysis is known to occur entirely by mechanism

s 1719

N so that carbonium ions are inevitably available for reaction with

added nucleophiles. At the same time the reaction centre is not sterically
unfavourable to bimolecular attack and the magnitude of medium effects can
be estimated by analogy with the corresponding behaviour of benzhydryl

chloride which does not undergo S.2 reaction to any detectable extent in

N
this solvent and shows remarkable similarities to the two benzyl chlorides
with respect to solvent changes and the addition of non-nucleophilic anions,
For both alkoxy-benzyl compounds the addition of azide or chloride ions
increased k_, well beyond the limits expected from the appropriate electrolyte

RX
effects and, at the same time, reduced kRS' Concurrent SN1 and SNZ attack
by these anions therefore appeared to be indicated.

The mechanism for borderline solvolysis cannot yet be established
unambiguously, It has already been pointed out (see sub-section 1.2.3) that
the L-substituted benzyl compounds (4-ZC6H40H2X) represent a series in which
electron supply to the reaction centre can be altered by a suitable choice

of the substituent, Z, leading to SN1 solvolysis for good electron donors

(z

MeO,PhO) and S 2 reaction for significantly less efficient donors

N
(z

H,N02). Substituents with a capacity for electron release intermediate

between these extremes (Z = Me 4-Me006H ) led to entropies of activation

L

intermediate between the values expected for S 1 and SNZ solvolysis, while

N
£ ¥
the ratio ACp/AS (sub-section 1.2.7) suggested that the reaction did not
7,28

occur entirely by mechanism SN1. ’ This indication of borderline behaviour

$
is strongly reinforced by the observation that ACp T 0 for reaction with 50%

¥
aqueous acetone when Z = Me. Normally a significantly negative ACp is

7,2k

expected for solvolysis'' and this finding therefore requires an additional
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positive contribution which could arise from the concurrence of several
different processes having different activation energies but could equally
well result if only one reaction path is available provided the structure
(8/6) of the transition state is temperature dependent in the sense of a

positive temperature coefficient for its enthalpy.7’28

1.2.9 The stereochemistry of nucleophilic substitutions

The energetically most favourable path of bimolecular (SN2) substitution
involves attack by the nucleophile on the opposite side of the substrate to
that of the group being diSplaced.6a For an asymmetrically substituted
reaction centre such acts of substitution would be expected to give inverted
products, as observed on innumerable occasions; for example, symmetrical
halide exchange of organic halides in acetone where the rate of racemisation
is twice the rate of exchange.39

In SN1 reactions a planar configuration is to be expected for the
carbonium ion if it has a sufficiently iong lifetime and attack by
nucleophiles should then lead to a totally racemic product from an initially
optically active substrate, If the carbonium ions are short-lived some of
their reactions with nucleophiles may occur while the departing group is
still in the immediate vicinity thus providing some shielding against
nucleophilic attack on that side of the ion; inversion should accompany
racemisation under these conditions.2 In agreement with these predictions
the SNI solvolysis of 1-phenylethyl chloride in alcohols occurs with
complete racemisation; hydrolysis in aqueous acetone showed a small amount
of excess inversion, increasing with increasing water content, presumably
because of the reduction of the half-life of the carbonium ion as the water
content is raised.ho Inversion accompanying racemisation during the
hydrolysis of this compound has also been reported on many other occasions
(cf. reference 41). On the other hand the hydrolysis of 1-phenylethyl bromide

in water leads to a totally racemic productéo although it is difficult to see
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how the departing group can alter the stability of a carbonium ion with
respect to the collapse of the solvation shell,

Varying degrees of retention of optical configuration should accompany
unimolecular reactions subject to anchimeric assistance by neighbouring

groups; for example,

Ar-CH,-CH,-X — + X

Under these conditions the side opposite to that of the departing group is
shielded against nucleophilic attack but such systems represent a special
case which is not relevant to the present study. They are, therefore, not

/]
considered further in this thesis; a review is a.vailable.k2

1.3 JTon-Pair Intermediates in Nucleophilic Substutition Reactions

1.3.1 Evidence of ion-pair intermediates

The original explanation of racemisation and some inversion in the SNl
reactions of some optically active compounds (see sub-section 1.2.9) was
considered to suffer from the conceptual difficulty that it required an
ionisation process, complete enough for the reaction to be regarded as
unimolecular, but in which the intermediate carbonium ion was not sufficiently
distinct from the leaving group to adopt its expected planar configuration.43
This objection vanishes if the reactions proceeded via an intermediate ion-
pair which could react with the solvent or other nucleophiles to form an
inverted product.44

More compelling reasons for considering ionisation via these intermediates
arose from observations that the unimolecular reactions of many optically
active substrates in a variety of solvents were accompanied by an intra-

molecular racemisation of the initial reactant (for a summary see reference 45).

Experimentally this was detected from the ratio of the first-order rate
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coefficients for the disappearance of optical activity and the formation of
the product, and the effect was found to be significantly enhanced by using
poorer ionising solvents; for example, their ratio is 2:6 and 38 for the

solvolysis of 4-chlorobenzhydryl chloride in 80% aqueous acetone and acetic

45,46

acid, respectively. Reaction via a fully developed carbonium ion, as

postulated in the original definition of S,1 reaction, would require the

N
same rate coefficients for solvolysis and racemisation. Similarly, the
rate of chloride exchange of this compound in acetone was much less than the

45

rate of racemisation under the same conditions, These observations were
interpreted in terms of ionisation via an intermediate ion-pair which could

return to the initial state with either retention or inversion of

configuration, presumably by rotation of the cationic moiety; e.g.

4

]
!
ct X~

2f>

The existence of more than one intermediate ion-pair was deduced from
the effect of lithium perchlorate on rates of solvolysis, Addition of the
salt initially caused a very marked acceleration, the 'special salt effect',
followed by a more gradual increase in rate, the 'normal salt effect' { see

L7 It was assumed that

sub-section 1.2.6), as the ionic strength increased.
the special salt effect arose from the suppression of the return from an ion-
pair resulting from its capture by the added salt and the rapid hydrolysis of
the resulting species (see below). For threo-3-anisyl-2-butyl 4'-toluene-
sulphonate the rate of racemisation was found to be greater than the rate

of solvolysis even when a special salt effect was operating, suggesting

ionisation via an 'internal' and an 'external' ion-pair which were both

regarded as capable of return with racemisation while only the external ion-
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pair could be captured by perchlorate ions.

RAc
HAc
X == R/X ] RY//X" HAc
(internal (external C104
ion-pair) ion-pair) R*//C10 ~

A

It has however, been pointed out that the observation of special and normal
salt effects could simply be a consequence of a substantial ion-pair
association constant for lithium perchlorate in acetic acid.lt9
Further indications of the existence of intermediate ion-pairs arose
from studies on the solvolysis of L-nitrobenzoates which are also believed
to react by the ionisation mechanism, SN1. Esters labelled with 18-oxygen

were found to undergo equilibration in the ‘'unreacted' substrate during

R- "0 R-0 N
C-Ar _

180/

C-Ar

solvolysis, the rate of equilibration being greater than the accompanying
rate of racemisation of the substrate.50 For a series of L-substituted
benzhydryl compounds an approximately 2500-fold increase in the solvolytic
rate coefficient (kt) was accompanied by similar changes in the first-order
rate coefficients for oxygen equilibration (keq) and racemisation of the
substrate (krac)’ as shown in Table (1.3).51 The three processes were
therefore considered to involve a common initial step in unimolecular

solvolysis, with ionisation via two intermediate ion-pairs:

X == RY/x” == RY /X = R
(internal * ({external *
ion~pair) ion-pair)

The nomenclature 'internal' and 'external' has been retained for the sake

of uniformity, and the fully developed carbonium ion has been included in

the scheme
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Table (1.3)51

Rate coefficients for the solvolysis of 4-Z-benzhydryl

L4'=nitrobenzoates in 90% aqQueous acetone

z k, (relative) keq/kt krac/keq
c1 1 2.4 (99°C) 035 (99°C)
H 2 2.9 (99°C) -
Me 22 2.9 (99°c,49°c) 060, 0.17 (99°C,49°C)
MeO > 2500 2.9 (49°C) 0-28 (49°C)

It was suggested that only R+//X- could return to give an inverted
substrate, while both R' /X~ and R'//X" could give the substrate with the
oxygen label interchanged. The species undergoing reaction with the
solvent received no explicit attention, but this process can obviously not
be rate-determining when a unimolecular mechanism is operating.

Ingold52

s however, argued that excess racemisation and oxygen
equilibration do not necessitate return from ion-pair intermediates. He
suggested that, at all degrees of separation after the free energy maximum
has been passed, there is a probability of the counter ions recombining.
Thus, as the separation increases, the probability of the carbonium ion
moiety reacting with solvent increases, whilst the still finite probability
of return, decreases, Of the proportion of ions that recombine, there will
also be a probability of the carbonium ion inverting, as long as the
separation is greater than a certain critical distance. Similarly, there
will be another, smaller, critical separation above which the anionic charge

can spread to cause the oxygen atoms in the ester group to become equivalent

and thus randomise on recombination. These processes would, therefore, share
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the same maximum in the free energy profile and be expected to respond to
solvent and structural changes in a similar way. Strictly such a detailed
description offends the requirements of the transition state theory which
does not envisage any situation intermediate between an activated complex
and the stable or metastable products of its decomposition, but there is

no fundamental objection to considering several different probabilities for
the decomposition of the activated complex to give the substrate unaltered,
with an interchanged label and/or inversion of configuration, and the
solvolysis products. There is now some agreement that details of the
stereochemical course of unimolecular substitution are still uncertainlt1
but it could be significant that the effects which have been interpreted in
terms of ion-pair intermediates are most marked in poor ionising solvents
where their influence is most likely to be appreciable.

Reaction of intermediate ion-pairs with external reagents is implicit
in the proposed explanation of the special salt effect for reactions in
acetic acid though an alternative interpretation has been offered (see page
21) and has also been suggested to account for the observation that the rate
of decomposition of triphenylmethyl chloride in benzene depends on the

49

nature but not the concentration of added nucleophiles. Capture of
reagents by intermediate ion-pairs in better ionising solvents like aqueous
acetone and aqueous dioxan has also been proposed during the last few years.
This aspect of the problem forms the basis of the present thesis and is
therefore considered below in some detail.

Goering and his co-workers have examined the effect of the strongly
nucleophilic azide ion on the rates of decomposition, racemisation and 18-

30,51,53  1he

oxygen equilibration of L4-nitrobenzoates in aqueous acetone.
studies included a series of 4L-substituted benzhydryl L'-nitrobenzoates where

steric factors are generally believed to render bimolecular (SN2) attack by
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nucleophiles relatively difficult. Racemisation of the L-chloro derivative
was completely suppressed by the presence of 0:14M sodium azide while the
rate of 1B-oxygen equilibration was virtually the same as in the absence of

53

the salt. However, the 4-methyl compound showed a small deceleration of

both racemisation and equilibration on the addition of similar amounts of

51

azide. These observations were considered to show that azide attack
occurred mainly on the external ion-pair (Rf//x-) which was regarded as
capable of return to the substrate with inversion or exchange of the oxygen
label, but unfortunately the additional confirmation which would have
resulted from studies over a range of azide concentrations is not available,

However, the other conclusion to be drawn from these crucial results
does not appear to have attracted any attention in the literature. The
accelerating effect of the added azide ions is vastly greater than that
expected from a normal electrolyte effect (see sub-section 1.2.6) on the
rate of formation of an intermediate ion-pair so that two possibilities must
be considered. If azide ions act solely by capturing intermediate ion-pairs
the results require the rate determining decomposition of R'//X” to give the
azide and alcohol (see Figure 1.2), contrary to the conclusion reached on
the basis of solvolytic studies (see page 21). Azide attack must be
regarded as bimolecular though not entirely identical with the SNZ reaction as

™
Free

Energy

A 4

Reaction Co-ordinate

Figure (1.2)
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originally defined {see sub-section 1.2.1). If on the other hand, the
formation of R'/X™ or R'//X™ is rate determining (cf. Figure.1,1) the vast
majority of azide attack must proceed via an entirely different bimolecular
reaction path, i.e. by mechanism SNZ.

Organic 4-nitrobenzoates ionise much less readily than the corresponding
chlorides and, under relatively poor ionising conditions, it is conceivable

that the steric factors opposing S 2 attack by a linear azide ion are too

N
small to reduce the rate below the rate of ionisation. This possibility
receives support from the approximately 6- and 60-fold acceleration of the
decomposition of 4-nitrobenzhydryl chloride by 0-05M sodium azide in 70%
and 85% aqueous acetone, respectively,37 while the parent compound which
ionises 1000 times more rapidly decomposes at the rate expected from the
operation of normal electrolyte effects (see sub-section 1.2.6). These

observations suggest strongly that azide ions can attack benzhydryl compounds

bimolecularly, even in aqueous organic solvents.

1.3.2 The unified mechanism

A general reaction scheme for nucleophilic substitution was proposed by
Winstein and his co-workersqs which includes attack by nucleophiles on
covalent substrate (SNZ), a fully developed carbonium ion (SN1) and on

intermediate ion-pairs,

X — R+ X~
\\I’-IS /15
HS HS
RS

Such a general scheme was deemed necessary, in their opinion, on the grounds
of the evidence in a number of systems concerning the special salt effect

and the relative rates of racemisation, 18-oxygen equilibration and solvolysis
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(see sub-section 1,3,1). However, no evidence has yet been brought forward
indicating that, in any one reaction studied, all these steps are necessarily
significant and indeed the number of disposable parameters involved makes
this extremely difficult to establish.

3,54

Sneen and his co=-workers have put forward a simpler view and have
suggested that nucleophilic attack on the covalently bound substrate (RX)

has yet to be demonstrated, In effect their conclusions are essentially
based on the effect of added azide ions, under solvolytic conditions, on

the proportions and optical configuration of organic azide (RN3) and solvolysis
product (RS) formed in the reaction. Their original scheme envisaged

reaction entirely via a single intermediate ion-pair,

k RS

S
X 1, /

which was formed via a reversible ionisation of the substrate and destroyed
by reaction with either the solvent (HS) or the added nucleophile (Y). The
kinetic form of reactions proceeding via this 'unified scheme! will be
governed by the magnitude of the ratio x = k_ /ks. First-order kinetics
will be observed if formation of the ion-pair is rate determining (x << 1)
and describes the reactions previously regarded as occurring via mechanism
SN1. On the other hand, classical bimolecular reactions (SNZ) are considered
by these workers to occur via a rate=determining attack on the ion=-pair

(x> > 1), such reactions following second-order kinetics. Borderline
reactions (see sub-section 1,2.8) following mixed kinetics are considered to
occur when the free energies of the transition states for ion-pair formation
and its subsequent reaction with nucleophiles are similar in magnitude (i.e.

x =~ 1), The free energy profiles for these conditions are shown in Figure

(1.3).
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Free
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x <<1

Free
Energy
G,

¥

Reaction Co-ordinate

Figure (1.3)

Free energy profiles for the unified scheme
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The basic conclusion reached by these workers has been widely criticised

55

and indeed von Schleyer and Kohnstam56 have pointed out that the product
ratio [RNBJ/ERDH] variation with [N3-] will be consistent with the unified
scheme, to the exclusion of the classical SN scheme, only if the electrolyte
parameter (see Chapter 4) for azide ions has a particular value; the
converse will apply if another value is assumed. Similarly, a substantial
enhancement of the rate of decomposition of the substrate by added azide
ions becomes difficult to envisage in an aqueous solvent where the
solvolysis is believed to occur unimolecularly (i.e. via the rate-
determining formation of the ion-pair in the unified scheme), Furthermore,
for a substrate solvolysing bimolecularly (x > > 1 in unified scheme), where
acceleration of the decomposition by added nucleophile, can be considered,
there should be a limit reached after which an increase in nucleophilicity
or concentration of the added nucleophile produces no further rate increase
since the ion-pair formation has now become the rate-determining step (i.e.
kY[Y] >'k_1 in the unified scheme). No such behaviour has yet been
reported, The scheme has also been criticised on a number of other accounts57
and in particular on the observation of common-ion retardation (see sub-
section 1.2.2) which is difficult to explain in terms of Sneen's scheme.

At the very least one would therefore have to envisage the possibility

of including a fully developed carbonium ion and possibly two intermediate

45 51,53

ion-pairs as envisaged by Winstein and Goering, The question then
arises as to whether an extension of Sneen's scheme which does not involve
attack by nucleophiles on the covalently bound substrate (i.e. mechanism SNZ)
can explain the existing body of information, The present work was carried

out to establish this point.

1.4 The Present Study

The present study was aimed at obtaining mechanistic information from

the effect of added nucleophiles on the rates of decomposition in aqueous
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solvents both for systems where hydrolysis was previously believed to be
bimolecular and for those where earlier evidence had suggested unimolecular
hydrolysis. Clearly, it was desirable to ensure that the reaction centres
were not unfavourable to attack by nucleophiles and it was therefore
decided to study reactions for substituted benzyl compounds,

All the available evidence suggested that L-nitrobenzyl halides and
4 '=toluenesulphonates undergo what was previously presumed to be bimolecular
(SNZ) solvolysis and that reaction with more powerful nucleophiles was very
much more rapid than reaction with water, This system was therefore
chosen as typifying substrates likely to react bimolecularly in an attempt
to see if the processes could be explained solely in terms of intermediate
ion=pairs and a fully developed carbonium ion.

For alkoxybenzyl halides there is much evidence indicating that in
aqueous solvents their solvolyses occur unimolecularly but that more
powerful nucleophiles could react with these substrates by both classical
mechanisms (i.e. SN1 and SNZ). Some preliminary investigations were already
available but it was decided to do more in an attempt to establish whether
the results could be explained solely in terms of reactions via intermediate
ion-pairs and a carbonium ion. Parallel experiments were also carried out
with benzhydryl chloride, where nucleophilic attack on the reaction centre
is subject to considerable steric hindrance, mainly to establish estimates
of the magnitudes of electrolyte effects due to the presence of anionic

nucleophiles.
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CHAPTER 2

Nucleophilic Substitution On 4-Nitrobenzyl Chloride

And 4'-Toluenesulphonate In Aqueous Acetone

2.1 Introduction

This chapter reports the effect of a number of salts (MY) on the rate
of decomposition of L-nitrobenzyl chloride and 4'-toluenesulphonate (RX)

in aqueous acetone. Under these conditions the substrate will undergo

hydrolysis,
ka +
RX + HO ——— BROH + H + X (A)

but may also react with nucleophilic anions,

- ky -

X + Y ——> RY + X (B)

to give a product (RY) which may undergo further hydrolysis,

k

R+ HQO —L 5% ROH + H 4+ Y (c)-

It is convenient to define a first-order rate coefficient for the

decomposition of RX, k_. by

RX
1 d[RX] inst
"] Tat. T Mx
where kinSt = k [y ]
RX - a kb °

It must be recognised, however, that k;QSt will not be a constant if reaction

B contributes measurably to the rate of decomposition of RX and [Y ] varies
significantly over the range of reaction studied. In practice instantaneous
rate coefficients cannot be determined accurately and it was found more

convenient to employ the integrated form of the rate equation which gave,
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R [RX]
1 inst 1 )
ka = 3 ka Ldt = T lnFR-iTt (2.1)
o]

Most of the studies were carried out on the reactions at 20°C where
only the rate in the presence of azide ions was large enough to permit study
over 80-90% of the reaction in a reasonable time, Initial rates were
measured for all the other systems. The relatively small effect of
perchlorate ions was obtained from the solvolysis at 60°C in order to obtain
a more reliable estimate of the effect of this salt than could be obtained
from the much slower rate at 20°C. The reactions were followed via the
production of acid or chloride ions or the disappearance of azide ions,

The concentration of Y could be equated to [Y-]i (the initial concentration
of Y ) to within a negligibly small error when initial rates were studied so
that the integrated first-order rate coefficient (kI)+ was given by,

k. = ka = ka + kb[Y']i (2.2)

The vast acceleration on the addition of azide ions implied
{Y"] >> k_ and the expected second-order kinetics were indeed observed.
a P

=
The resulting integrated second-order rate coefficients (k_.) , were equated

II
to kb (i.e. kII - kb) to within a negligibly small error. The integrated

first-order rate coefficient for a system in which the concentration of the

nucleophile is buffered, or for initial rates is then given by,

ka = kII[Y ]

Throughout this thesis kI and kII represent the first- and second-order
rate coefficients for the decomposition of the substrate as measured by

the appearance of products.
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The interpretation of the rate measurements in the presence of bromide ions
was complicated by the hydrolysis of any A4-nitrobenzyl bromide produced.
Although this compound undergoes hydrolysis about 60 times more rapidly than
the corresponding chloride, the steady state approximation could not be

employed since the reaction was only followed over its initial early stages.

inst

RX was obtained from the development of

For this system kb and hence k
acidity and from similar experiments on the decomposition of the organic

bromide in the presence of chloride ions. Full details are given in

Appendix B and the experimental procedures explained in Chapter 6.

2.2 Results

The decomposition of the organic chloride in 70% aqueous acetone and in
the presence of azide ions was studied over a range of initial electrolyte
concentrations, The resulting second-order rate coefficients, summarised
in Table (2.1), decrease with increasing initial azide ion concentration

according to equation (2,3)

L -
10% k= 2-581(1-1-8[1\13 ]i) (2.3)

consistent with a negative salt effect for bimolecular reaction between this
nucleophile and substrate (see section 1.2.6). Strictly the values of kII
in Table (2.1) include changes due to hydrolysis of the substrate but the
vast acceleration of decomposition by added azide ions (see Table 2.2) shows
that hydrolysis only accounts for a negligibly small fraction of the total
reaction,

The principal results are summarised in Table (2.2) which shows the
first-order rate coefficient, (kRX)O-OS’ at an electrolyte concentration of
0-05M. These values were obtained by direct measurements, interpolation or
extrapolation (see section 2.1). For example the reactions of the A4-toluene-

sulphonate in the presence of 0:03M azide ions were extrapolated [N ']i = 0-05M,

3
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Table (2.1)

Second-order rate coefficients (kII) for the decomposition of

L-nitrobenzyl chloride in 70% aqueous acetone in the presence

of azide ions at 20°C

[NB-]i loé(kII)obs 104(k11)calc+
mole.1” T 1.mole” lsec™?! 1.mole” lsec™?!
0-03082 2494 2+4138
0:02982 2421 2-442
0-04814 2:339 2+357
0-04800 2:3h4 2:358
-0'07349 2+275 2240
0-07315 2197 2+241
0-09369 2+ 141 2146
0- 1014 2125 2110
+

From equation (2.3)

allowing for a similar negative salt effect as observed for the organic
chloride reactions with azide ions (see equation 2.3).

It can be seen that sodium perchlorate slightly decelerates the
hydrolysis of RCl, indicative of a small, negative salt effect for this
electrolyte, The other more nucleophilic anions accelerate the
decomposition of both the substrates by factors which qualitatively follow

13,58

their nucleophilic power.
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Table (2,2)

The effect of O-Oﬁy electrolytes on the rates of decomposition

of . 4-nitrobenzyl chloride (RC1l) and 4'-toluenesulphonate (ROTS)

in aqueous acetone at 20°C

Substrate % Acetone Electrolyte (kRX)O-OS (kRX)O-OS/(kRX)O
-1
sec
70 - 2.1 X 10'9 -
70 Nac104 - (+979) t
70 NaNO3 3.4 x 1077 1.6
70 KOPNB 5:66 x 10'8 27
70 NaBr 5.0 x 10'7 248
RC1 5
70 NaN3 1:17 x 10~ 5600
85 - 54 x 10-10 -
-'.
85 Nacm[t - (+977)
85 NaN3 1.96 x 1077 36000
70 - 1-214 x 10'6 -
70 NaC1l 8.4, x 10'6 6-9
70 NaN3 5.70 x 107" 450
ROTS 7

85 - 3.287 x 10~ -
85 NaCl 1.23 x 1077 37
85 NaN3 9.0 x 10‘4 2630

At 60°C



- 35 -

2.3 Discussion

2.3.1 Mechanism of solvolysis

There is much evidence to suggest that in the solvents of interest to
the present study, 4-nitrobenzyl chloride and 4'-toluenesulphonate solvolyse
by mechanism SNZ. Table (2.3)7 shows that the value of the ratio of the
heat capacity to the entropy of activation (AC:/Asi) for the chloride is
much smaller than that for SN1 reactions in 50% aqueous acetone. Similar
considerations apply to the L-toluenesulphonate in 70% aqueous acetone,
strongly suggesting hydrolysis by mechanism SNZ in both these cases (see
section 1.2.7). Furthermore it is virtually inconceivable that the
alternative ionisation mechanism SN1 should apply in the less aqueous and
therefore less powerfully ionising solveﬁts employed for some of the present
reactions.

The values of the entropy of activation (AS¢) for the L-substituted
benzyl compounds confirm this conclusion (see Table 2.3), being more negative
for the 4-N02 compound than for the parent compound which is in turn more
negative than for the 4-PhO and 4-MeO compounds. Solvolysis of the 4-PhO
and 4-MeO compounds gives a value of the ratio AC:/AS* in agreement with the
SN1 value and the more negative value of AS* for the parent and Ll--NO2
compounds is therefore fully consistent with reaction of structurally similar
compounds by different mechanisms (see section 1.2.7). The activation
parameters of Table (2.3) also provide good evidence that the 4-phenoxy-

and L-methoxy-benzyl chlorides hydrolyse by mechanism S 1, a conclusion

N
relevant to the discussion in Chapters 3, 4 and 5.

Further confirmation of these conclusions arises from the sensitivities
of the rates of solvolysis of the 4-NO2 and 4-MeO compounds to solvent

variation or the nature of the departing group. This is illustrated in

Table (2.4) where figures for the A4-nitrobenzhydryl system (believed to undergo
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Table (2.3)7

Activation parameters for the hydrolysis of benzyl compounds

in agqueous acetone at 50°C

3 4
Substrate X % Acetone -AS AC. /AS
-1 p
cal.deg
NO2 50 23:49 0-84
H 50 22.41 095
PhO 50 11.12 254
A-XCGHICHZCI
* H 70 23.96 0:91
PhO 70 11.98 3.60
MeO 70 11-99 3-83
NO, 70 19-62 1-55
H 70 1664 1-68
4-XC6H&CH20TS H 85 19.62 135
PhO 85 10+ 47 2:81
MeO 85 1029 2.88
50 - 2:9 % Q.3 *
SN1 reactions 70 - 3.7 * 0.4 *
85 - 2-8 3+ 02 *

*

Mean values for reactions known to occur by mechanism S

N

1
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le (2.4)

Solvolytic rates in aqueous acetone at 20°C

1 kRX (85%) kROTs
Substrate X % Acetone sec
Kpx iy (70%) Ko
70 2¢1 x 19'9
NO 0-26
2 85 5.4 x 10~ 1°
4-XC_H CH C1
6742 70 2.0 x 107 *
MeO 6 0.043
85 8.6 x 10~ :
-6
70 1.21 x 10 576
NO,, 7 0.27
t,.xc6HI*CH20Ts 85 3.29 x 10 609
MeO 85 T 3.24 x 1071 37700
70 2:13 x 107
4-XC_,_H, CHPhC1 NO 0.059
6L 2 85 1.27 x 10'8
t - -l
4-XC_H, CHPhOT NO 85 6.53 x 10 51400
g s 2 .

From reference 37.

Calculated from reference 7

Fox and Kohnstam - unpublished results.
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SN1 solvolysis - see reference 7) have been included for comparison. It
can be seen that the hydrolysis of tﬁe L-methoxybenzyl and A4-nitrobenzhydryl
compounds show similar rate retardations on changing the solvent from 70%
to 85% aqueous acetone and similar rates of hydrolysis of the L-toluene-
sulphonate relative to the chloride. Both these ratios (solvent and
departing group variation) have substantially different values for the k-
nitrobenzyl system. This is fully consistent with the operation of
mechanism S 2 and S, 1 for the 4-nitro- and L-methoxy-benzyl compounds

N N

respectively (see section 1.2.5 and reference 59),

2.3.2 Reaction in the presence of nucleophiles

Arguments have been advanced in the previous section strongly suggesting

that the Le-nitrobenzyl compounds react with water by mechanism S 2 in aqueous

N
acetone. Any reaction with more powerful nucleophiles than water is,
therefore, by the same mechanism. This proposal is fully consistent with
the substantial acceleration with added anions which increases with their
nucleophilicity (Table 2.2) and with the observation of second-order kinetics
for the reaction with azide ions (Table 2.1).

Comparison of the rate ratios in Table (2.,5) with those in Table (2.4)

shows that, unlike the hydrolysis, the reaction with azide ions is

accelerated by reducing the water content of the solvent and that the

Table (2.5)

Rates of reaction of 4-nitrobenzyl chloride and 4'-toluenesulphonate

. . . . O
with azide ions in aqueous acetone at 20 °C

k
k_(85%) ROT
k (70%) Kec1
1-66 (RC1) 48.5 (70% aqueous acetone)

1.58 (ROTS) 46.0 (85% aqueous acetone)
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kROT /ch1 ratio is even smaller than for hydrolysis, as expected for the
s

operation of mechanism SNZ (see section 1.2.5 and reference 59).

2.3.3 Electrolyte effects

The negative electrolyte effect observed for the reaction of L-nitro-
benzyl chloride with azide ions (see equation 2.3) is also fully consistent

with the operation of mechanism S 2 (see section 1.2,6). On the other hand,

N
the small retardation of hydrolysis by sodium perchlorate (see Table 2.2)
is surprising. Even in SNZ hydrolyses passage into the transition state
involves a creation of electric charges and, therefore, .according to the
electrostatic effect proposed by Ingold (see section 1.2.6) an accelerating
electrolyte effect would be expected. The salt induced medium effect
exerted by the perchlorate anion in aqueous organic solvents is in the
direction of increasing the activity of the water component23 and should,
therefore, also enhance the solvolytic rate.

It is suggested, that, in this instance, a specific electrolyte-

substrate interaction or complex formation is being observed. The 4-nitro

group will tend to give rise to a dipole moment in the covalent substrate,

’/N CH201

which is, therefore, quite capable of complexing with the polarisable
perchlorate-anion and stabilising the initial state in the hydrolytic
process, In the SNZ transition state, electron donation by the nucleophile
toward the reaction centre would be expected to reduce the dipole moment

and, therefore, the tendency for complex formation, resulting in a net
negative electrolyte effect. The opposite tendency would be expected if the

SNl mechanism were operative since development of a positive charge at the
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reaction centre would enhance the dipole moment and complex formation
relative to the initial state, accelerating the hydrolysis. Having

established that the hydrolysis is via mechanism S 2 (see section 2.3.1),

N
this somewhat tentative explanation of the anomalous perchlorate effect is

fully consistent with the operation of that mechanism.

2.4 Conclusion

All the evidence present in this chapter is fully consistent with the
operation of mechanism sNz for the reactions of 4-nitrobenzy1 chloride and
L'~toluenesulphonate with water and nucleophilic anions. The alternative
explanation of these reactions via intermediate ion-pairs with no direct
attack by the nucleophile on covalently bound substrate is considered in

Chapter 5.
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CHAPTER 3

The Effect Of Added Electrolytes On The Decomposition Of

i-Methoxybenzyl And Benzhydryl Chlorides In Aqueous Acetone

3.1 Introduction

This chapter presents the results for the effect of added nucleophiles
on the rate of decomposition of h-methoxybenzyl chloride in 85% aqueous
acetone. Parallel experiments were also carried out with benzhydryl chloride
as the substrate since it is a widely held view that this compound is
sterically unfavourable to bimolecular attack, unlike 4-methoxybenzyl chloride.
The results of a study of these systems in 70% aqueous acetone by other
workers37’60 in these laboratories are included in the discussion in an
attempt to obtain a more complete interpretation.

It has been pointed out in the previous chapter that all the observations
of the hydrolysis of L-methoxybenzyl chloride in aqueous acetone are fully
consistent with the operation of mechanism SNI, but strictly the evidence
merely suggests that attack by water occurs on an intermediate (or several
intermediates) whose formation is rate determining. This intermediate
could be a fully devéloped carbonium ion (mechanism SNl) or one or more ion
pair intermediates as recently postulatéd.54

In view of the vast amount of evidence consistent with reaction via
SN mechanisms it is proposed to discuss the results qualitatively on this
basis in the present chapter. The various possibilities are considered in
detail in Chapters 4 and 5.

the integrated first-order rate coefficient for the

Values of (kRX)O-OS’
disappearance of substrate in the presence of 0-05M electrolyte, were obtained

by direct measurement, extrapolation or interpolation of the rate coefficients

obtained from determinations of the development of acidity or production of
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chloride ions, Rates of decomposition of the organic chlorides in the

36c1'

presence of chloride ions were obtained from measuring the release of
ions from substrates containing 36-chlorine. The principle results are

shown in Table (3.1). Details of the experimental procedures are given

in Chapter 6,

3.2 Discussion

The electrolytes listed in Table (3.1) are arranged in the order of
increasing nucleophilicity of tﬁe anions, It can be seen that this order
is in no way related to the magnitude of their effect on the decomposition
of benzhydfyl chloride where steric factors are considered to oppose bimolecular
attack by nucleophiles. As a first approximation therefore, the values of
(kRX)O-OS/(kRX)O for this compound can be taken as a measure of the magnitude
of the electrolyte effect in the rate-determining ionisation of the SN1

reaction i.e.,

Ph,CHCL —— PhZCH+ + C1°”

Although the reaction centre of the L-alkoxybenzyl halides is not
sterically unfavourable to bimolecular attack, no such reaction of these
compounds can be envisaged with the very weakly nucleophilic perchlorate and
tetrafluoroborate anions. The effect of these anions on the rates of
decomposition therefore also reflects the magnitude of electrolyte effects
on the rate-determining ionisation and it can be seen that relative to
benzhydryl chloride, the effects are abqut 1% larger for L4-methoxybenzyl
chloride in 70% aqueous acetone (~ 3% in 85% aqueous acetone) and about 2%
less for the L4-phenoxy compound. Since all three compounds show virtually
the same sensitivity to changes in the solvent composition these differences
probably arise from some non-specific electrostatic interaction (see sub-

section 1.2.6).
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Table (3.1)

Values of (kRX)O-OS/(kRX)O for the decomposition in

aqueous acetone of 4—RDC6H CH2C1 and PhZCHCI at 20°C

4

70% aqueous acetone* 85% agueous acetone

c
ROCGHQCHZ ! PhZCHCI MeOC_H CH2C1 PhZCHCI

6 4
RO=MeO RO=PhO

HCloh - 1-178 1.210 - . -
Na0104 1-159' 1.128 1. 151 1. 320 1-274
NaBFA 1-131 1+ 110 1.120 - -
NaSOBPh 1- 109 1.073 1.057 - -

NaN'o3 1+ 144 1. 109 1.070 - 1-212
Me4NF 1. 025 1.059 0.935 - -

HC1 1-210 - 1.068 - -

NaCl 1. 162 1.217 1.015 1.609 1. 154
KBr 1. 255 24496 1-091 - -

+ .t

NaN3 1793 19-82 1. 136 9.506 (L+46lL) 1365 (1.047)

Results from reference 60

koy (0-05M NaN, + O-15M NaC10, )
kpy (024 NaCl0,)

(k )O.2M NaC10
RX — L = 2+15 for 4-Me0C6H4CH201 in 85% aqueous acetone
(k.,)

RX'0
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The accelerating effect of electrolytes on the decomposition of benz-
hydryl chloride is about 13% larger in the less aqueous solvent suggesting
that this difference too arises from electrostatic effects which depend on
the dielectric constant of the medium.18 The somewhat larger difference
found in the presence of azide ions is anomalous but may arise from some
bimolecular attack which could conceivably occur in the less powerfully
ionising 85% solvent. It is consdered that bimolecular attack on benzhydryl
systems is feasible in the light of recent studies (see sub-section 1.3.1,
page 25).

Apart from the perchlorates and tetrafluoroborates all the other
electrolytes examined show a larger accelerating effect on the decomposition
of the alkoxybenzyl chlorides than is to be expected on the basis of the
observations of the effect of weakly nucleophilic anions. This difference
increases with increasing nucleophilic power of the anion and is greater for
the L-phenoxy compound than for the 4-methoxy compound. The very substantial
acceleration by azide ions, the most powerful nucleophile employed is
particularly striking.

Qualitatively these results are clearly consistent with bimolecular (SN2)
attack by these nucleophiles accompanying the hydrolysis of the alkoxybenzyl
compounds, the larger effect for the L-phenoxy compound arising from the
poorer capacity of the PhO group for electron release which can be expected
to effect the rate of SN1 hydrolysis to a greater extent than the rate of
SNZ attack by nucleophiles.13 Similarly, the much larger accelerating effect
of the azide ions on the L-methoxy compound in the less aqueous solvent is
fully consistent with the prediction and many previous observations61 that the

2 attack by anions is much less sensitive to solvent changes than

rate qf SN

the rate of ionisation of a C-Cl linkage.

A full quantitative discussion of these results requires a consideration



- 45 -

of the reactions of the carbonium ions produced in the SN1 solvolysis with
the anions present in the reaction mixture since an estimate of the rate
coefficients for bimolecular (SNZ) attack is only possible when this
information is available. The determination of these required intervention

constants is considered in the following chapter,
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CHAPTER 4

Electrolyte Parameters And Intervention Constants

For The Solvolysis Of 4-Methoxybenzyl And

Benzhydryl Chlorides In Aqueous Acetone

4.1 The Mechanism of Solvolysis

4.1.1 The need for a carbonium ion intermediate

It has already been pointed out (see section 2.3.1) that the activation
parameters for the hydrolysis of A4-methoxybenzyl and benzhydryl chlorides
demand the rapid attack of water on an intermediate formed in the rate-
determining step. Mechanism SN1 assumes this intermediate to be the fully

developed carbonium ion whose formation is reversible,

RW + C1°

so that its stationary concentration is affected by the concentration of the
common chloride ions which are produced as the reaction proceeds, Assuming

a rapid reaction of the carbonium ion with water,

the observed rate coefficient for hydrolysis

+
kinst _ k6[R ] - kl
ROH [RC1] 1+alC17]
(a = k—3/k6)

can be expected to decrease as the reaction proceeds if a[Cl ] is not
negligibly small compared with unity and to be reduced by the addition of
chloride ions. This common-ion effect (mass-law retardation) is diagnostic

of reaction by this mechanism and cannot arise in hydrolysis via the attack
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of water on intermediate ion-pairs since the principle of microscopic
r e, 62 . . . . . .
reversibility requires that any reaction of an anion with such an ion-pair

will form a similar ion-pair without affecting the rate of hydrolysis.

In practice added chloride ions retarded the hydrolysis of.the present
compounds ( see Table L.1)* suggesting reaction via an intermediate carbonium
ion (i.e. mechanism SNl). If hydrolysis occurs via the attack of water on
an intermediate ion-pair the present observations could only arise from a
negative electrolyte effect on the addition of sodium chloride but such an
assumption is fraught with difficulties. Evidence presented in the previous
chapter demands that under these conditions (kROH)O-OS/(kRDH)O should be
about 1% greater for L-methoxybenzyl chloride than for benzhydryl chloride
in the 70% solvent and about 3% greater in 85% aqueous acetone. In fact
these ratios now have the smaller value for the methoxy compound. However,

the change in (k on altering the solvent from 70% to 85%

ROH)O-OS/(kRDH)O

-'.
aqueous acetone is much less than that found using sodium perchlorate (see

Table 3.1) suggesting that these ratios do not arise solely from a negative

Integrated first-order rate coefficients for hydrolysis are reported
in Table (4.1) as these coefficients were constant over the course of

any given run and can therefore be expected to differ only minimally from

inst
ka [

In the presence of NaCth,
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Table (4,1)

The effect of 0-O5M chloride ions on the rate of hydrolysis

and of overall decomposition of 4-methoxybenzyl and benzhydryl

chlorides in aqueous acetone at 20°c

% Acetone Substrate (kRX)O-OS/(kRX)O (kRDH)O-OS/(kROH)O
4-Me006HlCH Cl 1.162 0. 865
“0* 2
PhZCHCl 1014 0914
85 A-MeOCGHQCHZCI 1.609 0-:9135
Ph2CHCI 1-212 0-960

From reference 60

electrolyte effect. Furthermore, the fact that chloride ions have a
larger effect on the total rate of decomposition of benzhydryl chloride
than on its rate of hydrolysis (ka >'kROH for [NaCl] > 0) would then
require attack of chloride ions either on covalently bound substrate or on
an ion-pair, contrary to widely held views. In any case the effect of a
solvent change on (kRX)O-OS/(kRX)O for the dgcomposition of this compound
in the presence of chloride ions is virtually the same as when the
electrolyte is sodium perchlorate while any attack of chloride ions on the
covalent substrate or on ion-pairs derived from it should give a
proportionally larger value for this ratio in the less aqueous solvent
(cf. the effect of NB- and C1~ ions on the decomposition of 4-Me0C6HACH201 -

see Table (3.1)).

It would therefore, appear that the reactions of 4-methoxybenzyl and
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benzhydryl chlorides certainly occur via an intermediate carbonium ion and
this species must therefore be included in any reaction scheme. The
question of whether hydrolysis can also occur via attack by water on

intermediate ion-pairs now needs discussion.

4.1.2 The possibility of ion-pair hydrolysis

It has already been pointed out that a consideration of the activation
parameters have provided a delicate criterion of solvolytic mechanisms (see
sub-sections 1.2.7 and 2.3.1) considered at the time in terms of classical
SN1 and SNZ reactions. On this view benzhydryl and L4-methoxybenzyl

chlorides react via the unimolecular (S 1) mechanism whereas L-nitrobenzyl

N
chloride undergoes bimolecular (SNz) solvolysis., If this bimolecular
solvolysis actually involves the rate-determining attack by water on one or

54

more intermediate ion-pairs as postulated by Sneen, then the exclusion of
any significant 'SNZ' hydrolysis in the reactions of 4-methoxybenzyl and
benzhydryl chlorides also excludes the reaction paths postulated by Sneen
i.e., hydrolysis would occur almost completely if not entirely via the fully
developed carbonium ion,

On the other hand the hydrolysis of the methoxy compound and benzhydryl
chloride could conceivably involve reactions between water and ion-pairs
which do not contribute to the Lk-nitrobenzyl chloride solvolysis e.g. if this
reaction occurs via the classical SNZ route. Quaiitatively, the substantial
acceleration of decomposition of 4-methoxybenzyl chloride by azide ions
(see Table 3.1) demands the rate-determining attack of this nucleophile on
the substrate (SNZ) or on an intermediate ion-pair such that the free energy
of the transition state for its formation is considerably less than the
free energy of the transition state for formation of the fully developed

carbonium ion. It can then be shown63 that any significant hydrolysis of

such an ion-pair in addition to the hydrolysis of the carbonium ion would be
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inconsistent with the observation that the ratio ACi/AS# is independent of
the nature of the substrate for hydrolyses generally regarded as SN1 and
that certainly no more than 10% of the hydrolysis of the present compounds
can conceivably occur by attack of water on intermediate ion-pairs.

It therefore seems safe to assume that SNl hydrolysis of L-metheoxybenzyl
and benzhydryl chlorides occurs entirely via the fully dgveloped carbonium
ion, a conclusion which greatly facilitates the calculation of electrolyte
parameters and intervention constants and also strongly supports mechanism
SN1 as previously postulated for unimolecular hydrolysis. At present,

however, this conclusion does not preclude the attack of nucleophilic anions

on any intermediate ion-pairs,

L.2 Estimation of the Anion Intervention Constants

4.2.1 The mass-law constant (o) for benzhydryl chloride solvolysis
36

It has been shown previously that the decomposition of PhZCH Cl in the
presence of chloride ions is fully consistent with the added chloride ions
only accelerating the rate of decomposition by the amount expected for an
electrolyte effect (see section 3.2). Only the fully developed carbonium
ions formed in the rate-determining step react with chloride ions, As both
ka and kROH can be measured for a system containing added sodium chloride

it is convenient to define a parameter,

ka'kROH t

k,..C

= (4.1)
ROH-R

R

obs

36 -
where 01R' = %f([01']-[m1] [—3%1—]—) dt
[R°C1]

ka and kROH measured at the same time t
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It is shown in Appendix E that if reaction occurs by mechanism SN1

1 + - + 6
RX ———= R + X ; R ———=» ROH
-3 H,0
then % bs is identical with o defined as,

oL = k_ 3/ k6

If on the other hand ionisation occurs via intermediate ion-pairs,

1 -2 - 3 -
RX — R'/X~ — RrY//Xx" —— Rr" + X
-1 -2 -3

then,

ot'obs = 1+xX+Xy

where o = k_3/k6; x =k /k_z; y = kz/k_1

Values of a obtained from equation (4.1) for benzhydryl chloride in 85%

bs

aqueous acetone are shown in Table (4.2).

L.,2.2 Azide ion intervention in the solvolysis of benzhydryl chloride

The reactions of all the other anions studied, except azide ions, form
products which hydrolyse rapidly and do not therefore retard the solvolysis
reaction, In principle it is possible to obtain the intervention constant

for azide ions (B -),

3
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Table (4.2)

The parameter % bs for the decomposition of PhZCH36CI
in 85% aqueous acetone at 20°C
[NaC1] 10° (k_..) 10° (k_..) [c1.7] o ¥
1 RX’"mean ROH  mean R "mean obs

mole.l” sec-1 sec-1 mole 1-1 mole=1 1
0:05106 1+310 1.095 0.0483 L.06 * 0.08
0.05058 1.301 1.076 0:0480 4-.33 £ 0-11
0:09997 1-401 1+022 0:0949 3.92 + 0.08
0.09914 1+389 1.021 0:0940 3:84 + 0-11

+

The error quoted is the standard error of the mean

by measuring ka and k H (as for C1~ intervention constant a) provided that

RO

no azide ions attack the covalent substrate or any intermediate ion-pairs.
However the ratio (kRX)O-OS/(kRX)O for the decomposition of benzhydryl

chloride in the presence of NaN, increases more in changing the solvent

3

from 70% to 85% aqueous acetone than it does in the presence of weakly
nucleophilic anions suggesting that there may be a small but significant
rate-determining attack by azide ions (see Chapter 3, section 3.2. and Table
3.1). | It is therefore necessary to employ indirect methods for estimating

BN _ in the 85% solvent,
’ 12,32

Carbonium ions are notoriously unselective reagents " ? though there

is much evidence that the selectivity of such species increases with their
18,64

increasing stability under solvolytic conditions. Consequently, the

for a highly stabilised carbonium ion could be taken as an

ratio BN _/aCI_
3
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upper limit for this ratio for the present compounds. The L-methoxybenzhydryl
system was chosen for these experiments since the approximately 1000-fold
acceleration of the solvolysis on introducing the 4-MeO group will be
accompanied by a very much smaller acceleration of any rate-determining
reaction with anions so that it seemed likely that all the decomposition

occurred via the fully developed carbonium ion.

4.2.3 The h4-methoxybenzhydryl system - a model for anion interventions on

a carbonium ion

It has already been pointed out (see previous section) that the
reactions of 4-methoxybenzhydryl compounds (RX) under solvolytic conditions
should occur entirely via the fully developed carbonium ion (R+). If this
assumption is correct any intervention of anions which combine with R" to
form a product stable under the prevailing conditions should be independent
of the nature of the leaving group (X).

The decomposition of the organic chloride (RC1) and L4-nitrobenzoate
(ROPNB) was studied in 85% aqueous acetone; the chloride.(RC1l) in the

presence of added azide ions (N, ) and k-nitrobenzoate ions (OPNB™), the

3
L-nitrobenzoate (ROPNB) only in the presence of azide ions. Under these
conditions the product (RY) of any attack by ‘the anion (Y ) on the

carbonium ion (R+) undergoes no significant solvolysis during the life-time

of the substrate (RX). For reaction solely by mechanism SN1,

1 + - +
RX ——— R + X ; R
-3 6

(B = k9/k6)
it is shown in Appendix D that

1+B[Y-]i

[R()H]x = 1n

1
P (Y7l -[RXD,)
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where the subscript 'i' refers to initial concentration kt:O) and 'x' to

the time (t=tx) when decomposition of the substrate (RX) is complete. The
intervention constant (f) was obtained graphically from the observed
[ROH]X([ROH]x = [H+]x + [HY]x). The values thus obtained are quoted in
Table (4.3) and it can be seen that the nature of leaving group (X) does

not influence the value of the intervention constant (B) in this system
supporting the view that all reactions occur via the fully developed
carbonium ion, under these conditions, as envisaged above, Full experimental

details are given in Chapter 6.

Table (4.3)

Intervention constants (B) for various anions (Y ) on the

L-methoxybenzhydryl cation (R") in 85% aqueous acetone

-+ +

Y RX Temp. °C 8 mole™ 11

- +
N3 ROPNB 50«51 1270 + 48

= L +
N3 ROPNB 71.18 1236 + 50

- +
N3 RC1 -0.21 1334 £ 4O
c1” RC1 o} 700 *
OPNB™ ROPNB 71+33 100 *

- T

OPNB RC1 -0.21 73-8 + 2.6

x*
Results from reference 65

Error calculated for 1% error in [RX]i

T R = A-MeOCGHlCHPh- 3 OPNB = 4-NO_C_H CO_-
'+

264 2
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Previous evidence66 indicated a small positive temperature effect for
intervention constants, however no such effect was observed for the azide ion
intervention constant in the present system (Table 4.3) but a small
temperature dependence of BOPNB' was observed. It is suggested that in this
system the attack by azide ions (very powerful nucleophiles) on the
carbonium ion (R+) requires little extra activation energy than collapse
of the solvation sphere around R fo form the alcohol (ROH). In the
case of 4-nitrobenzoate ;nions additional activation over the hydrolytic
process may well reflect the very poor nucleophilic power of this anion in

agreement with the BN - ratio of 13-15 (see Table 4.3).

3'/ BorNB

The value of BN -/BCI- = 2 which in the case of RCl is identical with
3

the ratio B/a. is similar to that for the BN _/a ratio for the carbonium
ion derived from benzhydryl chloride in 70% zqueous acetone.60 It
therefore seems reasonable to consider BN -/a ratios between 1-5 and 2 for
the carbonium ions derived from 4-methoxygenzy1 and benzhydryl chlorides
in 70% and 85% aqueous acetone since these carbonium ions are regarded as
less stable and therefore less selective than their L4-methoxybenzhydryl

counterpart. Such values are employed in the quantitative analysis of the

kinetic data in Chapter 5..

4.3 Electrolyte Parameters for 4-Methoxybenzyl and Benzhydryl Chloride

It was argued earlier (see section 4.1) on the basis of the activation
parameters, that hydrolysis of alkoxybenzyl and benzhydryl chlorides in
aqueous acetone can be assumed to occur entirely via the fully developed
carbonium ion (R+) which can either be formed directly from the covalent

substrate,

1 -
RC1 ;——:-—‘3-— " 4+ cC1 (5y1)

or via one or two intermediate ion-pairs,
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- 3 ; -
RC1 —= R'/c1” —=— rR* + C1
-2 -3
1 + = 2 + - 3 + -
RCl —— R/C1” ——=R//Cl" —— R + (1l
-1 -2 -3

A knowledge of the magnitude of the electrolyte effects (see section
1.2,6) on each individual step of these solvolysis schemes is obviously
desirable in the detailed discussion of the possible reaction mechanisms but
this knowledge is not available. It has therefore been assumed that the
electrolyte effect on k1 in all the schemes is by far the most significant
since it is here that the electric charges are created. The following
determination of the electrolyte parameters for solvolysis of these compounds
is therefore considered to apply equally well to k1 for all schemes,

The effect of an electrolyte on k1 can be considered in terms of the
Bronsted relation14 (see sub-section 1.2.6 and equation 1.3). Strictly this
would require a knowledge'of the electrolyte effect on the activity
coefficients of both the substrate (fo) and the transition state (f¢), but
in line with previous workers the effect on their ratio need only be
considered. All the available theories concerning kinetic electrolyte

effects lead to limiting laws in very dilute solutions in the form,

k1
ln-kT = 1 + BMY[MY:] (4.2)
1
. . 67 .
where BMY is a constant for a given salt, MY, However, many workers have

claimed that a linear relation between k1 and the electrolyte concentration,

. i
k, = k1(1 + bMY[MY]) (&.3)

gives a better fit with experimental results. There is no significant
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difference between the two approaches for small values of the ionic
strength when electrolyte effects are small and it may well be that equation
(4.3) is to be preferred at ionic strengths up to approximately 0.1M since
this formulation partly cancels the effect of higher order terms in
equation (4,2). In the present work, calculations were greatly simplified
by the use of equation (4.3) which has therefore been employed throughout.
It is shown in Appendix E that provided no reaction occurs with the
substrate (RX) or the intermediate ion-pairs (R /X~, R'//X”), then both

classical (SN) and ion-pair schemes give rise to;

+
Koy 1+ bml[l{‘,l] + bMY[MY] 14 a[mljo

(ka)0 1+ bHCl[HCIJO 1 + a[HC1]

(L.k)

in the absence of added chloride ions. In the presence of added Cl~ ions,

Kpon 1+ bHCll:HC1] + bNaCll:NaCI:I 1 4 ocl:l{:l:lo
)

(kROH o = 14+ bHCl[HCIJO * 1+ gfC1™]

(4.5)

However, all the above expressions apply to instantaneous rates whereas
in practice integrated rate equations were used and the mean integrated rate
coefficient for a given run calculated. This difficulty can be overcome by
integrating equations (4.2) and (4.3) but the 'square~root approximation®
(see appendix A) by which the mean integrated rate coefficient can be
equated to an instantaneous rate coefficient at a particular ionic strength,
is perfectly satisfactory and was employed in the calculation of the

electrolyte parameters,

.'.

Subscript 'O' refers to solvolysis in the pure solvent (i.e, no added

salts).
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4.3.1 Electrolyte parameters for the solvolysis of benzhydryl chloride

PhoCHC1
Values of bMY

were obtained for reaction in 70% aqueous acetone
from the results of Queen60 and Shillaker68, and were calculated by a
similar method to that employed by Queen except that the linear relation
(equation (4.3)) was assumed,

The value of the chloride ion intervention constant, a, determined
from hydrolysis and radio-chlorine exchange experiments, did not require
any knowledge of the electrolyte parameters (see section 4.2). Hydrolysis
in the pure solvent and in the presence of added HC1 tpen gave bHCl from
equation (4.5). The electrolyte parameters for NaCl and N'a.ClOlt can then
be obtained from experiments in the presence of these salts via equations
(4.5) and (4.4) respectively.

Azide ions, the only other nucleophile of interest in the present work,

provide some addition problems since HN, will not be dissociated to any

3
significant extent in the solvents now employed, As a result the electrolyte
produced by hydrolysis in the presence of NaN3 is, in effect, NaCl so that,
Koy i 1+bNaCl[Cl ]+bNaN3[N3 ] (1+B[N3 1 (1+alC1 ]o) (.6)
(o ' Tatn - .
ka 0 1+bHCl[H01]o 1+a[C1 ]+B[N3 ]
where [C17] = [RC1]initia1 - [Rc1]
[N3 1= [N3 Jinitiar - L1

and B, the intervention constant for azide ions, could be determined
independently without any knowledge of the electrolyte parameters,

The virtually constant difference between the accelerating effect of
0:05M electrolytes on the decomposition of benzhydryl chloride in aqueous

acetone (see Table 3.1 section 3.2) suggests that

pf PpCHCL (85%) = bpthHCI (70%) + 2.6 (&.7)
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Table (L4.L4) shows the values of these parameters and it is noteworthy

PHoCHC1 (85%) and bPhZCHCI

that by.c1 NaC10,

(4.5) and a knowledge of o in this solvent (a = 4.0, see section 4.2) agree

(85%) obtained from equations (4.4) and

well with those obtained from equation (4.7).
No direct evaluation of the intervention constant for azide ions, B,

was possible since the results in this solvent indicated additional attack

on species other than the carbonium ion (see section 3.2).

4,3.2 Electrolyte parameters for the solvolysis of 4-methoxybenzyl chloride

An extensive study6o of the reactions of benzhydryl chloride (I) and
L-methoxybenzyl chloride (II) in 70% aqueous acetone showed that a constant
difference existed between the accelerating effects of weakly nucleophilic

anions (ClOl-,
N

BFQ-) on the rates of decomposition of the two substrates (I
and II), irrespective of the nature of the cation., Some of the results of
this study60 are quoted in Table (4.4). It therefore seems reasonable to

write,

bII (70%) = b, (70%) + 0.2 (4.8)

where the subscripts I and II indicate the substrate to which the electrolyte
parameter (b) refers. The present study on the reactions of these substrates

in 85% aqueous acetone in the presence of sodium perchlorate suggests that,
by (85%) = b (85%) + 0-8 (4.9)

The resulting values of the electrolyte parameters are summarised in Table
(4.4). As expected, they indicate effects which are specific to the
electrolyte but the methods by which they were calculated ensures the

absence of any features not already mentioned (see section 1.2,6) and
rationalised previously by Queen.60 No further discussion of the electrolyte

effects therefore seems necessary.
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Table (4.4)

Electrolyte parameters (b) for S 1 reaction in aqueous acetone at 20°cC

N
70% aqueous acetone* 85% aqueous acetone
h_CHC MeOC_H,CH_C T CHC ¥ OC_H,CH C +T
MY P P 1 e 61, CH 1 th 1 Me 61, CHy 1
NfaCloLt 3:01 3.21 5461 (5-62)¢ 6-4
?
NaCl 0-36 056 2.97 (3.01) 3.8
HC1 1-51 1.71 Lel 4.9
NaN3 3:00 320 5.6 6.4
-1
% bs (mole 1) 2.2 4.0 4.0 5.5
- F+ F+ F+
By - (mole 11 7.0 7.0 9.6
3
* 60 . 68
Calculated from the data of Queen and Shillaker
Calculated from equation (4.8)
Calculated from equation (4.7)
Values in parentheses from equation (4.4) and (4.5)
Calculated from equation (4.9)
F+

Assuming B = 1+75 % bs { see sub-section L4.2.3)
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Intervention constants, o, for the competition between chloride ions
and water for the carbonium ion derived from 4-methoxybenzyl chloride were

obtained via equation (4.5), once b and b had been obtained. The

NaC}l HC1

values and the results on which they are based are shown in Table (4,5(a))
from which it can be seen that the mean value of o in 85% aqueous acetone
(5-52 mole T 1) is greater than that in the 70% solvent (4-00 mole” 1 1).60

Table (4.5(b)) shows the values of o in solutions of constant ionic

strength ([Na0104] + [NaCl] = 0:2M) derived from the expression,

Kool i 1+bNaCl[NhC1]+bH01[HC1]+bNa0104[NaC104] 1+a[C1 ]o
(k_.) = T
ROH’ 0.2 NaCth 1402 x bNa0104+bHc1[H01]0.2 1+0.[C17 ]

The resulting values of o are indistinguishable from those in Table (4.5(a)),
within the limits of experimental error, thus confirming that electrolyte
effects on intervention constants can be neglected and justifying this

assumption in the subsequent calculations,

k.4 Conclusion

A knowledge of the electrolyte parameters and intervention constants
for the various added anions makes it possible to calculate the rate of
SNl reaction of the alkoxybenzyl compounds in the presence of these
electrolytes and hence, by comparison with the observed rates of decomposition,
ka, to estimate the bimolecular (SNZ) contribution to the overall rate of
reaction., However 6 if there is any attack by these anions on intermediate
ion-pairs, the corresponding analysis becomes rather different. As it is

possible to derive a general rate equation covering all the possibilities,

the discussion of these possibilities is deferred until the next chapter.
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Table (4.5)

Intervention constants for chloride ions (o) in the S_1

N
hydrolysis of 4-Me006H40HnCI in 85% aqueous acetone at 20°C
(a) [NaCl1] [HC1] * [Hc1]o* TEBQET_ « mole” 1.
ROH'O

0.05036 0.00596 0-00477 0.931 5.60
0.04945 0-00481 0.00477 04930 5.66
0-05037 0.00719 0:00725 0-939 5+45
0.05037 0.00821 0.00725 0-.940 5.38

Av, 552

(b) At constant ionic strength; [NaClO&] + [NaCl] = 0-2M

+ +
R *RoH * @
[NaC1] [HC1]* [HCl]o T—-——j—' 1

Kpow’o. 2 NaC10, mole™ ! 1.
002000 0-00746 0.00839 08834 5.82  5.65
0-01973 0-00745 0-00839 0-8865 5.68  5.54
0+05097 0.00742 0-00839 0-7496 5:39  5.23
0-04944 0.00801 0.00839 0-7559 535 5-19
Av, 5-56 5+40

Effective concentrations from the 'square root' approximation (see Appendix A)
Salt parameters from Table (4.4) for 0-05M salts

All salt parameters in Table (4.4) reduced by O-7 to allow for use of 0-2M

salts (see sub-section 5.4.1. page 80)
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CHAPTER 5

Interpretation Of The Present Results

According To The 'SN' And Ion-Pair Schemes

5.1 Introduction

This chapter considers the possibility of the present reactions
proceeding by way of the 'SN' or the ion-pair mechanisms. Two ion-pair
schemes are considered but it is assumed that neither involves direct

attack on the covalent substrate, RX (i.e. mechanism SNZ).

5.2 Reaction Schemes and Rate Equations

The three general schemes which are considered are illustrated below,

i§= ¢ o ROH
1
RX ;:;§::: R+ x~ R+’/z (SN1)
N,
ZO/‘ROH
RX - (sNz)
Y
21
RY
I.P.1:
ROH
11 h\s
1 + -/3 + -
RX —mm R/X — R =+ X
-2 -3
k, 9
RY
I.P.2:
ROH
10 Ti1 6
1 .. 2 2 t, 0= 3 . -
Rxc__—l———‘ R /X ———-“_Z-R//x——*\_B_. R + X
8
NV




- 6L -

In practice it is possible to obtain a rate coefficient for the overall

decomposition of the substrate,

e
=
wn
ot
[

-
&

—

k = . ===

by measuring the rate of production of X ions. If the anion (Y ) is such
that RY is stable under the experimental conditions then it is also possible

to evaluate a rate coefficient for hydrolysis,

kinst _ 1 d[ROH]
ROH - [RX] dt

Application of the stationary state approximation to the reactive

intermediates then gives general expressions for k;QSt

inst .
and kROH appropriate
to each scheme (see appendix E) but for the ion-pair schemes these expressions
are rather complicated. Fortunately, simplifications are possible for the
two types of systems considered. For the L-nitrobenzyl compounds, previously

regarded as solvolysing via mechanism SNZ, the fully developed carbonium ion

can be neglected, i.e,

k k = 0

31 Kgo Ky

For L-alkoxybenzyl and benzhydryl chlorides it has been shown previously
(see section 4.1) that their hydrolysis in agueous acetone proceeds entirely

(or nearly entirely) via the fully developed carbonium ion, R+, so that,

Koor Kapr Kygr Kyy = O

The modified general rate equations then become (see appendix E),

alX~]
1+B[Y"]

1 + R[Y™]

1+QLY™1( +1)

(5.1)
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KPSt g 1 (5.2)

ROH 1 (14BIY 1) (14RrIY7D)

where o = k-3/k6’ B = k9/k6 and the parameters f, Q and R are functions of
the rate coefficients of the individual steps in the reaction scheme (see
Table 5.1).

In practice, results were calculated from the integrated forms of
equations (5.1) and (5.2) but the details are more conveniently discussed

separately in conjunction with the two systems studied.

5.3 The 4-Nitrobenzyl Systems

5.3.1 Azide ions as nucleophiles

The decomposition of L-nitrobenzyl chloride in 70% and 85% aqueous
acetone is substantially accelerated by azide ions; even for the smallest
electrolyte concentrations employed ([Y-]ifz 0:03M) the first order rate of
decomposition (kI) is more than 1000 times greater than the rate in the pure
solvent [(k.I)0 = (kif)o] so that Q (see Table 5.1, equation 5.1) is

sufficiently large to ensure that
Q[Y™l >>1 (5.3)

Hydrazoic acid is a weak acid in aqueous acetone (in water pl(a =-4-7)69 so

that,

[Y'] = [Y'J:.l - [X] = [Y'Ji - [Rx]; + [RX] (5.4)

where the subscript i refers to the initial concentrations., Assuming
linear salt effects (see section 4.3), substitution from equations (5.%4)
and (5.3) in (5.1) and rearrangement then gives, for reaction in the presence

of sodium azide,

- 1 + R. 1 ) d[RX]

[RXI[Y"] [Rx] dt

= (kif)o(1+bNaY[Y']i)(1-bCX’])Q
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where b = bNaY-bNaX . Integration then gives,
1+b [Y],
NaY i

i

k
1T
s = 9-Rg (5.5

where kI and kII are the observed integrated first- and second-order rate

coefficients for the decomposition* and

S = (e, 0) (1+by LY D(1- 2 [ [X7Tat)

In principle, Q and R can be obtained as the slope of the straight line
required by equation (5.5) but in practice this requires a significant
change of kI as reaction proceeds, a requirement which is only met when the
initial concentrations of azide ions and the substrate do not differ téo
greatly from each other, The greatest opportunity for obtaining meaningful
values of R therefore arises from experiments 1 and 13 (see appendix J)
where kI decreases by approximately 40% over the course of the reaction
(Y71, = 0.03M, [RX], = 0.02M).

The results of the calculations are shown in Table (5.2) on the

assumption that the electrolyte effects are either zero (as for NaClO see

lt,
section 2.2) or similar to those found for 4-methoxybenzyl chloride which
are regarded as an upper limit. It can be seen that the 'best' (least
squares) values of R increase with increasing electrolyte effects but do not
exceed R = 1+5; in the statistical sense these parameters do not differ
significantly from zero since O(R) =< 1, Qualitative confirmation that R

is small arises from the requirement that substantial values of R require an

increase in kII as the reaction proceeds; this is not observed (see

[Rrx]
1 0
[Rx] [y7]
1 0
kg = In

e(0y7]-(RK1)  [RK] (Y]
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experiments 1-4, 13, 14, appendix J).

Table (5.2)

Values of Q and R for the reaction of 4-N02C6H40H2C1

with N3_ in aqueous acetone at 20.41°C

- -5
% Acetone Expt. [y ]i bNaY bNax 10 © Q R
0.03082 0 0 11624 0«34
70 ib
0.03082 3.0 0:6 . 1.1269 1.30
002924 0] 0 7575 -0-35
85 13b
0.02924 6.5 L4e1 6+756 1:54

Alternatively, the means of the experimental variables in any one run,
(kI) (k m and Sm, can be introduced into equation (5.5) which then gives,

on rearrangement

m
— < (5.6)

so that Q can be calculated for various arbitrarily chosen values of R

subject to the restriction R <2, For S 2 attack by Y, k. = (k..)

21 II'm’

The results are summarised in Tables (5.3) and (5.4) for reaction in
70% and 85% aqueous acetone, respectively, It can be seen that (kI)m/Sm
decreases with decreasing [Y-]i and it can easily be shown that this
parameter becomes extremely small when [Y-]i = O. As a result, the value
of Q at zero ionic strength, Qo, is virtually independent of R and can
therefore be obtained directly from Q(R=0), assuming a linear salt effect;
i.e,

o -

and similarly

k o -
01 k21(1+b21[Y ]i)
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4L-NO,C_H CH. C1 + NaN
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Table (5.4)+

in 85% aqueous acetone at 20.41°C

276 4L 2 3
Experiment 13a 13b 1ka 14b
[Y7], mole 171 .02925 02924 - 04960 05014
6 -1
10 (kI)m sec 9590 9.532 15.015 16+949
L -1 -1
10 (kII)m mole 1.sec 4.186 L.137 3.905 3.915
(%f[x-]dt)m mole 171 .00630 00618 01121 -0068%
-5 ¥ -1
10" “Q(R=0) mole = 1 7738 7+655 7+243 7+249
=3 t 8 8 8 8
10 (kI)m/Sm +185 «18L4 +289 31
10™7Q(R<0)* mole™ ! 1 6621 6542 5.613 5.563
1déu<)/s* «152 <151 <216 e 241
I'm m
L -1 -1
10 k21 mole "1, sec 4.178 Le13L 3.911 3-915
¥ (RX]. =~ 0.02M; (k. ). =(k .). = 54 x 10"10 et
i —? 1’0 - ‘"20°0 T
*
byay = Prax = ©
E
byay = 6elys bpax = 3.8
Table (5.5)
Kinetic parameteis for the attack of azide ions on
h-nitrobenzyl chloride in aqueous acetone at 20-4100
% Acetone b b 107°Q° bq 10% k31 b21
NaY NaX mole-1 1 mole-1 1 mole-1 1,sec-1 mole™
o) 0 1.2204 -1.80 2.582 -1.80
70
3.0 0.6 1.2021 -3.63 2.582 ~-1.80
6] 0 8.272 -3+04 LeLh67 -3.0L
85
6.5 Le1t 7+991 -6.03 Le467 =3+04

1
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Values of Q° and k°

017 together with the appropriate elecltrolyte

parameters, are summarised in Table (5.5) and require little comment beyond

noting the increase of QO and k; as the solvent becomes less aqueous and

1
the negative electrolyte effects, as expected.

It has already been pointed out that the results which allow the
calculation of R permit zero value for this parameter, within the limits of
the experimental error. Reaction via the SN scheme, i.e. SN2 attack by
azide ions on the covalently bound substrate, is therefore fully consistent
with the observations, On the other hand, the operation of scheme I.P.1
and I,P.2 cannot be immediately excluded at this stage provided it is
recognised that R is small (< 2),

The expressions for f, Q and R in Table (5.1) show that,

£ - 2 _ R

S 1w - QO (1.P.1)
A(14p) 4y R E(yeN)+5(14p)
A (1) (Try) = Q% ° €(14y+A)+6(14p1) (1.P.2)

Since R < 2 and Q° > 105 (see Table 5.5), <<

so that
p<<1 (1.P.1)
(5.7a)
A., n, py <<1 (I.P.2)
or p>>1; A, y<<1 (1.pP.2) (5.7b)

Substitution of equation (5.7b) into the expression for R leads to,

R = &6 + E/‘p. (I.P.2)

so that for [Y ] < 0.1

€[Y ] <u (since R X 2)

However from the definition of € and p (see Table 5.1) this would mean that
any second ion-pairs formed would react more rapidly with water than with

azide ions. Under these conditions any RY formed would be derived from



-72 =

an attack by azide ions on the first formed ion-pair; any other subsequent
reaction of that ion-pair would yield the alcohol, ROH, either by direct
reaction with water or via another ion-pair, R//X, However in these
systems hydrolysis only represents a minute fraction of the reaction so that
at best only a very small fraction of the overall decomposition can occur
via the ion pair, R//X. This is equivalent to considering the one ion-
pair scheme (I.P.1) so that p > > 1 in scheme I.P.2 requires no further
consideration,

The inequalities of equation (5.7a) lead to the following expressions
for R,

R = € (1.P.1)

€(1+y+A)+6(14n) = €(1+y)+b (1.P.2)

so that for [Y ] < 0.1

€fy ], 6[Y ] <1 (since R 2)

Thus ion-pair schemes require rate-determining attack by Y and HéO on
intermediate jon-pairs, as illustrated qualitatively in the free energy

schemes (Figure 5.1).

5.3.2 Other anions as nucleophiles

The effect of other nucleophiles on the decomposition of L-nitrobenzyl
chloride was studied less extensively than the reaction in the presence of
azide ions. The results (see Table 2.2) show that for all anions (Y # NB_)
now examined, the acceleration is less than one tenth of the acceleration
caused by the same concentration of azide ions and it can therefore be
concluded that,

R(Y"# N,7) < 0.1 R(Y'=N3')*

In the ion-pair schemes, different accelerations by difference nucleophiles
(Y") arise solely from the different € and & parameters. Only these

parameters control R for a given substrate,
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FIGURE (5.1)

Free energy reaction profiles for azide ion (Y") attack on L-nitrobenzyl

chloride (RX) in aqueous acetone according to the ion-pair schemes

Scheme (I.P.1)

v

Scheme (I.P.2)
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but since R(Y = NB-) < 2,

R(Y™ # NB-)[Y-] <<1 for [Y ] €0.1

so that the initial integrated first-order rate coefficient for the

decomposition of the substrate (ka) can be expressed in the form,

ke = (k) o(1+4QLY7T)) (5.8)

Equation (5.8) is obtained from equation (5.1) and the limitations of the
system under consideration (k3, a, B = 0; see section 5.2) and also
implies zero electrolyte effects but the resulting error is not serious
for any comparison of the Q's of different anions,

Table (5.6) summarises the Q's obtained from equation (5.8) and the
results summarised in Table (5.3) and (5.4). Values for the reaction of
L-nitrobenzyl-,4'-toluenesulphonate in the presence of azide ions and
chloride ions have been included, though the basic assumption of equations
(5.8) (i.e. R[Y ] << 1) has not been established for these systems.
Analogy with the chlorides, however, suggests that the effective assumption
(R=0) produces only a negligibly small error in Q,

Detailed consideration of the Q!'s and R's for the different anions
is deferred until section (5.5). It is. however. worth noting that the
nature of the anion has a very marked effect on the value of Q in nitrobenzyl

systems.,

5.4 The L-Methoxybenzyl and Benzhydryl Systems

5.4.1 Decomposition in the presence of azide ions

From the expression for f (see Taqle 5.1), equation (5.1) for the
reactions of 4-methoxybenzyl and benzhydryl chlorides can be written in the
form,

afX"]

-1 alRx] _ 1+8[Y"] _1+Q[Y-](1+ 1+J3[Y-])
[Rx] “at =~ 19 TealX-1+plY"] 1+RLY~]
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Table (5,6)

Values of Q and k21 for the reactions of 4-N0206H46H2X

with anions in aqueous acetone at 20.41°C

% Acetone X Electrolyte* Q k21

N -8

aNO3 1244 2.6 x 10
KOPNB t 520 1.1 x 10'6
c1 5

NaBr 4960 1.0 x 10~

S
NaN3++ 1.16 x 105 244 x 10'4
70
NaC1 120 145 x 10'4
OT_
NaN3++ 9340 1.13 x 10'2
Y

c1 N al > b

aN3 7+52 x 10 4:06 x 10

85

NaC1l 720 238 x 10'4
OTs ++ L 2

NaN3 5.52 x 10 1.82 x 10~

+
At 0.05M; t At 0.03M; -OPNB = 4-N0206H4COZ-
From Table (5.5) with b = b = 0

NaY NaX
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1+a[X J+8[Y"] .
1+p[Y~]

where g f

Substitution from equation (5.4) and the assumption of linear electrolyte
effects (see section &4.3) then gives,

fﬁ%] d[ﬁf] 1+R([Y-]i-[Rx]i+[Rx])} -

- - - - alX™] alX"]
(k19)0(1+bNaY[Y ]i)(l-b[X ]){é([Y ]i-[x 1N+t - E:EEY:TI (1 + E:Ef?:jz)} (5.9)

b -b
where b = ——523——5%5— and it has been assumed that,
by YT -

alX"] alx] o, olx] ,

1+a[X-1+p[Y"] = 1+g[Y-] * 1YL (5.10)

i
It can be shown that the use of equation (5.10) introduces only a
negligibly small error.

Integration of equation (5.9) between the usual limits (t = O and t = t)

then gives,

S
R
= Q-R- (5.11)
M Make
1 I.'-RX:IO
where k.[ = -‘E 1n [ﬁj—
k= (k19)0(1+bNaY[Y-]i) = (kI)O(1+bNaY[Y-]i)
MQ = [Y'Ji-(1+b[Y"Ji)I1+b12
M = 1-(b+ EIE%T:TI)I1 + negligible terms in I, 13
- [x7] - [x7]
M, = ([Y71, - [RXD)k, + - 0

with I
n

o+l

k -
%!‘ [X™] at
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In principle, Q and R can then be obtained from the intercept and slope of
the straight line required by equation (5.11) but in practice this procedure
suffers from the difficulties already mentioned in connection with the
similar calculation of Q and R for the reactions of L-nitrobenzyl chloride
(see section 5.3). The resulting values of R (not shown) vary between
0 and 2+6 but are not statistically significantly different from zero since
their standard errors are generally about 1-7.

Values of Q for arbitrarily chosen R's were therefore obtained from the

means of the variables in equation (5.11) by writing,

Q = Q(R=0) + R.AQ(R=1) (5.12)
where, (kp)y o)
Q(R=0) = %b m
(MQ)m
AQ(R=1) = (MR)m/ (MQ)mkb

and the subscript m refers to the mean value over the experimental range,
The estimation of Q(R=0) and AQ{R=1) from equation (5.12) requires a

knowledge of the intervention constants B(=kq/k6) and a(=k_3/k6) for the
competition between water and either azide or chloride ions for the fully
developed carbonium ions. In the present calculations o was identified

with the observed mass-law constant, a as evaluated in sections (4.2)

obs’

and (4.3) and it was assumed that B = 2a . This procedure is not necessarily

obs

valid, especially if reaction occurs via ion-pair schemes, However, the

results for hydrolysis allow upper and lower limits to be assigned to a and 8

Strictly o

% obs (t4+x+xy) for I.P.2

o (1+x) for I.P.1
obs

but it can be shown that x or (x+xy) are never greater than about 0:25

(Appendix F). Only negligible errors are introduced by this assumption.
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(see section 5,4,2) and it was found that variations within these limits
had only a negligibly small effect on the parameters obtained from equation
(5.12).

The main results for the decomposition of benzhydryl chloride in 85%
aqueous acetone and in the presence of azide ions are summarised in Table

(5.7) where it can be seen that the values of Q and k2 are relatively small,

1
It can easily be shown from these figures that only about 10% of the reaction

3 occurs via either SN2 attack of azide ions on

the substrate or combination of the anijon with ion-pairs but it must be

in the presence of 0.05M N

stressed that this conclusion arises from choosing the electrolyte parameters

(b ) for sodium azide as identical with that for sodium perchiorate.

NaY
This procedure is supported by results60 for the reaction in 70% aqueous

acetone (see also section 3.2) but it is noteworthy that all the results for
reaction in 85% aqueous acetone would be consistent with reaction solely via

the benzhydryl carbonium ion (mechanism S_1) if,

N

b + 2.0

NaYy = bNacmlk

in this solvent. However, this difference is larger than might have been
expected (see section 4,3) and it is therefore considered likely that some

of the reaction with azide ions in 85% aqueous acetone occurs either via
intermediate ion-pairs or by SN2 attack on the substrate. Unfortunately, the
relevant parameters (Q or k21) arise as small differences between much

larger quantities* and are therefore not accurate enough to allow definite

conclusions.

From equation (5.12),

Q(R=0) =

with (kl)m"—' kb and (M)mi 0.95,
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Results for the reaction of L-methoxybenzyl chloride with azide ions
[Y"] in 85% aqueous acetone are summarised in Table (5.8); data for the
corresponding reactions in 70% aqueous acetone shown in Table (5.9), were

37

calculated from the measurements of Gregory. For the reactions carried

out in the absence of N&Clolt (i.e. not at constant ionic strength), Q(R=0)
and k21 decrease while AQ(R=1) increases with increasing ionic strength,
as in the reactions of the 4-nitrobenzyl system (see section 5.3).
Similarly, AQ(R=1) becomes very small when [Y-]i = 0 so that Qo, the value
at zero ionic strength is virtually independent of the value of R* and can

be identified with Q(R=0) under these conditions, Assuming a linear salt

effect

Q(R=0) Q°( 1+5,[¥7])

k21

kg (140, (Y1)

for the experiments without added NaClO The relevant values are shown

ltl
in Table (5.10) and require little comment beyond noting the unexpected

variation of the salt parameters, and b21 as the composition of the

b
Q
solvent is altered, This could well arise from errors in the parameters
for the 70% solvent where the majority of the reaction occurs via the

carbonium ion so that Q and kz are in effect obtained from a relatively

1
small difference between two large quantities and are therefore subject to
larger errors than the parameters for the 85% solvent where this disadvantage
does not apply.

The values of Q(R=0) and k21 calculated for reaction in 85% aqueous

acetone at constant ionic strength ([NaCloé] + [Y-]i = 0.2M) are larger

than those predicted from the parameters given in Table (5.10) but this is

*
It is shown later in this chapter (section 5.4.2) that R 1.5,
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Table (5.9)

+ NaN3 in 70% aqueous

acetone at 20°C

[Y']i mole 1'1 +02971 «02973 « 04002 «05483
10%(k,)  sec™ 3-4533 3-4539 3.7889 4+2983
3 -1
10 (11)m mole 1 6+39 6-82 7.88 7+83
105(12)m mole21 ™2 6466 6.1 8«3k 8+26
L -1 -1
10 (MR)m mole 1 “sec +0786 «0811 . 1225 «2017
Q(R=0) mole™ ! 1 10+65 11-09 10-03 917
AQ(R=1) 1.22 124 130 1-41
3 -1 -1
10 k21 mole 1l.sec 3.022 3+149 2932 2.801
From the results of Gregory and Kohnstam.37
Using o = l.t, B = 8, bNa.Y = 3'2, bNaX = 0'6'. 101*(1&)0 = 2'620
Calculations via equation (5,12)
Table (5.10)
Kinetic parameters for the attack of azide ions on
4-methoxybenzyl chloride in agueous acetone at 20°C
Solvent 70% aqueous acetone 85% aqueous acetone
Q° 12.85 1711
bQ ~5+29 ~5:57
3.0
10 k21 3.418 1497
b =335 -1.80
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hardly surprising since the assumption of linear electrolyte effects is
generally only valid at low ionic strengths (see for example reference

67b). The increase of AQ(R=1) with increasing [y-]i under these conditions
(see Table 5.8) is an inevitable consequence of the definition of this
parameter (see equation 5.12 and Appendix G) but the accompanying constancy
of Q(R=0), within the limits of the experimental error, demands R < 0.5,%
This conclusion depends on the value assigned to the electrolyte parameters

(i.e. bN.aY = bNaCiO as elsewhere in this thesis) but the assumption

L

b + 1

Nay ~ bNaClolt

only raises the upper limit of R to 0.8,
Slightly larger upper limits for R are obtained from the results for
the hydrolyses of the L-methoxy compound in the presence of NaN_ (see section

3

5.4.2) but even here R < 1.5, For reaction via intermediate ion-pairs,

X, x + xy < 0:25 (see Appendix F)
so that € < 1.25 R; 6 < 1.25 R (see Table 5.1)
Hence

€[y"], 6[¥"] 0.2 (for [Y'], <0-14)

so that any attack of Y on ion-pairs must be rate-determining. The

appropriate free energy profiles are illustrated in Figure (5.2).

5.4,2 Hydrolysis in the presence of azide ions

The rate of hydrolysis of L4-methoxybenzyl chloride in 70% aqueous
37

acetone in the presence of azide ions [Y ] was measured by Gregory.

A larger value for R would require an increase of Q with increasing
[Y-]i. Such an increase can be envisaged in principle for reaction
by scheme I.P.2 (see Table 5.1) but a check shows that it would be

quantitatively insignificant,
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FIGURE (5.2)

Free energy reaction profiles for the attack of azide ions (Y") on

L-methoxybenzyl chloride (RX) in 85% aqueous acetone according to

the ion-pair schemes

Scheme (I.P,1)

A 4

Scheme (I.P.2)
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Assuming linear electrolyte effects, substitution from equation (5.4) in

equation (5,2) then gives,

o - -
ky (140, (LY 1.)(1-b[X])

kinst -
ROH (1+a[X"1+pLY"1) (1+R[Y"D)
b =b
where b = M
1+bN‘va.Y[Y ]i
o (k, ) °(14a[X 1+ YD)
and kI =

1+p[Y"]

with the superscript 'o' referring to zero ionic strength. Further

substitution from equation (5.4) and the relation (1+x)-1 = 1-X+t,0.s

inst

give the expression for kROH as
inst k;(1+bNaY[Y-]i) - -, R
Koot = {1+[x P -, B -b)}

(1+p [Y'Ji) (1+R[Y"] ) 1+pLY"] : 1+R[Y"] i

where the neglect of terms involving higher powers of [X ] causes a
negligibly small error, Thus the mean integrated rate coefficient for

hydrolysis can be expressed in the form,

t
Kooy = (& f knotoat) = (2 f Az, (5.13)
o
k (1+by ,[Y71.)
= (1+11{—13i— + -—R—--b}) (5.14)

(1+[Y ]i)(1+R[Y-]i) 1+B[Y']i 1+R[Y']i

t
where 11 = (%}j‘[x-]dt)m and the subscript 'm' refers to the mean of the

o
experimental points, As 1125 0:007, for the present experiments on

solutions in 70% aqueous acetone, (see Table 5.11) the value of kROH

calculated from equation (5.14) is not significantly affected by the choice
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of o and agreement with (kROH)obs (obtained from equation 5,13) depends on
the values of B and R.

The values which can be legitimately assigned to § require some
discussion, Experiments with L-methoxy-benzhydryl compounds (see section

4,2,3) showed the reactions of the resulting carbonium ions in aqueous

acetone required,

B = k9/k6 = 20 = 2k_3/k6

and it therefore seemed reasonable to assume that B lies in the range 1-5a
to 20 for the reactions of the less stable carbonium ion derived from
L-methoxybenzyl chloride. Values of the intervention constant, aobs'
for this carbonium ion were discussed in section (4.3) where they were

in effect obtained via equation E.2 (Appendix E) from experiments without
added non-common ions (i.e. Y = 0). Comparison with equations (E.4) and

(E.6) shows that,

a = aobs(1+x+xy)

where xy = O for the operation of scheme 1.P.1 and both x and xy are zero

for reaction by scheme S Thus B can at best only vary between

No

Bmax = Zaobs(1+x+xy)max and Bmin = 1.5 oobs,

Table (5.11) shows sets of B and R, consistent with this restriction,

which give good agreement between (kROH)obs and (kROH)calc obtained from
equations (5.13) and (5.14) respectively; the sensitivity of (k.ROH)calc to

changes in B or R is also given. It can be seen that the results are
fully consistent with the requirements of scheme SN (R=0) since the

appropriate value of B (=8) is not more than twice @, (=4). Good

bs
agreement is however also obtained for R values in the range O < R < 1.5

so that schemes I.P.1 and I.P.2 are equally possible on the basis of these

results. Larger values of R would require B < 1.5 aobs and cannot therefore
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Table (5.11)

of 4-MeOC_H C

H2C1 in the presence of

N.~ in 70% aqueous acetone at 20°C

3
- -1
[N, ]. mole 1 +05483
3 i
| I, mole 171 .00783
| 4 -1
| 10 (kROH)obs* sec 2.166
|
L + -1
10 (ko) carc  5€©
R=0, B=28 2.168
R =0-1, B = 79 2.164
R =025, B = 7-7 2164
R =05, B =735 2.166
R= 1.0, B = 6475 2.162
R = 1.5, B = 6:0 2.172
10* kaOH/ba -+075
10* kaOH/bR -+099

From equation (5.13)

+ 04002

«00788

2.265

2+265
2+263
2.264
2.267
24266

2.276

-+059

-+072

+02973

+ 00682

2+384

2341
2+343
24343
2+34L
2e345

2+35L4

-+045

-+052

From equation (5,14) using 104k; = 2462, b

bNaCl = 0'6, o =

From the results of Gregory and Kohnstam

37

02971
«00639

2-347

2341
2.343
2343
2+ 344
2+345

2+354
-+0L5

-+052

34,
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be envisaged for the reactions of Q-MeOCGHACHéCI in 70% aqueous acetone.

The small amount of hydrolysis for this system in the 85% solvent
makes it impossible to obtain meaningful values of kROH but the amount of
alcohol produced at the completion of reaction, [ROH]m, allowed permissible
limits to be calculated for B and R.

From equation (5.1) and (5.2),

inst
KXRow  a[RroH]
inst ~ =~ d[RX]
) 1
(1+B[Y_]){1+Q[Y_](1+ —QLE:J—)}

1+p[Y")
Noting that
d[RX] = -da[X"] = a[Y"]
and [X] = [¥7], - [Y7]
this expression can be written in the form,

darx]
a+b[X-]+c[X-]2

d[ROH]

where a

(1+B[Y-]i)(1+Q[Y-]i)

o
n

-{§+(1+a[Y'Ji)Q+Q[Y']i(B-a)}

Q(p-a)

c

Integration between the limits [ROH] 0, [X"] = 0 and [ROH] = [ROHDQ'

X1 = [X-]cD gives

2¢[X7]1,
1+ —

2
[ROH]_ = —11-1n———b"z—_ (5.15)
z2 2¢c[X ]m
14+ —p—

b+z2

where z bz-hac.
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The experimental values of [ROH]_ for the hydrolysis of L-methoxybenzyl
chloride in the presence of azide ions in 8%¢ aqueoﬁs acetone are compared
with those calculated from equation (5.15) in Table (5.12). Bearing in
mind the experimental error of ([ROHG“)obs - ca, 0:0002M - good agreement is
obtained for scheme SN (R=0) with f = 175 %obs and for the ion-pair schemes
with O <R £ 1; larger values of R require g < 1.5 % bs and cannot
therefore be considered.

Similar data are available for the corresponding reactions of
benzhydryl chloride under the same conditions but ([ROH]w)calc is now
relatively insensitive to significant variations in the adjustable parameters
(B and R) so that no clear conclusions are possible. The results are

therefore not summarised in this section but can be obtained from the

details of the relevant experiments in appendix J.

5.4,3 Reactions with other anions

This section considers the reactions of anions other than N3- with
alkoxybenzyl chloride in aqueous acetone in terms of the three possible
reaction schemes. Most of the results were obtained by other workers in

37, Ribar70) but the effect of chloride

these laboratories (QueenGO, Gregory
ions on the decomposition of L-methoxybenzyl 36-chloride in 83 aqueous acetone
has not been studied before, All these anions accelerate decomposition

less than azide ions at the same concentration (see Table 3.1) so that

R(Y™ # N,T) <R = N7). o Since R(YT = N;7) < 1.5 (sections 5.4.1, 5.4.2)

no significant error results from the neglect of the R[Y ] term in equation

(5.1) for [Y"] < 0.05M. Moreover, for all experiments without added chloride

- - *
ions, a[X"] = a[C1'] << 1 so that equation (5.1) can be written in the form,

* - -
The mean value of [X ] over the course of a kinetic run, (%Jr[x Jdt)m'

is about 0.006M for [RX]i:S-O-OQE (see for example, Table 5,8).
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inst

Koy | = k?(1+bMY[Y-]i + by, [HC11) (14QMY7] ) (5.16)

where k; is the rate of reaction at zero ionic strength, given by,

(k) k‘;{nbml(% ft[mljodt)m}
[e}

where the subscript 'o' refers to reaction in the pure solvent. Equation
(5.16) assumes that the conjugate acid (HY) of the anion [Y ] is fully

ionised and that any RY formed undergoes hydrolysis much more rapidly than
RC1. Integration of equation (5.16) thus gives the mean integrated first-

order rate coefficient for decomposition,

(1) = (14 [Y7],) (1+QLY7] ){1 & t[HClet) } (5.17)
Kpln = qlitbyy il iU t.l' m 3.17

bHCl

where b = E:E——r?:j— and the effect on Q of changes in ionic strength during
i
the reaction is neglected, For reaction by scheme SN' the rate coefficient

for bimolecular (SNZ) attack by Y then becomes,

Q
T
- b
k‘I’( 1+by LY ]i){1+(¥‘! [Hc:ljdt)m}

k21

Chloride ion exchange (Y = Cl~) was followed by the production of

36

3601- using R

Cl as the substrate and by the simultaneous production of H

ions (ROH). The resulting rate equations can then be expressed in the

form,
¥rx = “ron Koq
== .« = == (s,)
kROH(CIR )m obs Kpon N
(5.18)
= Q(1+qobs[01']m) (1.P.1, 1I.P.2)

36
[R7c1]
where key = (% 1nT_ )= (= f—d[ Cl]

[R"c1] c1]
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1 fa[RoOH] 1 inst
Kpon = (¥f IRX] 'm = ('EfkROH‘ at)

36
(c1), = (g fer] -ER—%‘%]- (RC1]) - at)_
Cl .

[Cl']m = (-tl-f[Cf]dt)m

Details of the derivation of the expressions and of the approximations

employed are given in Appendix E.

k. . -

RX ~ *m

Values °f'E;__—_?§¥L for the hydrolysis and chloride ion exchange of
OH ° R

PhZCHBGCl in 85% aqueous acetone have already been reported in section (4.2)

when it was shown that the assumption of all chloride exchange via the

carbonium ion (mechanism SN1) for the benzhydryl compound (i.e. , Q =0)

k21

gave a value of o which in turn required the expected electrolyte

bs
parameter, b 1 to give agreement with the observed rate of hydrolysis.

36

NaC

The results observed using 4-Me0C6H40H2

(5.13) and require no comment at this stage, beyond noting that Q and k

Cl are summarised in Table

21

are considerably smaller than for attack by azide ions.

Table (5.14k) summarises k21 and Q from equations (5.16) and (5.18) for

various anions reacting with 4-methoxy and 4-phenoxybenzyl chlorides, though
it must be stressed that the approximations made in these calculations can
only be assumed for the L4-PhO compound as the substrate since insufficient

experimental evidence is available. It can be seen that k21 and Q decrease

in the generally accepted order of decreasing nucleophilicity though the

variation is less than that found for the similar sequence of k_ . and Q in

21

the reaction of 4-N02C6H40H261 (see Table 5.6).

5.5 Discussion

5.5.1 SN Mechanisms

The discussion of the present results in earlier chapters showed that
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Table (5.13)

Chloride exchange of 4-Me006H40H23601 in 85% aqueous acetone at 20-31°%C

Experiment 46 L7
[NaC1] mole 1~1 .05040 09986
[C17]_ mole 171 05749 « 10643
106 -1 8.496 | 8.291

kpoy Se¢ *49 *29
k -
T{-i“—k%%'—{_ mole"1 1 16.12 * 0.50 15463 * 0«44
ROH * “°R
Q+ mole™ ! 1 7.75 6+13
5 %+ -1 -1
10 k21 mole 1, sec 8.81 8.19

From equation (5.18), ®ops = 275

all the observations were fully consistent with the SN scheme. In
particular, the reactions of the L-nitrobenzyl compounds can be quantitatively
explained in terms of SN2 attack by all nucleophiles while 4-~-methoxybenzyl
chloride undergoes entirely SN1 reaction with water though more powerful
nucleophiles can be envisaged to attack the carbonium ion and the
substrate, thus requiring the concurrence of mechanisms SN1 and SNZ.

The nature of the bimolecular (SNZ) process in the reactions between
anions and alkoxybenzyl chlorides has already been discussed by Kohnstam,
Queen and Ribar,13 in effect on the basis of the values of k21 in 70% aqueous

acetone (see Table 5.14), In terms of the model previously mentioned (see

section 1.2.8) for the SNZ transition state,

(1+9-0)e- Pe+ Be-
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Table (5.,1k)

Values of Q and k21 for the reactions of L4-PhO and 4-Me006H40H2C1 with

. . o
anions in aqueous acetone at 20 C

L] * -
L PhOCGHLCHZCI 4 Me0C6H40H2C1

+
70% aq. acetone 70% aq. acetone 85% aq. acetone

Q : 0-05M NasO,Ph 0-79 0.92 -
0.05M NaNo3 134 1.67 -
0.05M NaCl L 445 2.80 8.00
0-05M KBr 3334 L+26 -
0-03M NaN, 35244 10.07 ? 140.0

105k21 : 0:05M NaSO,Ph 0-139 23-3 -

0:05M NaNoO, 0-249 L5 -

0.05M NaCl 0.778 70+5 9.23

0.05M KBr 629 1139 -

0-03M NaN, 63.86 308.5 141.3
* 20

Ribar and Kohnstam

Queen

Gregory and Kohnstam 37
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they concluded that the precise structure of the transition state depended
on the nucleophilic power of the anion (Y ) and the ease of ionisation of

the substrate in the sense that #/6 increased with decreasing nucleophilicity
and increasing ease of ionisation. The present results provide some
additional confirmation for this interpretation.

L4-Nitrobenzyl chloride and 4'-toluenesulphonate have generally been
considered to react by a relatively extreme form of mechanism SNZ, with
little positive charge development at the reaction centre in the transition
state (i.e. #/9= 0), On this view the rate coefficient for bimolecular
(SNZ) attack by anions should be increased slightly on changing to a poorer
ionising solvent but this increase should be virtually independent of the
anioﬁ as it arises essentially from electrostatic considerations. A more
substantial contribution from the bond fission process ($/0> 0) has been
postulated for the bimolecular reactions of L-methoxybenzyl chloride and
should result in a reduced sensitivity of the rate coefficient (k21) to the

nature of the nucleophile and a tendency for k

01 to decrease on changing to

a poorer ionising solvent; +this tendency becoming progressively greater with
decreasing nucleophilic_power of the reagent.

It is shown in Table (5.15) that all these requirements are met by the
present resultis, The remainder of this chapter, therefore, considers
whether the observations are also consistent with the ion-pair schemes

(1.P.1 and I.P.2) which do not involve direct SNZ attack on the substrate.

5.5.2 R Values

The relatively small upper limits allowed by the present results for
the parameter R (£ 2) imply that any attack of the anions (Y ) on
intermediate ion-pairs must be rate-determining (see sections 5.3.1 and 5.4.1)
and therefore only accounts for a small fraction of the conversion of these

ion-pairs into other species. To all intents and purposes, the formation
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Table (5.15)

Values of k21 (mole-i 1.sec-1) for the attack of anions on benzyl

compounds in aqueous acetone at 20°C

* +
L-NO,CH, CH X 4-ROC  H, CH,C1
X =Cl X = OTs RO = PhO RO = MeO
k. (N~ 85%)
2L 2 1.66 161 - 0458
ey, (N, 70K)
K, (C1™ 85%)
2 - 1.6k - 0131
k,,(C1 70%)
N " 70% - 779 82.1- 4+38
k21(N3 )
k., (Cc1”
21(C1) 85% - 765 - 15.3
k, (N.7)
2L 700% 2Ll - 10.1 2.71
k21(Br )

£
From results quoted in Table (5.6)

From results quoted in Table (5,14)
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of the product (RY) does not therefore modify the rates of the other
reactions of the ion-pairs so that it becomes difficult to draw a clear
distinction between attack by Y on the covalent substrate (SNZ) and on
ion-pairs,

The substantial acceleration of the decomposition of 4-N02 and
4-Me006HACH201 by added azide ions show that in reaction via schemes I.P.1

or I.P.2 the initial ionisation,

X —> RY/X"

must occur relatively rapidly and certainly much more rapidly than
hydrolysis, since the attack by Y is itself rate-determining for the
formation of RY. Unfortunately no values for the rate coefficient of the
initial ionisation (k1) can be calculated in the absence of a knowledge of
the parameter R, However, other considerations provide a clearer

indication of the reaction mechanisms,

5.5.3 Solvent Effects

The expression for Q in the present reactions for L-nitrobenzyl
chloride and 4'-toluenesulphonate (see Table 5.1) show that for a change

from 70% to 85% aqueous acetone,

85 u70 585

270 = u85 © 70 (1.P.1)
(5.19)
A170 ¢85 [%(1*'”)+Y+M85 (1.P.2)*
) A185 T Eg(lm)+y+>~]7o o

where A1 = A(14p)+py and the superscripts refer to the solvent. From the

* -
This expression assumes €[Y ] << 1, an assumption which is justified

when [Y™] is small since € < R 2
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definitions of &6 and € it follows that,

5/€ = =2

GFLJT
4

-1

where k 2 and k 1 depend only on the substrate and solvent while k7 and k8

refer to the attack of an anion on an ion-pair and should therefore undergo
similar changes on altering the solvent or the nature of the anion. As a
result, k7/k8 can be assumed constant and equations (5.19) can therefore

be written in the form,

85 885

Q
70 = 85 . 70 (5-20)

Q

where A depends only on the substrate and solvent, It can easily be shown
from Table (5,1) that equation (5.20) also applies to the present reactions
of L-methoxybenzyl chloride via schemes I.P.1 and I.,P,2 though A is now
given by different expressions.

The effect of solvent changes on the rate coefficient, k8, for the
attack of a singly charged anion on an ion-pair should be independent of
the nature of the anion so that equation (5,20) predicts Q85/Q70 constant
for a given substrate, irrespective of the anion considered. Table (5.16)
shows that this requirement is met by the reactions of the L-nitrobenzyl
compounds but not when 4-methoxybenzyl chloride is employed as the substrate,
suggesting strongly that the reaction of this compound with added anions does
not occur exclusively via intermediate ion-pairs, It must however be
stressed that Q85/Q70 for both sets of compounds is fully consistent with
SNZ attack by the anions if the charge development in the transition state
of this process is independent of the nature of the anion and solvent in the

reactions of the 4-nitrobenzyl compounds and varies in the manner outlined

in section (5.5.1) for 4-methoxybenzyl chloride,
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Table (5.16)

The effect of solvent change on kinetic parameters

A-NOZCGHQCHZX 4-MeOC6HLCH2C1
X=2C1 X = OT
S
0 8
() 7 0) 3.89 3467 29+1
/™ (7 - ) 6+69* 5.91" 13.8%
- - +
(Y = Cl1 ) - 6000 2'86*
Z¢ (Y~ = N3-) 0+58%* 0062+ 2¢19%
- - S
(Y =c1) - 0461 102 *
¢ (), 7/ 1) B2
7 - kI 0 kI 0
&5 /q70
- to- £ -
(Y71 = o5 [yl = o0-03M; (Y] = 0-05M

It has already been pointed out that,
Ay s py << 1

for the present reactions of 4-nitrobenzyl chloride (see section 5.3.1) and
similar arguments can be employed to show that this must also apply to the
decomposition of the toluenesulphonate, Equation (5.1) and the expressions

in Table (5.1) then give the relation,
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(kI)O70/(kI)085 k‘l?o/kls5 (
Z = = I . Po 1)
&5 /070 ¢85 /¢ 70
(5.21)
k, /e, Gy
- (1.p,.2)

685/670 (%+y+l)85

The parameter € (= k8/k_2) represents a ratio of rate coefficients for
processes which are accelerated (though not excessively) by changing to a
less aqueous solvent and should therefore, at best, be only slightly larger
in 85% agueous acetone than in the 70% solvent. The rate coefficient (k1)

for the initial ionisation,

RX —> R /X"

should however decrease substantially for such a solvent change so that the
parameter Z (equation 5.21) should be greater than unity for reaction by
scheme 1I,P.1, The same conclusion applies even more forcibly if scheme
I.P.2 is operating since 6/€ should be independent of the nature of the
present solvents while y (= kz/k-l) and A (= k1o/k_1) are ratios of rate
coefficients which vary in opposite directions as the solvent is altered,
the overall effect being in the direction of larger values in the more
aqueous solvent,

Contrary to these requirements, Z =2 0.6 for the reactions of the L-
nitrobenzyl compounds (see Table 5.16) and it must therefore be concluded
that the acceleration of the decomposition of these compounds by added anions,
excluding electrolyte effects, cannot arise exclusively from attack on
intermediate ion-pairs. On the other hand, no inconsistencies arise if
this acceleration results from SNZ attack, Under these conditions Z simply
represents the ratio of the rate coefficients for the bimolecular process

0 8
(k217 /k21 5) which is less than unity unless the transition state involves
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substantial development of positive charge at the reaction centre (see for

example reference 17).

5.5.4 Q Values
Table (5.1) shows that Q for reaction by ion-pair mechanisms can be

written in the form,

Q = €A(% + B) (5.22)

where & is zero for reaction via scheme I.P.1 and A and B are independent
of the anion under consideration, If, as seems likely, 5/€ also depends
only on the substrate and solvent (see section 5.5.3) the definition of €

(see Table 5.1) gives equation (5.22) in the form,
Q = Ak (5.23)

where As is independent of the nature of the anion and k8 represents the
rate coefficient for its reaction with the carbonium ion moiety of the ion-
pair, As a first approximation, this rate coefficient should be as
sensitive to variations in the attacking anion as the rate coefficient (k9)

for reaction with a fully developed carbonium ion, given by the intervention

constant,

B = ky/kg (5.24)*

where k6 is also independent of the nature of the anion,

Intervention constant of some of the anions under consideration are
available for reaction with the relatively stable L-methoxybenzhydryl
carbonium ion (see section 4.2) so that a relative scale of k. values for

9

these systems can be obtained, It is generally agreed that the sensitivity

This formulation includes attack by Cl1~ for which the intervention constant

is usually given the symbol oo and the rate coefficient the symbol k

3
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of the rate of attack on a carbonium ion centre to variations in the nature
of the nucleophile (i.e. the selectivity of the centre) decreases with its

55

decreasing stability with respect to hydrolysis so that this sensitivity
could be expected to be least for k8 (L-nitrobenzyl systems), intermediate
for kg (4-alkoxybenxyl systems) and greatest for k9 (4-methoxybenzhydryl
systems) .,

In practice, the converse of this prediction is found to apply (see
Table 5.17) and it must therefore be concluded that the dependence of Q on
the nature of the anion also argues against the view that attack on
intermediate ion-pairs is entirely responsible for the additional

acceleration of the decomposition of Lenitro and L-methoxybenzyl compounds

by added anions.

5.5.5 Conclusions

The present results show quite clearly that reactions previously
regarded as bimolecular cannot occur exclusively via intermediate ion-pairs
with no attack on the covalently bound substrate (i.e. mechanism SN2).
This applies not only to the reactions of 4-nitrobenzyl chloride and 4'=~
toluenesulphonate (typical bimolecular reactions) but also to the
acceleration of the decomposition of 4-methoxybenzyl chloride (previously
regarded as mechanistically borderline) by added anions after allowing for
the electrolyte effects on the ionisation., Indeed the vast majority of the
'bimolecular component'! must involve the operation of mechanism SN2 though
the possibility that a small fraction involves the rate-determining attack
of nucleophiles on one or more ion-pairs cannot be completely excluded, or
established, However, the fact that the small fraction of the reactions
which could occur via intermediate ion-pairs demands the rate-determining
attack of the nucleophile could equally well be regarded as a special case of

a more general scheme in which a whole series of reaction paths, varying in the
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Table (5.17)

and k_ for reaction in aqueous acetone at 20°C

Calculated from observations that Br and Cl~ ions compete equally

efficiently for a fully developed carbonium ion (see reference 60),

degree of separation of the leaving group in the transition state, is

available for the bimolecular route, a suggestion which has been made on

several occasions in the past.

Under these conditions it is attractive to

9
Substrate % Acetone SOBPh- NOB- OPNB~ c1” Br~ N3_
4-N02c6H4CHéc1* 70 - 0.11 L5 - 41.0 1000
* L ] -
4-N0206HLCH20TS 70 - - - 12.85 1000
85 - - - 13.0 - 1000
4-Ph0C6H40HéC1* 70 2.2 3.8 - 126 94«6 1000
4-Me006HLCHéCI* 70 86 156 - 262 398 1000
85 - - - 571 - 1000
+ ¢
44Me006HQCHPh01 85 - - 62+5 500 500 1000
¥*
(k8)rel calculated from dated in Table (5, 14)
t (k) at 0°C from data in Table (4.3)
9 rel °
)

consider that all the present results for reaction with external nucleophiles

are most satisfactorily explained in terms of the classical SN

originally proposed by Hughes and Ingold.

scheme as
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On this view, the formidable evidence supporting ionisation via
intermediate ion-pairs (racemisation of the substrate and 18-oxygen
equilibration in the L-nitrobenzoates - see for example reference 50) must
either mean that the ion-pairs do not react with external reagents or that
the postulate of their existence as discrete metastable entities represents
a gross oversimplification, with the true picture closer to that envisaged
by Ingold52 (a definite probability of return to RX with racemisation after
passing through the free energy maximum for ionisation to R" - see section
1.3). Such a conclusion is diametrically opposed to that reached by
several different sets of authors but in many cases this has been based on
an ab initio assumption of ion-pair mechanisms although the results can be

shown to be equally consistent with S reactions,

N
For example, the conclusions to be reached from the relation between

product proportions and the rate coefficient on changing the azide ion

concentration {often employed by Sneen and his co-workerssQ), depends on the

55,56

magnitude assumed for the electrolyte parameters. Similarly, the

substantial acceleration of the decomposition of benzhydryl L-nitrobenzoates

by azide ionss1 could equally well result from SN2 attack, a process already

considered feasible for benzhydryl compounds which ionise slowly (see

section 1.3.1, page 25). Unfortunately the reports do not contain sufficient

information to allow any distinction between the possible reaction schemes,
Two reports of the complete suppression of the racemisation of the

51,71

substrate on the addition of azide ions cannot be interpreted in terms
of SNZ attack on the substrate butthe proposed explanation in terms of
overwhelming attack on the ion-pair responsible for racemisation appears to
be oversimplified. Rate equations obtained by applying the stationary

state approximation to the intermediates show that these observations at

one particular concentration of N, could arise from a fortuitous cancellation

3
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of terms but results at other NB- concentrations (which would give a
different result) would be needed for confirmation; these additional results
are not available, Moreover, other similar systems51 do not show a large
decrease of the rate coefficient for racemisation on the addition of
relatively small amounts of Né- though such a decrease would be expected if
azide attack on an ion-pair is energetically much more favourable than
racemisation at [NB-] = 0.1M, Further work on this problem is clearly
necessary,

A recent report72 casts doubt on the interpretation of reactions of
benzhydryl L4-nitrobenzoates in terms of ion-pair schemes by claiming that
the reaction of the parent compound with the solvent (and therefore
presumably also with nucleophilic anions) occurs at least partly by mechanism
SN2. An examination of the paper, however, shows that it is only
justifiable to conclude that the solvolysis products in the reaction between
diphenyl diazomethane and nitrobenzoic acid are not formed by the same route
as the solvolysis products of benzhydryl nitrobenzoate in the same solvent.
Moreover, the activation parameters for the reaction of thenitrobenzoate

65

with a more aqueous solvent suggest entirely SN1 solvolysis,
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CHAPTER 6

Experimental

6,1 Preparation and Purification of Materials

L-Nitrobenzyl Chloride

The commercial product (B.D,H, Chemicals Ltd.) was recrystallised twice
from ethanol. The hydrolysable chloride content was 99+5% of the

theoretical amount. M.p, 73%c (1it. 71°C).73

4-Nitrobenzyl Bromide

The commercial product (Emanuel Ltd.) was purified by reduced pressure
sublimation (100°C. 1 mm. Hg). The hydrolysable chloride content was 97 of
the theoretical amount. Account was taken of the purity in calculating the
initial organic bromide content for the hydrolysis and added chloride
experiments. M.p. 98°C (1it, 99-100°C).74

L-Nitrobenzyl l,t'-toluenesulphonate75

L=Toluenesulphonyl chloride (9+2 gm.) was dissolved in dry pyridine
(36 ml,) and cooled to -15°C. Nitrobenzyl alcohol (6+2 gm.,) was added
whilst maintaining the temperature, -when after about 45 minutes fine crystals
began to appear, After a further 30 minutes, pre=cooled sulphuric acid
(100 ml.,, 6N) was carefully added, whilst keeping the temperature below 20°c,
The solution was allowed to stand for an hour as the crude product
crystallised.,

The product was filtered off and dissolved in benzene, washed with
dilute sulphuric acid, water, sodium bicarbonate solution and water, then
dried over anhydrous magnesium sulphate. After filtration and removal of
the solvent on a water bath, the product was recrystallised from a petrol
(1000/600) and benzene mixture. Hydrolysis yielded 99% of the theoretical

amount of acid. M.p. 103°C (1it. 103-104°cC).’?
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L -Methoxybenzyl Chloride60

Dry hydrogen chloride gas was passed through a solution of anisyl
alcohol (25 gm.) in dry ether (200 ml.), in the presence of granular calcium
chloride, for 10 hours at OOC. The excess HC1l and most of the ether were
removed from the filtered solution using a rotary evaporator and petroleum
ether (40°/60%) (200 ml.) was added to the residue. The crude product was
not allowed to stand in the concentrated ether solution, at the end of the
evaporation, for too long to avoid its polymerisation in the presence of HC1l.
The petrol solution was washed with water, 5% sodium bicarbonate, water and
finally dried over anhydrous potassium carbonate, The solvent was removed,
after filtration, on a rotary evaporator and the residual product distillgd
under reduced pressure (60°C, 0+3 mm, Hg). Hydrolysis yielded 99+3% of the

theoretical amount of acid.

4-Methoxybenzy1-36-chloride60

Pure i -methoxybenzyl chloride was allowed to exchange with lithium-36-
chloride in dry acetone for four days. After this time, the solvent was
removed on a rotary evaporator and petroleum ether (400/600) was added.

The precipitated salt was removed by filtration and the solution washed with
water and dried over anhydrous magnesium sulphate. The concentration and
specific activity of the L-methoxybenzyl chloride in this solution were
determined by hydrolysing a small sample, after removal of the petrol, in
aqueous acetone and making up to a known volume, A 10 ml. sample was then
counted in a liquid counter and the acid produced titrated with standard
sodium hydroxide.

Samples were prepared for the kinetic runs by evaporating the required
volume of the petrol stock solution on a water bath at 70°C and removing the

last traces of solvent at 40°C and O+5 mm. Hg pressure.
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Benzhydryl Chloride

The commercial product (Koch-Light) was dissolved in petroleum ether
(400/600), washed with water, 5% sodium bicarbonate and water, and then
dried over anhydrous potassium carbonate, The solvent was removed from the
filtered solution and the oil distilled at reduced pressure (1080, O¢7 mm, Hg).

The acid produced on hydrolysis was 99+3% of the theoretical amount.

Benzhydryl-36-chloride

A more highly active sample of lithium 36-chloride was employed in this
preparation than in that of L-methoxybenzyl-36-chloride. A sample of an
aqueous solution of the lithium~36~chloride was evaporated and dried at
100°C at reduced pressure and then dissolved in 100 ml, of dry dimethyl
sulphoxide, Pure benzhydryl chloride (3+6 ml.) was then added and allowed to
exchange for 12 hours, The active benzhydryl chloride was then extracted
with benzene (100 ml,), thoroughly washed with water and finally dried over
anhydrous magnesium sulphate. The concentration and specific activity of
the benzhydryl chloride in this benzene solution were determined by hydrolysis
and samples for the kinetic runs prepared in a similar manner to that employed
for the L~methoxybenzyl-~36-chloride stock solution.

4-Methg;ybenzhydrol76

A solution of bromobenzene (90 gm.) in dry ether (300 ml.) was slowly
added to a well stirred mixture of magnesium (1kel4 gm.) in dry ether (150 ml.)
under an atmosphere of nitrogen. After completion of reaction, the mixture
was refluxed for 15 minutes. Anisaldehyde (52 gm.) in dry ether (50 ml,)
was then slowly added to the cooled Grignard reagent and after completion
the mixture was reheated for about 15 minutes.

The bromomagnesium salt was hydrolysed by the slow addition of dilute
sulphuric acid (700 ml., 2N) and allowed to stand until the reaction was

complete. The ether layer was separated, washed with water, sodium bicarbonate,
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water and then dried over anhydrous magnesium sulphate. After filtration

and removal of the solvent, the crude carbinol was recrystallised from a
petroleum ether (800/1000) and benzene mixture. M.p. 67°% (1it. 6800)76.

L-Methoxybenzhydryl Chloride76

Dry hydrogen chloride gas was bubbled through a solution of p-methoxy-
benzhydrol in dry petroleum ether (800/1000) over phosphorus pentoxide, for
about 6 hours. The product was allowed to crystallise from the filtered
solution at -20°C. The product was purified by recrystallisation from dry
petroleum ether (800/1000). Hydrolysis in aQueous acetone yielded 99% of

. . o . o,.,76
the theoretical amount of acid. M.p. 63 C (1it., 64 C)'",

L=Methoxybenzhydryl 4'-nitrobenzoate65

Lh-Methoxybenzhydrol (10 gm.), 4-nitrobenzoyl chloride (8.7 gm.) and
pyridine (7+4 gm.) were refluxed together in dry benzene as solvent for about
2 hours, The excess pyridine was removed by passing dry hydrogen chloride
through the solution and filtering. The filtrate was washed with water and
dried over anhydrous magnesium sulphate. After removal of the solvent, the
crude product was recrystallised from petroleum ether (800/1000). Hydrolysis
in aqueous acetone yielded 99:5% of the theoretical amount of acid.

M.p. 80°C (1it. 79°-82°¢C)77,

Dry Acetone was prepared for the exchange reactions from 'Analar' grade
acetone by refluxing with sodium hydroxide and potassium permanganate for

78

2 hours before distillation. The acetone was then fractionated from
hydroquinone and then dried by standing over molecular sieves (Linde, type LA)

for several days.

Dry DMSO, also for the exchange reaction, was the commercial product (Koch-
Light, puriss) which had been dried over calcium hydride for 4 days before
being distilled from calcium hydride under reduced pressure, The distillate

was collected and stored over molecular sieves (Linde, type 4A),
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Sodium Chloride (Fisons) was dried in the oven at 120°C for 12 hours.

Sodium Bromide (B.D.H. Analar) was dried in the oven at 120°C for 12 hours.

Sodium Perchlorate (B.D.H. Analar) was dried at 100°C and a pressure of

0«5 mm, Hg for 12 hours,

Sodium Nitrate (Hopkins and Williams) was dried in the oven at 120°C for 6

hours,

Sodium Azide (Fisons): 50 gms. were dissolved in 150 ml. of hot water and

filtered into 250 ml. of hot ethanol. A further 500 ml, of warm ethanol
were added and the product allowed to crystallise, The recrystallisation was
repeated and the filtered product washed with ethanol and then with a little

pure, dry acetone before drying in the oven at 120° for 12 hours.

Potassium 4-Nitrobenzoate was prepared by adding a slight excess of L.

nitrobenzoic acid to a weighed amount of potassium hydroxide in water, The
mixture was shaken for 12 hours before filtering off the excess acid and
washing the filtrate with ether, The water was removed at reduced pressure
and the salt recrystallised from aqueous ethanol before drying over

phosphorus pentoxide. The purity was determined by passing a 5 ml, sample

of an aqueous acetone stock solution of the salt down a cation exchange column
(Amberlite 120 H) previously washed with water then acetone. The sample was
eluted with 70 ml, of acetone (neutral) and titrating the acid against
standard sodium hydroxide potentiometrically using a calomel/glass dual

electrode, The purity thus determined was 99.9%.

Lithium 36-Chloride was prepared from a sample of active hydrochloric acid

(Radiochemical Centre, Amersham) by treatment with an equivalent of lithium
hydroxide, determined potentiometrically. The required volume of this
stock solution was then evaporated down and dried at 100°C and O+«5 mm, Hg

pressure in the reaction flask to be used for the exchange reaction,
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79

Trans-4,4'=-dinitrostilbene’” was prepared by shaking L-nitrobenzyl chloride

(1 gm.) with a mixture of sodium hydroxide (20 ml., 2N) and ethanol (80 ml.)
for about 2 hours. Fine yellow crystals were formed which were

recrystallised from glacial acetic acid. M.p. 2780—28300 (1it. 2860-288°C)80

Solvents

The acetone used was 'Analar' grade which had been refluxed with sodium
hydroxide and potassium permanganate for 2 hours78 and distilled, before being
fractionated from hydroquinone, 70% aqueous acetone was made up by mixing
the acetone and distilled water in the volume ratio 7:3, 85% adqueous acetone

being made analagously.

Titration acetone was prepared from the commercial grade solvent by refluxing

with sodium hydroxide and potassium permanganate for 2 hours before
distillation, The first 500 ml, of a batch being discarded before collection
of the titration acetone. The solvent was neutralised before acidity

determinations to the lacmoid indicator end-point,

Added Electrolytes

Normally, the concentration was determined by making up standard solutions
at the thermostat temperature required. In the case of sets of experiments
at various sodium azide concentrations made to constant ionic strength with
sodium perchlorate, the following procedure was adopted. Stock solutions
of accurately 0:2M sodium perchlorate and 0:2M sodium azide were made up with
the aqueous acetone solvent. These were then mixed in approximately the
right amounts to give the desired sodium azide concentration in the resulting
solutions, The precise sodium azide concentration was then determined by

potentiometric titration with standard silver nitrate solution,

Thermostats

These consisted of a well-lagged tank containing water or oil with a

large stirrer, Intermittant heating by light bulbs was controlled by a
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contact thermometer and relay. Permanent heating by a suitable light bulb
or cooling by a water cooling coil was used when necessary, depending on the
thermostat temperature redquired and the ambient room temperature.

Temperature control was within $0.01°C of the dquoted temperature.

6.2 Rate Measurements

The initial substrate concentration was either obtained from the 'infinity'
value at complete reaction after at least 10 half-lives or from accurately
weighing the substrate of known purity and making up to a known volume with
the solvent. Infinity values were determined by allowing the 10 half-lives
to proceed either under the experimental conditions employed in the kinetic
run or by increasing the rate by raising the temperature or increasing the
water content of the solvent, Thus.a 5 ml, sample was either sealed into a
clean dry tube and immersed in a higher temperature thermostat or about L4 ml.
of distilled water was added to the sample taken from the reaction vessel.
For some of the product runs and slow kinetic experiments the 'sealed ampoule
technique' was also employed,

For the flask runs, the solvent or electrolyte solution was brought to
thermostat temperature before the substrate was added. In the case of 4-
nitrobenzyl chloride with sodium azide, both were weighed out accurately into
a volumetric flask and made up to the mark with solvent at thermostat
temperature, In all cases the reaction mixture was well shaken and if
necessary transferred from the volumetric flask to the reaction vessel which
had a double sealed stopper to minimise solvent evaporation. A sample was
removed as soon as possible, the time being taken as zero time and further
samples removed at convenient time intervals, the samples being qQuenched in
cold acetone,

Kinetic runs with added NaCl, NaBr, NaClO, and no salt additions, were

L

followed by measuring the production of acid, by titration with standard sodium
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hydroxide using lacmoid as an indicator, Those with added NaNO,, NaN, and

3 3

KOZCC6H4NO2 were folléwed by monitoring the production of chloride ions,
The experiments on L-nitrobenzyl tosylate with added sodium azide were
followed by determining the azide ion concentration at various time intervals.
Chloride ions were determined by quenching the sample in ice cold acetone
and then titrating potentiometrically against silver nitrate, Nitric acid
0+5 ml,, 50%) was added to prevent the precipitation of silver azide. The
e,m,f, between a glass electrode and silver electrode was determined at each
addition of 0«1 ml, of the silver nitrate solution around the end-point
using a pH meter. At the end-point the change of e.,m,f. per unit titre was
at a maximum,
For the azide ion determination in the reaction with L-nitrobenzyl
chloride, the procedure was the same as that for chloride ions except that no

nitric acid was added.

Exchange Experiments

5 M1. samples of the reaction mixture were removed at suitable time
intervals and quenched by running into benzene ('Analar', 25 ml,). The acid
was extracted using water (approximately 10 ml. accurately delivered as two
quantities from a 5 ml, tube filler), shaken for 3 minutes before separating
the aqueous layer, A 10 ml., sample of the aqQueous layer was then counted
for 1 hour using a standard halogen~quenched 1liquid counter, a lead-lined
castle and standard counting equipment. The background count was determined
at several times for periods of half an hour, The counted samples were then
run into neutral acetone containing lacmoid indicator and titrated with
standard sodium hydroxide to determine the acidity. The extraction process
was found to yield 85% of the amount of acid in the original 5 ml, sample,
Thus, in calculating kRDH’ the observed titres can be used in the general
first-order rate equation (Appendix A). However in calculating Cl-R (see

section 4.2) the recovery factor is of importance in estimating the mean
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chloride ion concentration. The count rates, after the background and

dead-~time correction had been made were used to calculate ka.

Product Data

The proportion of alcohol produced during solvolysis of an alkyl halide
in the presence of salts was determined by titration of the acid produced
after at least ten half-lives. In the presence of azide ions or L=
nitrobenzoate ions any hydrogen ions produced would form hydrazoic or L=~
nitrobenzoic acid, both weak acids. There determination was therefore
carried out by potentiometric titration with standard sodium hydroxide
solution using a dual glass-calomel electrode, A sample was run into, or
in the case of a tube sample, broken under, 100 ml. of 'equilibrium' water*
and 20 ml. of carbon tetrachloride, The mixture was shaken to separate the
organic material into the carbon tetrachloride phase and the sample titrated
while a constant stream of nitrogen was passed through the solution to
remove the last traces of COZ' Blank determinations on the carbon tetra=-
chloride and 'equilibrium' water were also made in a similar way, The
initial concentration of substrate was determined by titrating the produced
chloride ions in the usual manner,

All the substrates thus determined were shown to be initially free from
acid except for L-methoxybenzhydryl L'=-nitrobenzoate. For this substrate
a small correction had to be made for the initial acid concentration
corresponding to a level of about 2% in the substrate. As hydrolysis of
this substrate produced the theoretical yield of acid, it was assumed that
the initial acid corresponded to smaller equimolar qQuantities of unreacted
p-nitrobenzoic acid and p-methoxybenzhydrol; corrections to the initial

substrate and final alcohol concentration were based on this assumption,

Distilled water through which air had been bubbled to reduce the carbon

dioxide level to that in equilibrium with the air.
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Product experiments on 4 -methoxybenzhydryl chloride had to be carried out
at 0°C due to the rapid solvolysis of this compound. The procedure used was
to prepare a stock solution of the salt in the appropriate solvent and bring
to the thermostat temperature in the reaction vessel, This was fitted with
a paddle stirrer which rapidly stirred the solution prior to and during the
addition of the substrate, which was achieved by dissolving the substrate in
1 ml. of dry acetone and rapidly injecting into the salt solution, 0.17 M1,
water were previously added to the solution so that the solvent composition
would be maintained on addition of the substrate.

The rate of decomposition of L-nitrobenzyl L'-toluenesulphonate in the
presence of chloride ions was calculated from a determination of the acidity
after ten half-lives for solvolysis of this compound in the pure solvent,

Any RCl1 formed after this time can be regarded as not having undergone any
significant hydrolysis since it solvolyses some 600 times slower than ROTS.

The method of calculation is shown in Appendix C.
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APPENDIX A

Integrated And Instantaneous Rate Coefficients

Almost all the reactions discussed in this thesis were followed by
titration of a product (H+, Cl7) in samples removed from the reaction
mixture at various times, Integrated first-order rate coefficients were
then obtained from,

(k) = 21n (29
kI OBS ~ t T ~T
where Tt represents the titre at time t = t.

However, the instantaneous rate eqQuations predict a change of (kI)OBS
as the reaction proceeds for almost all the present systems, The special
integrated rate equations required when this change is substantial have
been given in the text as they were required, but (kI)OBS was found to be
constant or almost constant (within the limits of experimental error) over
the range examined (15-85% completion of reaction) for many of the present
systems.

Under these conditions only a negligible error results from assuming
that the integrated rate coefficient (kI)OBS’ calculated for the time
interval t = 0 to t = t, is identical with the instantaneous rate coefficient
(g

various species at that time by assuming accurately first-order kinetics

lnSt) at the time t = t/2 and calculating the concentrations of the

(rate coefficient (kI)OBS) over the time interval t = O to t = 1:.6lt Thus,
-(k. ) t/2
ERx]t/z - [Rx]oe I°0BS
1 ~(ky) opst)?
= [Rx] g{[Rx] ¢ }

1
trx1Errd (A1)
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where [Rx]t is the observed concentration of RX at time t (aT,-T). Hence

Xy, = X1+ [RK] - Cxpdrmcsd

and the mean of the values of (kI) refers to the instantaneous rate

0BS

coefficient at

X1 = (IX7Ig ),

Rate coefficients and other relevant information given in the earlier
chapters were obtained via this !'square root'! approximation whenever no

statment to the contrary appears.
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APPENDIX B

Determination Of The Rates Of Halide Exchange In 4-Nitrobenzyl Chloride

B.1 The Processes Involved

The effect of bromide ions on the decomposition of L4-nitrobenzyl
chloride (RC1) in 70% aqueous acetone was followed via the development of
acidity over the early stages of reaction, Parallel experiments were
carried out with the bromide (RBr) in solutions containing chloride ions.

The processes occurring in both systems can be represented in the form,

Rc1\1|
2 -Z/ROH + H'
RBr 3

so that,
t t
+ +
[H :|,c - [H ]o = [ROH]t - [ROH]O = k1f [RC1]dt + k3f [(RBr]adt (B.1)
0 0
In the early stages of reaction,
[roH] < < [RC1] + [RBr] (B.2)
so that equation (B.1) may be written,
t
+ +
[H ]t - [H ]0 = kB(ERBr]o + [RCl]O)t - (k3-k1) f frcilat (B.3)
0

The rate coefficients k3 and k1 for the hydrolysis of RBr and RCl were
determined independently (Experiments 6 and 7, Appendix J) and the unknown
rate coefficients for halide ion exchange (k2 and k 2) are contained in the

integral which needs to be determined before equation (B.3) can be used with

the present results,
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B.2 Evaluation Of The Integral

For the above reaction scheme,

[ROH] = [RBr]O

{RBr] + [Rc1]o - [Rrc1]
[c17] = [01'30 + [RCl]O - [rC1]
[RBr] = [RBr]o + [RCl]o - [Rc1] - [ROH]

[(Br7] = EBr']o

[Rc1]0 + [Rc1] + (RoH]

Hence,
ELE%ll = k_,[RBr]fc17] - k,[RC1] - k2£R01][Br']
= k_pla - [ROH]([c17] + [RC1]))
+ [RC1Ib' + c([Br']o - [RCl]o) + c[ROH]}
+ c[RC11?] (B.4)
where,
a = ([Rer]y + [Re1])([RC1]y + [€17] )
b' = ~([RBr]  + [Br']o + [01']0 + [RC1] )
"
c = 1- E:;

Table (B.1) shows that the terms involving [ROH] represent only a very small
fraction of the coefficients with which they are associated and the neglect

of these terms gives equation (B.4) in the form,

d[Rrc1]

=l - k_,(a + b[RC1D 4 c[rc11?)

where b = b' + c([Br']O + [RCl]o).
Integration between the limits t = O and t = t then gives

2c([RCl]o - [Rc1))
b -q + zéthc1]o
2c(fnc1]o - LRC1])
b+ q+ ZcERCI]O

1 =

k.t = —1n

Qlr

o=

where q = (bz = Lac)

|
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Rearrangement gives,

=gk zt
2 -
[rRc1] = -b?zg-%—e——.'qrzt
1 -Ze
where
b + q + 2¢[RC1]
- 0

b -q+ 2c[Rc1]O

and integration between the limits t = O and t = t gives

2¢ ck =gk .t

t
j[RCl]dt = ~(b+q) t + 1 1n ( 1-2 ) (B.5)
0 -2 1= Ze

B.3 Determination Of The Unknown Rate Coefficients

In practice, the acidity was found to vary linearly with time once the
initial stages of hydrolysis had been completed (see Experiments 8 and 9,

Appendix J) and comparison of the resulting experimental rate equation,
[H'1, - [H], = A + Bt (B.6)

with equations (B.3) and (B.5) suggests that after the expiring of this

initial period (t =t _ ),

min
~ak_,t
e << 1 (t>t , )*
min
so that,
~-(k_ =k,)

A = —3—1n (1-2) (B.7)

clc_2

(k3-k1)(b+q)

B = kB(ERBr]O + [RCl]o) + P (B.8)

This assumption is easily justified a posteriori, Thus:

-5 L -ak
1077t L 107k _, (ean., B.7) q e

-2tmin

Experiment 8(a) 3:562 secs 1.78 «04585 *0546

Experiment 9(a) 6+743 secs 1.31 +02602 «0302
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Equation (B,8) contains only one unkown parameter (c) which can therefore

be calculated from the experimentally observed B as

c Bb! = a
B(p - [Br ], + [RC1].)
where
5 - B - kj([RBr]O + [RCl]o)
k3 - k1
v - -
and b' = ([RBr]o + [Br ]0 + [RCl]O + [C1 ]0)
Substitution for c in equation (B.7) then gives k o and hence k2 = (1-c)k o°

The results are summarised in Table (B.2). It can be seen that
experiments 8(a), 8(b) and 9(a) give the same value of k2 (though experiment

9(b) appears to be anomalous), The k calculated from experiments on

2
solutions of RCl differs by about 4O% from the value obtained with RBr as the

substrate, possibly because of the neglect of terms in [ROH] (see above)
which could have a more serious effect on results obtained from experiments
9(a), 9(b) which involve up to about 7% hydrolysis over the range examined
(see Appendix J). On the other hand, these discrepancies are not very
serious since A and B calculated from equations (B,7) and (B.8) are not very

sensitive to the values chosen for k_ and k

5 o This is illustrated in

Table (B,3) where it can be seen that A and B can be calculated to agree

within about 10% with the observations (for experiments 8(a), 8(b) and 9(a))

-1 -1 -1 -1
by taking 105k.2 = 1 mole l.sec and 104k g = 1.5 mole l.,sec ; the
effect of small changes in kz and k 5 On the calculated values of A and B

are also shown,
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TABLE (B,1)

Experiment
EROH[]mauc

a

([01']0 + [RC1]O)[R0H]max

b' + c([Br], - [Rc1])”

o

cEROH]max*

*

8(a)

0.00280

0.03849

0.00055

~0+3924

0.0028

Calculated assuming ¢ = 1

TABLE (B.z)+

9(a)

0.00316

0.002247

0.000146

~0+09485

0.00316

Kinetic parameters for halide exchange in k-nitrobenzyl halides

in 70% aqueous acetone at 20-4100

Experiment
Crc1], (mole 1™h
[RBr] (mole 1™
[Br7], (mole 171

[c1"]o (mole 1'1)

104A

-1
OBS (mole 1™ )

9 -1 -1
10 BOBS (mole 1 "sec )

-1

105k2 (1. mole-isec )

-1

104k o (l.mole-isec )

109
Ky

! 3

8(a) 8(b) 9(a)
0.1962 0+1991 -
- - 0.04871
0.04962  0.05051 -
- - 0:04614
-3e41 -3.21 8.98
2.664 2.681 1.589
0.933 1.008 04972
1.78 1.96 1310
2¢1 sec™l; 107k, = 1.31 sec™?

9(b)

004792

005035

723

1.558

1.58

1362
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+

TABLE

(B.3)

Comparison of calculated and observed kinetic parameters for halide

exchange in 4-nitrobenzyl halides in 70% aqueous acetone at 20-4100

Experiment

OBS
10%A (mole 1'1)
CALC

9 1 1 OBS
10’B (mole 1™ "sec )
CALC
10%AA
CALC 5
(10 Akz = 0:05)
(10°Ak , = 0+1)
9
10 ABCALC s
(10 Ak2 = 0+05)

(1o4Ak_2 = 0-1)

Calculations based on,

8(a)
-3 ehil

-3.86

2+66L4

2+864

0.05

022

0«0kl

~0+073

&
o

8(b)
=321

=386

2.684

2.917

0.05

0.21

0+0L45

~0+070

2.1 gec™!

1.31 sec-1
1.0 mole'-1

1.5 mole™

9(a)

8.98

8.15

1.589
1534

=0+23

~0.36

0:025

=0-034

9(b)
7+23

8.17

1.558

1250

017

~0+36

0.026

~0+036
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APPENDIX C

The rate of decomposition of 4L-nitrobenzyl L'-toluenesulphonate

in aqueous acetone in the presence of chloride ions

The decomposition of L-nitrobenzyl 4'-toluenesulphonate (ROTS) in

aqueous acetone containing chloride ions can be represented by the processes,

Ro'rs + C1° —2 RC1 + OTS-
ROT —1 > RoH + H

The approximately 600-fold difference between the rates of hydrolysis
of RC1l and ROTs (see Table 2.4) allows the determination of acidity after
the complete decomposition of ROTs but before any signifi;ant hydrolysis of
RC1 has occurred.* Using the subscript x to indicate this stage, the

stoichiometry of the processes involved requires that,

- - +
[ci] =1[cr] «+ [H] - [ROT_ ]

so that Cl-x can be obtained from a knowledge of the initial concentrations

and the acidity at time tx.

From the rate equations for the two processes,

2 d[H" ]

1, dafc17] k.
[c17] dt Ky at

and hence on integration between t = O and t = t_,

X
fc1™] k
In —2 - 2 (H1 - (K1)
n [Cl-]x k1 x o

]
This is readily verified from the times of these determinations (see

Experiments 18 and 21) and the rate coefficients for the hydrolysis of

RC1 (see Table 2.4).
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Thus kz was obtained from a knowledge of the initial concentrations,
+ . . . .
[H ]x and K, 3 k1 being obtained from independent experiments (e.g.

Experiments 16 and 19).
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APPENDIX D

Calculation of intervention constant (B) for the L-methoxybenzhydryl cation

Intervention constants for the competition between anions and water for
the 4-methoxybenzhydryl carbonium ion (R+) were obtained from the acidities
after the complete decomposition of the substrate (RX; X = Cl1 , opNB™)* in
85% agueous acetone containing anions [Y = NB- or OPNB~ (for RX = RCl only)l;
the large differences between the reactivities of RX and RY ensured that at
this time (t = tx) no significant hydrolysis of RY had occurred.

Assuming that all reactions occur via the carbonium ion (S 1 reaction),

N

RY
9

RX#R'F-;-X“ R+/
‘??"RDH

the rate eqQuations for the disappearance of RX and the formation of ROH give,

on combination,

arutl d[RoH] -1 alRx]
at = at = 14B0Y"] dt (D.1)

where the intervention constant, B = k9/k6. Both anions (Y ) are such
that their conjugate acids (HY) are virtually undissociated in aqueous

acetone, so that,
Y7l = [Y], - [Rx], + [RxJJr

Substituion in equation (D.1) and integration between the limits t = O and

t = tx then gives,

1+ B[Y‘Ji T

1n

(ROH] = <
x B 1, B(LY7], - [Rx]))

and hence the values of B reduired by this identity.

*

OPNB = 4-N0206H4002

The subscript 'i! refers to concentrations at t = O
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APPENDIX E

Derivation Of The Rate Equations For The SN And Ion-Pair Schemes

E.1 Introduction

The overall decomposition of the substrate (RX) was followed via the
development of the anions, X, so that the fate of the product (RY) of

reaction with added anions (Y~ ) has no effect on the experimental rate

coefficient,
inst -1 d[Rx]
krx - [Rx] dt

When RY undergoes no further reactions, the study of the production of

acidity gives the rate coefficient for hydrolysis,

inst 1 a[ROH]
kpo = TRX] " T at

E.2 Added Non Common Anions

E.2.1 SN Mechanisms

ROH
6
1 + -
RX ?_ R + X (SNI)
N
RY
ROH
ZV
RX (sNz)

The stationary state approximation for the carbonium ion (Rf then gives,



where o = k_3/k6 and B

E.2.,2 Reaction via R+
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1+ plY] K
- - 20
1 +alX ] + glY]
1 + kZO

1+ alX"] + pLY"]

k9/k6

and one ion-pair

+ k21[Y-]

(E.1)

(Eﬂz)

Application of the stationary state approximation to the reactive

intermediates gives,

a[X"]
1+pLY7]

inst _ X4+ 14+8[Y"] Arp1

17 Toeip ) alx"J4p0Y"]  Bripa
inst X+ 1 A]'IP1

= k . . .
kROH 1 1434 1«u[X-]+B[Y-] BIPI
where
€LY ] afX"]

Arpy = 1+ 5= (1 1+5[Y":|)
B _ g, Y1 x _afx7]
IP1 x4y lexsp ° 1ea[X=]+pLY-]
Alpy = 1+ ;1# («[Y"] + [Y"D)

with x = k3/k_2, P o= k11/k_2, € = kB/k_z

(E.3)

(E.4)
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E.2.3 Reaction via R and two ion=pairs

1

/'Tn\

RX =—— R /X~ -———* RY//x” -—JL* RV + x7

-1

Application

and R gives,

inst
kpx

inst
ROH

where

IP2

IP2

IP2

with y

S

of the stationary state approximation to R+/X-, R' /X"

xy+A( 1+x41) Ly Mpa (E.5)
T+x+xy+A( Lx+p) 4 (1+y) Bipo ’
1
xy+A( 1+x41) 4y 1 Ap2 (E.6)
14x+xy+A ( Lexeep) 4 (1+y) 180 " Brpg .

60Y I (L+xu+€LY D) +€LY T(y+A)
xy+&(1+x+p)¥py

afX"] IX(i*u)+uy+6EY'](1+u+€[Y'])+€[Y'](y+l)}
1480Y"] { xy+A(14x+p) 4py

6LY 1 (1+x+n+€[Y 1) +€LY J(1+y+A)
L+ x+xy+A( Lexap ) +u( 14y)

alX™]  [1+A(1ep) 4 (Ley) +6[Y " 1 (1+pr€[Y 1) +€[Y" ](1+y+x)}
140Y"] L Lex+xy+A( Lexap ) 4 (14y)

afX I |py+A( 1€y J)}+AGEY J(1+8[Y ])+BEY']J§y+A(1+x+u)
xy+A( L+x4) +uy

g A= k1o/k_1, 6 = k7/k_1

E.,2.4 L-Nitrobenzyl chloride and 4'-toluenesulphonate

All the available evidence suggests that no part of the hydrolyses of

L-nitrobenzyl chloride and L4'~toluenesulphonate proceed via the carbonium ion

rR* and it seems reasonable to assume that this also applies to reaction with
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more powerful nucleophiles, Y , Equations (E.1) to (E.6) can therefore be
greatly simplified since;
(i) ky = 03 i.e. x=0

(ii) a = B = O since no carbonium ions are involved

in the reaction scheme.

Hence,
Al
w1 = 1
and
' €Y1 o
Apz = Y Xty !

since €[Y ] << (1+n) (see Section 5.3).
The resulting modified forms of eqQuations (E.1) to (E.6) can be written as

equations (5.1) and (5.2) with the values of Q and R given in Table (5.1).

E.2.5 L4-Methoxybenzyl and benzhydryl chlorides

It has already been pointed out that the hydrolyses of L-methoxybenzyl
and benzhydryl chlorides occur entirely (or almost entirely) via the fully

developed carbonium ion, r* (see section 4,1), As a result k A and n

20’

] ]
are all zero so that AIP1 = AIP2 =1, Equations (E.1) and (E.2) can now be
expressed in the form of equations (5.,1) and (5.2) with the values of Q and R

given in Table (5.1).

In equations (E.3) to (E.6),

€[Y"] x a[X]
B = 1 «+ -
IP1 1+x 14x 1+d[x-]+B[Y-]

LY 1(texs€ LY D+€[¥ Ty . . alX"] , x[¥7] _alX7]
Aypg = 1+ Xy (1+ 1+B[Y-]) T T xy 1+plY7]
6LY 1( 1+x+€[Y 1) +€LY 1 (1+y) alX"]
Bipa = {1 * Texrxy (1 + Tepry-T)

x+xy+x6[Y "] . o[X™]
L+ x+xy 14+8[Y~]
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It is shown below that the negative terms can be neglected without error so
that equations (E.3) to (E.6) can be expressed in the form of equations (5.1)
and (5.2) with the values of Q and R given in Table (5,1).

The neglect of the negative terms requires that,

x -
1 —_— < <L 1

(1) &= . ax1<<1 in B,
Py - < < - .

(ii) =x.alX] 1 + a[X"] in A, and B,
e X+XYy . << .

(iii) 1+x+xy a[X] 1 in BIP2

where [X ] is taken as the 'effective' concentration of these anions;
t

1 -
(;- x ]dt)m 2 0+007M for initially 0.02M substrates. The upper limit for
o

x and x+xy can be obtained from the figures in Table F.1) and hence O AX
= aOBS(1+x) for 1.P.1 or aOBS(1+x+xy) for 1.P.2, The relevant figures given
below show that in all cases the required inequalities hold true for the

reactions of 4-methoxybenzyl chloride,

70% 85%
I.P.1 : x, 0.077 00028

%pax k31 5.76

x - -3 oL
el [x7] 2.1 x 10 1.1 x 10
I.P.2 : XyAX = (x+xy)MAx 0.261 0.0315
CMAX 5.04L 5-93
- -3 -3
x.o[X ] 9.2 x 10 1.31 x 10
XY o [X7] 7.3 x 1072 126 x 107

L+ x+xy



- 132 -

E.3 Added Common Ions

The effect of common ions (X ) on the decomposition of the substrate

(RX) was studied by following the hydrolysis and the loss of radioactivity

38¢;.,

from the labelled substrate (RX*); in all experiments, X = Cl and X* =
The three possible reaction schemes can be represented as follows for

substrates undergoing entirely S 1 hydrolysis:

N
RX # RN+ X~
R —% 5 Ron (s1)
RX* —— r* + X~
-3 (5))
Rx* - 21 * _
+ X ——_\*zT' RX + X (sNz)
1 * g
RX —— R'/X
-3 3
FE§==§$ + 6
8l|8 . R =———> ROH (1.P.1)
rRx" = RY/X~ =3
1 - -
RX ——> R+/X \2:‘_ R+//X
=1 -2 \3‘
R 6
M7 8 —> ROH (1.P.2)

- R+
3
1 2
RX* ——=> R*/X" = R+//;E'(/4

For these systems, the rate of destruction of the substrate is

*
represented by the rate of destruction of RX , so that,

inst -1 d[RX*]

kpx = at

[RX*]

Expressions for kggzt are readily obtained from equations E.1 to E.6
with [Y"] = O, noting that A,p = O for the present substrates. Application

of the stationary state approximation to the reactive intermediates then
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gives the general rate equation,

inst inst - [RX] ~*-
k;;s = k;;; { 14+ ([X7] + E;;;E{x ])(aOBS - T)}
where inst
T = Kyy/kpoy (Sx)

T Q{i v (X1 + XD}
(1+x){i + R([X7] + [i-])

(1.P.1)

oft s+ atrx1 4+ i}

. (1.P.2)
(texr) {1 + RIX] + XD}

where Q and R are the quantities defined in Tsble (5.1) except that they

now contain no term 5€[Y J.

Making the reasonable approximations

X"] << [X7]
R[X™] << 1 (see section 5.4,3)

1+x+xy =~ 1+ x =~ 1 (see Appendix F)

integration then gives equation- (5.18).

E.4 Electrolyte Effects on Solvolyses Occurring Entirely Via a Carbonium Ion

Consider the following reaction steps,

RX __1A R+/x- —2_3 R"'//x" —B_A R+

a1 N S3 v X
e Nt s
3 3
+ 6
R — ROH
R+ + Y i) RY —L ROH (" # NB-)

Steps 10 and 11 are equivalent to considering,
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Application of the steady state approximation to the reactive intermediate

gives,

k, » xy
k = 1 e
RX 1+x+xy + afX ]

1+p[N3":|+k 1 1/k6

and now k11/k6 = B"[Y"] where B' is the intervention constamt of Y % N3-.

Since azide ions are never present with any ion other than Cl1~ then in general,

kyxy 1

kRX = 1+x+xy *

14 afX] 1
1+8[Y"] 1+X+Xy

for any Y presently under consideration, This gives the result %yps =

a/(1+x+xy) needed earlier, Hence,

koRx( 14T, [MY])
%ops[X ]
1+80Y"]

Koy =

1 4+

where bMY is the electrolyte parameter for the salt MY and kgx, the hydrolysis

rate coefficient at zero ionic strength is given by

o)
o 9w
kRX T 14x4xy

In practice in estimating b is present in only small amounts and

MY’ X
therefore a[X'] << 1, Hence approximate values of B < By - Will suffice.
For calculations of the electrolyte parameters, k. and (ka)o are compared,

and

B kgx(1+bm1[m1]o)

[HCl]O

U)o

1+GOBS

where subscript '0!' refers to solvolysis in the pure solvent (no added salts.

For runs over the same sort of concentration range,
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%ops X ]

1 + a [l{Il]O >~ 1 =
1+p[Y

OBS

on the square root approximation (see Appendix A) provided no chloride ions

are added, In the presence of added chloride ions,

Ko ) 1+b . [HC1]4b . [NaC1] 1+a0BS[H01]0
(koo by, LHCL], tra [C17]
OBS
and therefore bHc1 may be calculated if a is known from experiments with
added HC1l and then bNaCl from added NaCl runs. The electrolyte parameters

for other salts can then be calculated from,

ka 1+bHB1[H01]+bMY[MY] . 1+aEHCl]0
(ka)0 = 1+bH,C1[H:C1]O 1+a.[HC1]

provided no reaction occurs with the substrate or intermediate ion-pairs
and it is realised that in the presence of azide ions, NaCl will be produced

instead of HCl.
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APPENDIX F

Maxima For x And x+xy In Reaction Via Ion-Pair Schemes

Two entirely different criteria limit the values of x and x+xy which can
be envisaged for the reactions of L-methoxybenzyl chloride via schemes I,P.1
or I,P.2, Clearly, the lower of the two limits thus obtained represents that

maximum value which can be considered,

Studies of the hydrolysis in the presence of Nj- ions give an upper
limit for the parameter R and values of B appropriate to this range of

allowed R's (see section 5.4.2). A knowledge of § allows the calculation of

an upper limit for ¢ and hence for x and x+xy from,

aOBsti + xMAX] (r.p.1)

2

(F.1)

aOBsti + (x+xy)MAx] (1.P.2)

Strictly, the upper limits given by equation (F.1) refer to the ionic
strength of the experiment but as B appears to be constant over the range of
ionic strengths studied (see section 5,4.2) no error should be caused by

assuming that these values also apply at zero ionic strength.

Alternatively, the expressions for Q and R (see Table 5.1) show that,

R x

Q_° = T (1.P.1) (F.2)
Xy €
Trnny L1+ &5 1“.:)] (1.p.2) (Fo3)

A value for x, appropriate to the chosen R, can be obtained directly from
equation (F.2) but a more complex situation occurs in reaction by scheme I.P,2.
However, there is no point in considering this scheme as opposed to scheme

I.P.1, unless attack by Y ions on one of the ion-pairs occurs less than (say)
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10 times as frequently as on the other, formally represented by writing,

6(1+x)

F = €y

(0:1 <F < 10) (F.k)

as an additional requirement for scheme 1.P.2. Substitution from equation

(F.4) in equation (F.3) and rearrangement then gives,

XXy = (F.5)

which shows that the upper limit of (x+xy) arises from maximum F (= 10) and
minimum y (>~ 0).

Upper limits for x and x+xy obtained from equation (F,1) are compared
with those from equations (F,2) and (F.5), for the range of R values
consistent with other observations (see sections 5.4.1, 5.,4.2), in Table (F.1).
It can be seen that these maximum values are never large and it must be
stressed again that the smaller of the maxima obtained by the two methods are

the values to be considered in any calculations.

TABLE (F.1)

Upper limits for x and x+xy in the decomposition of 4-methoxybenzyl chloride

I.P.1 I.P.2
+
% Acetone R Q° Carax xM:X x § (x+xy)MAx (x+xy)Mix
0] 13+05 533 0.332 0 0-332 o]
Oe1 13.15 527 0317 0.008 Q.317 0.091
70%* 0.25 1330 513 0.282 0.019 Q.282 0261
0.5 1355 L«90 0.225 0.038 0.225 0683
1.0 1405 L«50 0+102 0077 0102 361
15 14455 400 0 0115 o -
(o) 177 6.71 0:167 0 0.167 0
85%+ Q+5 180 6+23 0.084 0003 0+.08L 00315
1.0 183 575 (0] 0+0055 0 0.0640
* Ls § F tion (F.2); T = 5753 ¢ From Equation (F.5)
%ops = 43 rom equati .2); Cops = : .

From Oyaxs equation (F.1)
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APPENDIX G

Equation (5,12) For Systems At Constant Ionic Strength

Systems in which the ionic strength is kept constant by the addition
of sodium perchlorate require a slight modification to equations (5.11) and
(5.12), In these expressions the term (1 + bNaY[Y-]i) in k, and b, reflect
the effect of the electrolyte present initially on the first ionisation step;
i,e, on k1. When sodium perchlorate is also present this term becomes

(1 + bNaCloh[CIOQ 1+ bNaY[Y ]i)' It is assumed that

bNaClo bNaY for ¥ = N5

L

so that for the reactions at ionic strength 0-2,

%

("1)0-25 NaC10,

and

(kI )o(bNaY'bNax)

(p)o.2m NaC10,
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APPENDIX H

Product Of Reaction Of L-Nitrobenzyl Chloride With Azide Ions In Aqueous Acetone

79

It has been demonstrated that hydroxide ions in aqueous acetone or
dioxane promote the formation of L,4'-dinitrostilbene from L-nitrobenzyl
chloride by the removal of the elements of HC1, Since azide ions are also
basic in aqueous acetone it was felt necessary to establish to what extent,
if any, the stilbene could be detected in the reaction products.

A stock solution of L4,4'-dinitrostilbene in agueous acetone was used
as a standard, The acetone was removed from a known sample of this solution
at reduced pressure and extracted with 5 x 10 ml, portions of chloroform.

The chloroform extracts were thoroughly washed with water, sodium bisulphite
solution and finally water. After drying over alumina, the filtered solution
was made up to 100 ml, with chloroform, The L4,4'-dinitrostilbene was
estimated from its absorbance in the u.v. (330-345 mu) as a rather flat peak.

A similar extraction was performed on the products of a reaction in
70% aqueous acetone between L-nitrobenzyl chloride (0:02M) and sodium azide
(0.1M). In the region of 325-350 mu, there was observed a shoulder on the
side of a much larger peak at 268 my. The peak at 268 my was presumed to
be due to the organic azide,

Comparison of the absorbancies of both samples in the 325 - 350 mp region
indicates that at most 5% of the reaction produces the stilbene product.
Indeed, the shoulder produced in the u.v. spectrum was masked by the large
peak at 268 my such that the amount of stilbene produced, if any, is probably

much less than 5%.
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APPENDIX J

Details Of Individual Kinetic Experiments

The following pages list details of the individual kinetic runs.
Times of sampling (t) are expressed in seconds and titres in millilitres.
The rate coefficients are integrated first-order (kI) or second-order (kII)
observed values, in units of sec-1 and mole-1 l.sec-1 respectively, from
the relationships,

[A]

1 0
KI = ; 1n '—[A]
and
1 [al.[B],

= 1
K1 t(TAT-[BT) " TBI.TAT,

for reaction between species A and B. Also quoted are the mean values
of kI and kII together with the standard error of the mean (expressed as an

error),
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EXPERIMENT 1

L-Nitrobenzyl chloride in 70% acetone I at 20.41°%
Added NaN3 O-OBOBZE

5 M1, titrated with 0.01001M AgNO

3

Time (secs.) Titre 104 -

0 003 -
9700 0.70 24521
21300 _ 1e41 24528
31785 1.96 2+503
55980 2+60 2.468
59295 3-13 24453
83290 1«00 249k
108240 L+68 2+473
129600 5.18 2+470
171870 5+99 2.483
200400 641 2.477
257090 709 2495
282660 7+39 2+560
344280 779 2.497

o 9+48 -

101* KII = 2494 * 0.0080 (13 readings)

Duplicate Experiment

Added NaN, 0:02982M
L

10 kiI = 2421 % 0.0105 (11 readings)
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EXPERIMENT 2

L-Nitrobenzyl chloride in 70% acetone I at 20.41°C

Added NaN, 0.04814M

3
5 Ml. titrated with 0:01001M AgNo,

Time (secs.) Titre 104 kII

o] 0.09 -
6320 0«75 24343
14610 1.59 2461
14765 240 2397
39965 34t 24347
54095 419 2323
77700 522 2.286
93600 5.80 2.283
126500 6+80 2321
163610 7+58 2+330
178890 7:85 2.348
251555 8.63 2.292

co 9.85 -

104 kII = 2+339 £ 0.0157 (11 readings)

Duplicate Experiment

Added NaN, 0-04800M

L

10 kiI = 2344 * 0.0171 (10 readings)
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EXPERIMENT 3

L-Nitrobenzyl chloride in 70% acetone I at 20+41°C
Added NaN, 0-073494

5 M1, titrated with 0.01001M AgNO

3

Time (secs.) Titre 104 kg

o 0.05 -
7265 ' 1.42 2.352
13825 2.43 24290
21340 343 2.258
30860 L+56 2271
37290 519 2+258
52870 6450 2259
82060 8.19 2.238
93080 8.70 24254
104425 9+19 2296
115560 9.48 2.255
135000 1005 2.301

o 11.89 -

104 kII = 2275 * 0.0097 (11 readings)

Duplicate Experiment

Added NaN3 0-07315M

k.iI = 2.197 * 0.0190
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EXPERIMENT A

L-Nitrobenzyl chloride in 70% acetone I at 20-41°C
Added NaN3 0-09369M

5 M1, titrated with 0-01001M AgNO

3
Time (secs.) Titre
0 0+10
5660 1.06
9065 1461
15900 2+53
23800 3450
27375 3:85
45790 5¢45
87095 730
96090 757
113145 ' 794
139965 8.29
(o] 9.20

10‘t kII = 2+141 * 0.0191 (10 readings)

Duplicate Experiment

Added NaN, 0.1014

3
10* k{I = 2125 * 0.0202 (10 readings)

10 kII

24129
24177
24149
2.189
2172
2+219
2.133
24137
2+106

2.003
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EXPERTMENT 5

L-Nitrobenzyl chloride in 70% acetone II at 20-4100

Added NaNO, 0-06605M

5 M1, titrated with 0.01003M AgNO

3
Time (secs.) Titre
0 0.00
670260 0+26
947160 0-37
1100640 Oe41
1271820 048
1531800 0+60
1704420 065
1897560 0.71
2163960 081
2334480 089
2508180 0.96
2741520 1.00
2913720 1.12
o 98.85

10? ky = 3+B47 * 0.0235 (12 readings)

Duplicate Experiment

Added N:—ANO3 0+049145M

9

10 kI = 3+352 * 04150 (L readings)

70% Acetone I

3+92L
3952
34768
3.818
3-963
3.858
3.785
3.787
3.857
3.872
3.690
3.889
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EXPERIMENT 6

L-Nitrobenzyl chloride in 70% acetone II at 20-4100
No added salt

5 M1, titrated with 0.01003M AgNO

3

Time (secs.) Titre 10° Ky

0 0.00 -
336310 0406 1.804
677090 0-11 14641
954430 0420 2.118
1158200 0-24 2:096
1279400 0.27 2134
1539000 0.29 1.906
1711700 0.35 2.069
1901800 040 2129
2171600 0.49 2.285
2341200 0.52 2249
2516700 053 2133
2820900 0+61 2.191
2921300 0.71 24463

o 99.01 -

10° k= 2-094 % 0.0587 (13 readings)

Duplicate Experiment

10° kI = 2¢106 * 0.026 (5 readings)

70% Acetone I
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EXPERIMENT 7

L-Nitrobenzyl bromide in 70% acetone II at 20-4100
No added salt

5 M1, titrated with 0-01001M NaOH

Time (secs.) Titre

) 0.02

167760 055

255600 0.81

344040 1.09

| L44360 1439
514740 158
600300 1.89

685800 2.10

773100 2.29

858000 2.62

964440 2.89

1037460 315

co 2409

107 kI = 1¢319 * 0.0057 (11 readings)

Duplicate Experiment

7

10 ki = 1302 * 0.0097 (12 readings)

10 kI

1.327
1.306
1.322
1.319
1+302
1+3L47
1.318
1.281
1.332
1.317
1343
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EXPERIMENT 8

L=Nitrobenzyl chloride in 70% acetone II at 20-4100

Added NaBr 0-04962M

5 Ml. titrated with 0.01000M NaOH

[RC1], = O-1962M

Time (secs.)
(0]
86160
177900
252840
356220
425400
511140
597240
716400
794340
857640
942600
1028100
1116960

1203300

0+30
0440
0+51
0461
079
0.88

1.31

1e41

'Best straight line' from t = 356220:-

104 ([H+]-[H+]0) gm ions 1-1
Ol
20
L4eO
6:0

8.0

2hely
262

282

[H+]-[H*]0 = 2664 x 107 xt e~ 341 x 10-1‘t (11 readings)

Duplicate Experiment

Added NaBr 0.05051M
[rC1], 0-1991M

'Best straight line! :=-

[H*]-[H+]) = 24684 x 109 x t - 3+21 x 10~% (9 readings)
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EXPERIMENT 9

L-Nitrobenzyl bromide in 70% acetone II at 20-4100
Added NaCl 0+04614M
5 M1, titrated with 0-01000_1‘:1_ NaOH

ERBr]O = 0+.04871M

Time (secs,) Titre 10* ([H'1-[H'])) gm ions 17!
o) 0.00 -

70980 0.19 3.8
157380 0-33 646
271560 0+50 10.0
363360 0+62 124
423120 0+69 138
502920 0.78 1546
595800 . 0.81 1642
674340 0-98 196
762060 1.06 21.2
866160 1011 22.2
951480 1.19 238
1026900 1.28 25.6
1107900 137 274
1193160 1e41 28.2
1278540 147 29+4
1366080 153 306
1454940 1.58 316

'Best straight line' from t = 674340:~

[H*]-[H*]o = 1589 x 107 x t + 898 x 107*
Duplicate Experiment
Added NaCl 0.05035M 'Best straight line' :=~

[RBr], 0-04792M [H*]-[H*]o - 14558 x 10”2 x t + 723 x 10°%
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EXPERIMENT 10

L-Nitrobenzyl chloride in 70% acetone II at 20.41°%

Added p-N02C6H4002K 0-05274M
5 M1, titrated with 00009823ﬂ AgN03
Time (secs.) Titre 108 kg
0] 0.00 -
363840 0-20 5+621
465420 0.28 6177
599940 0+31 5314
686220 Oelily 6+639
789000 0+49 6.4L7
1119720 0:59 5499
| 1568400 0.82 5524
1728240 0.87 5+334
1 1989300 1.03 5534
| - 5.88 ]

\ 108 K = 5788 * 0166 (9 readings)

Duplicate Experiment

Added p-N02C6HI*COZK 0. 0’*877_}2

108 ki = 5542 * 0.236 (10 readings)
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EXPERIMENT 11

L-Nitrobenzyl chloride in 70% acetone III at 59-870C
Added NaC10, 0:09969

4+925 M1, samples titrated with 0:010147M NaOH

Time (secs.) Titre 10 kI
0 0«01 -
55740 0.95 1.751
143820 235 1.702
261900 4«30 1.731
433380 706 1745
488820 7+91 1742
572220 9.11 1.726
T o 96+79 -
107 kI = 1733 £ 00194 (6 readings)
Duplicate Experiment
Added NhCth 0:09794 107 ki = 1749 + 0.0218 (6 readings)
No added salts : 107 kI = 1811 £ 0.0179 (4 readings)
107 k; = 1824 + 0.0135 (4 readings)

Infinity values calculated for weighed stock solution of organic chloride,
The same solution was used for pairs of runs, with and without added

perchlorate,

kI (salt) 0+959 107 ki = 1824

k; (no salt) - 0956 107 k= 1811

no salt
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EXPERIMENT

12

L-Nitrobenzyl chloride in 85% acetone II
No added salts

5 M1l. titrated with 0.010004M NaOH

Time (secs.) Titre

0 0.00

1900200 0+09

{ 2512500 0+13
3017400 0416

3630300 0-21

4324800 0.24

4828500 0.28

co 102.1

1010 kI = 5+285 * 0+164 (6 readings)

Duplicate Experiment

101° k! = 5+483 % 0+156 (5 readings)

at 20.41°C

1010 k

Le6L1
5071
5.198
5672
5eL42
5687
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EXPERIMENT 13

4-Nitrobenzyl chloride in 85% acetone II at 20.41°C
Added NaN, 0-02924M

5 M1, titrated with 0.009896M AgNO

3

Time (secs.) Titre 104 Ky

0 0.06 -
8220 0.97 4+099
16200 1.76 4187
24660 243 L4+ 105
36960 3.32 L+158
52320 Le23 4204
74820 517 _ Le112
93720 581 1+ 092
119760 6.58 Le177
162300 740 Le146
202980 7+95 4116
268620 8.58 Le116

o 0] 10+ 10 -

104 kII = 4+137 * 0.0117 (11 readings)

Duplicate Experiment

Added NaN, 0.02925M

3
10* k;I = 4186 * 0.0163 (11 readings)
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EXPERIMENT 14

L-Nitrobenzyl chloride in 85% acetone II at 20-41°C
Aaded NaN, 0-04960M

5 M1, titrated with 0-009896M AgNO

3

Time (secs.) Titre 10* kg

0 0+24 -
14200 1.49 (4+356)
9420 2+63 3.976
17340 4«30 LeO9L
25140 545 3+940
32700 647 34929
43800 7-68 3.897
55920 873 3+865
75840 10-09 3846
97140 11.07 3+793
123240 1240k 3+815
165780 1311 3.869
205260 1374 3.908

o 15.15 -

10* k; = 3-903 * 00251 (11 readings)

Duplicate Experiment

Added NaN, 0-05014M

A

10 kiI = 3915 % 0.0181 (11 readings)
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EXPERIMENT 15

L-Nitrobenzyl chloride in 85% acetone VIII at 59-87°C

Added NaClO, O-10005M

Y

4+925 M1l. samples titrated with 0:010147M NaOH

Time (secs.,) Titre 108.kI
(0] 002 -
143460 051 3¢537
242640 0.90 3764
433020 1.59 3775
488280 1.77 3735
572580 2.03 3.664
t oo 96-85 -
108 kI = 3+695 * 0+044 (5 readings)
Duplicate Experiment
Added NaClOQ 009835 108 k{ = 3+781 £ 0.085 (5 readings)

+

No added salts : = 3884 * 0.093 (L readings)

108

8 )
10 = 3e945 * 0+127 (5 readings)
Infinity values calculated for weighed stock solution of organic chloride,

The same solution was used for pairs of runs, with and without added

perchlorate,

k; (salt) 0-951 108 k= 34884

ky (no salt) =~ 0.958 108 kf = 3945

no salt



- 156 -

EXPERIMENT 16

L-Nitrobenzyl 4'-toluenesulphonate in 70% acetone II at 20-41°C
No added salts

5 Ml. titrated with 0.01033M NaOH

Time (secs.) Titre 106 kI
0 0+01 -
64770 0.78 1.218
116760 137 1232
179460 2.07 14264
257460 2.77 1.233
333900 3s41 14222
427320 Le12 1.215
515340 k75 14221
669360 552 1.169
785460 6.21 1.202
946860 6.95 1.216
1121340 758 1.222
co 10.16 -

106 kI = 1.219 £ 0.0069 (11 readings)

Duplicate Experiments

106 ki = 1215 + 0+0071 (8 readings)

106 k; = 1208 £ 00099 (10 readings)
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EXPERIMENT 17

L-Nitrobenzyl L'-toluenesulphonate in 70% acetone II at 20-41°C
Added NaN, 0-02973M

5 Ml. titrated with 0-009823ﬂ_AgN03

Time (secs.,) Titre 102 -
o] 1350 -
825 12405 1+13L
1720 11.00 1.089
2415 10.18 1182
3025 9.72 1.173
3830 9-23 1162
4780 8.75 1165
5875 8.32 14169
8115 772 1.171
12565 7+13 1.141
(o) 6:56 -

10 kII = 1.154 * 0.0096

Duplicate Experiment

Added NaN; 0-03014M

1o2 k{I = 1.127 + 0.010
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EXPERIMENT 18

L-Nitrobenzyl A4'-toluenesulphonate in 70% acetone II at 20-4100
Added NaCl 0-05246ﬂ
5 M1. titrated with 0009434 NaOH

[ROT ], = 0-01836M

Time (secs.) Titre
(0] 0.00

942600 153
1197000 155
1353600 1.56
1528200 1457

— -3 . + +
Bo= 156 ml. = 294 x 10 ~ g. ions H' /1 = [H ]x

[ROTs]o 001836

[c17] o 0+05246
[H+]x 0+0029L
[01']x 0+03704
k2/k1 1+184 x 102 mole-il. (see Appendix C)

Duplicate Experiment

[ROTSJO 0.01892

[c1']o 0+04842

[H'] 0.00328
X

[c1':|x 0.03278

kz/k1 1.189 x 102 mole'11.



- 159 -

EXPERIMENT 19

L-Nitrobenzyl L'-toluenesulphonate in 85% acetone I at 20-4100
No added salts

5 Ml. titrated with 0:009434M NaOH

Time (secs.) Titre 107 ky
o 0.00 -
158700 0+54 34333
371520 120 3273
518880 1.63 3.258
690960 2.12 3.271
849840 2.51 3.222
1100280 3.28 3412
1380180 3.80 3+263
1717740 Le51 3276
1968240 507 3359
2149380 539 3360
o 10-48 -

107 kI = 3303 £ 0.0188 (10 readings)

Duplicate Experiment

107ki = 3+271 £ 0141 (9 readings)
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EXPERIMENT 20

L-Nitrobenzyl L'=toluenesulphonate in 85% acetone I at 20-41°C
Added NaN; 0+02931M

5 M1, titrated with O-009823§_AgN03

Time (secs.) Titre 102 Kyy
o 13467 -
54l 11.80 1784
1014 10+62 1.846
1450 9+ 7L 1.862
2002 9+00 1.812
2403 8.56 1.791
2960 7°99 1.819
3675 7o bk 1.832
L4460 6.99 1.834
5412 6458 1834
7084 6.08 1.837
10042 5+59 1+831
o) 5.01 -

102 kyp = 1+826 % 0.0076

Duplicate Experiment

Added NaN, 0+02934M

10% Kl = 1787 * 0.0265
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EXPERTMENT 21

L~Nitrobenzyl L'-toluenesulphonate in 85% acetone I at 20-4100
Added NaCl 0+05126M
5 M1, titrated with 0+.009434M NaOH

[ROT_J, = 0-02130M

Time (secs.) Titre
0] 0.00

267600 0+32
1230660 0.37
1479960 0+37
1636560 0:36
1820160 0.37

— €. =L ., +
Bo= 0+37 = 6498 x 10 ~ g.ions H /1, = [H"]x

[ROTs]O 0.02130

C01']o 0+05126

[H+]x 6:98 x 10™%

[c1"]x 003064

k 2 -1 .
z/k1 = 7581 x 10" mole 1. (see Appendix C)

Duplicate Experiment

froT ] 0.02376

s 0
EC1']o 0.05321
[H*]x Be11 x 107%

[c1']x 003026

kz/k1 = 6.96 x 102 mole—11.
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EXPERIMENT 22

4-Methoxybenzhydryl L'-nitrobenzoate in 85% acetone I at 50-51°C

Added NaN3 0.021503M

L9247 M1, titrated potentiometrically with 0.009885M NaOH

CROPNB] | = 0+01955M

Time (secs.)

Mean B = 1233 * z;gfi

Duplicate Experiment

Added NaN3 0.021503M [ROPNB]O 0-01952M

Mean B = 1306 * 33§f1

Titre

0.22

1290
1192
1175
1240
1240
1330
1160

1240
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EXPERIMENT 23

L-Methoxybenzhydryl L'-bitrobenzoate in 85% acetone I at 71-18°C

Added NaN3 0+021503M

;49247 Ml. titrated potentiometrically with 0-009885M NaOH

[ROPNB] , 0:01955M

Time (secs.) Titre B

o) 0.22

o 1.02 1312
1.03 1293
1.07 1223
1+06 1240
1+.13 1132
1.08 1208

Mean B = 1235 % zm'1

Duplicate Experiment

Added NaN3 0.021503M

CROPNB] o 0-01952M

Mean B = 1237 * 29ﬂ-1
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EXPERIMENT 24

Li~Methoxybenzhydryl chloride in 85% acetone I at -021°C

Added NaN3 0+021195M
5 Ml. samples titrated with 0.01004M NaOH

5 Ml, sample also titrated with 0.009823M AgNO, to give initial RC1,

3
[N3 1, = 0-020950M
[rC1], = 0-016247M
[H+] Titre B
(0-45) (1588)
0+54 1307
0+53 1335
(0-48) (1485)
052 1360
0.52 1360

Mean § = 1340 * 4434_"1

Duplicate Experiment

Added NaN3 0.020950M

[RCl]o 0.17956

Mean § = 1329 % 40}_4.-1
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EXPERIMENT 25

4-Methoxybenzhydryl chloride in 85% acetone I at -0.21°C
Added 4-N0206H4000K 0+021152M

5 M1, titrated with 0.010004M NaOH potentiometrically

5 M1, titrated with 0-009823ﬂ_AgN03 for initial RC1
[KOPNB]O 04020907

[RCl]O 0.018231

[H'] Titre B
510 738
509 The2
5010 7308

Mean B = 73¢9 2-6Mf1

Duplicate Experiment

[KOPNB]O 0+020907
ERC1]o 0.018172

Mean B = 736 * 2-6yf1
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EXPERIMENT 26

Benzhydryl chloride in 85% acetone IV at 20+41°C
No added salts

5 Ml. titrated with 0-01004M NaOH

Time (secs.) Titre 10° K
0 0-10 -
7380 0-86 1.170
15120 1.58 1.161
‘ 21780 2.13 14146
‘ 28440 2.68 1.159
40860 3.58 14165
‘ 49860 L+ 19 1.181
70020 5.22 1.163
86281 593 1166
105000 6+56 1.156
122640 7+11 1.173
170400 8+07 1185
o 9+29 -

105 kI = 14166 £ 0.0034 (11 readings)

Duplicate Experiments

10° k{ = 1165 * 0.0020 (11 readings)

Solvent 85% V:

105 kI== 14160 * 0.007k (10 readings)

105 ki = 1-158 + 0-0044 (10 readings)

105nk¥ - 1.159 * 0.0082 (10 readings)
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EXPERIMENT 27

Benzhydryl chloride in 85% acetone IV at

Added NaCth 0+05164M

5 M1, titrated with 0.01004M NaOH

Time (secs.) Titre
1)) 0.12

7260 1.09
15120 200
21660 2.70
28380 336
L0560 L+39
49800 5.05
69660 6+19
86220 6-88
104760 751
122580 8.00
o o) 9.51

5

10 kI = 1488 * 0.0027 (10 readings)

Duplicate Experiment

Added NaC104 0005078M
10° ki = 1¢496 * 040032 (11 readings)

20.41°%C

1+502
1478
1.483
1.491
1.495
1.495
1493
1.476
1476

1.491
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EXPERIMENT

28

Benzhydryl chloride in 85% acetone IV at
Added NaCl 0'04792ﬂ

5 M1, titrated with 0.01004M NaOH

Time (secs,) Titre
(0] 0.08
15000 1.49
21600 209
28260 261
40380 348
49860 4«06
69720 5+09
86160 579
104640 650
122640 7+00
170580 7-97
S 934

105 kI = 1122 * 0.0032 (10 readings)

Duplicate Experiment

Added NaCl 0-04931M

105 ki = 14117 £ 0.0037 (10 readings)

20.41%

105 kI

1.101
1.133
1¢129
1.133
14127
1e117
1+113
1.130
1.122

1120
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EXPERIMENT 29

Benzhydryl 36-chloride in 85% acetone IV at 20.31°C
Added NaCl O+05106M

10 M1. of aqueous extract counted for 1 hour and titrated with OoOiO&lZﬂ NaOH

*

. . 5 * * *rx~¥poH
Time (secs,) C.p.m. Titre 10 ka 105 kROH EI%T;;;;
0o 91 0.07 - - -
7800 751 1.06 14173 1.063 (2.03)
15780 1505 2.03 10314 1.087 le 16
24060 2151 2.97 1e324 14103 4,+00
32520 2700 379 1-303 1.093 3+87
43380 3348 +80 1+301 1.103 363
53340 3912 5461 1.322 1.105 401
72240 4573L 6.88 1.321 1.098 Le21
90420 5343 7+86 1315 1.088 439
104760 5711 8+53 1301 1.088 Le16
125100 6147 9+37 1.294 1.101 376
163200 674L 10+ 41 1+304 1090 438
e 7643 12.51 - - -
ka kROH) = L4+06 * 0.078 mole-il. (10 readings)

C1R Kpoy mean

Duplicate Experiment

Added NaCl 0-05058M

ka'kRoH

Cl' = Le33 * 0+114 mole 1. (11 readings)
Tnom

* See section (5.4.3)
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EXPERIMENT 30

Benzhydryl 36-Chloride in 85% acetone IV at 20-31°C
Added NaCl 0-09997§

10 M1l. of aqueous extract counted for 1 hour and titrated with 0.10417M NaOH

. . * 5 * *rx*roH *
Time (secs.) c.p.m, Titre 10° Ky 107 ko m
0 115 010 - - -
13020 1355 1.62 1395 1.017 3+76
21060 2056 2.45 1+ 430 1.010 L.22
30420 2690 338 " 14390 1.02L 3466
L1400 L2k 4-38 Lokl 1.037 374
50880 3861 509 1.369 1.027 Jelly
73740 4961 6459 1420 1.022 Le11
89400 5493 746 1425 1.026 Le16
106980 5898 825 1+393 14022 3+92
130140 6382 9e11 1+405 14020 Le17
170820 6860 10.19 1+368 1.014 3.97
oe) 7581 12036 - - -
(Ek%.::nﬁ)mean = 3.92 * 0.080 mole-ll. (10 readings)
Duplicate Experiment
Added NaCl 0:09914M
(555:5595) = 3-84 * 0.106 mole ‘1. (12 readings)

I Tqon "o
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EXPERIMENT 31

Benzhydryl chloride in 85% acetone V at 20.41°C

Added NaNO, 0-05042M

5 M1, titrated with 0+01062M AgNO

3
Time (secs.) Titre
0 0.17
11520 1.65
18300 2447
25380 316
32700 3-85
40380 LelL3
48780 5-07
68160 6.16
86940 707
100440 757
124380 8.28
o) 10+0L

105 kI = 1+403 * 00079 (10 readings)

Duplicate Experiment

Added NaNo, 0-050L1M

10° Id = 1406 * 0:0087 (10 readings)

10 K.[

1410
1450
1.422
1427
1399
1407
1.370
1.381
1.379
1.386
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EXPERIMENT 32

Benzhydryl chloride in 85% acetone V at 20.41°C

Added NaNb 0.04954

5 M1, titrated with 0-01063ﬂ AgNO

3
Time (secs.) Titre
0 0.11
11520 1.84
18240 2.69
25440 3450
32580 Lel7
40320 L8l
48900 5¢45
67680 6450
86820 7+45
98460 7+90
124500 8.58
oo 10.02

10° kp (mean) = 1+597
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EXPERIMENT 33

Benzhydryl chloride in 85% acetone V at 20+41°C

Added NaN, 0+04897M

3
5 M1, titrated with 0<04897M AgNo,

Time (secs,) Titre 10° Ky

0 0.13 -
7200 1.25 1.639
14220 2.20 1.620
20040 2.97 14655
26400 3+58 1.591
39480 Le52 1452
45060 5427 1587
54300 5486 1.553
65100 6+50 1541
94500 769 1473
118020 8¢59 1547

loo] 10.19 -

105 k.[ (mean) = 1566



- 174 -

EXPERIMENT 34

Benzhydryl chloride in 85% acetone V at 20-41°C

Added NaN, 0-04899M

5 M1, titrated with 0:01062M AgNO3

Time (secs.) Titre 10° kg
0 025 -
7020 138 1683
13920 2.33 14649
19740 3:05 14637
25920 3.70 1.605
35640 L+65 1.597
L4340 524 1.528
53880 6+10 1+596
64680 6+72 1.571
94320 8.07 14564
117900 8.79 1.566
o 10+39 -

105 ]& (mean) = 1.600
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EXPERIMENT 35

Benzhydryl chloride in 85% acetone V at 20-41°C

Added NaNé 0.05047M

5 M1, titrated with 0.01062M AgNO3

Time (secs.) Titre
(o) 004
11340 176
18300 2464
25380 Jekly
32460 L+09
49140 ke 75
48900 5eL4k
67440 6+43
86520 737
98340 7+85
124320 8+51
o2 10.03

105 kI (mean) = 1584

1 x

1.666
1.647
1.639
1.602
1.589
1.590
1.513
14529
1.548

1515
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EXPERIMENT 36

Benzhydryl chloride in 85% acetone VII at 20-41°C
O+2M Ionic strenght maintained with NaClOQ
No added salts

5 M1, titrated with 0.-01043 NaOH

Time (secs.) Titre 10 ky

0 0.06 -
6720 1431 2.272
11460 2011 24305
15240 274 2373
19020 3.28 24385
22740 3.72 24354
27660 431 2373
33900 4«90 2+343
LOLLO 5451 24375
54840 6+42 2.323
81720 7+55 2+307

> 8.89 -

10° k; (mean) = 2:341 % 0.0128 (10 readings)

Duplicate Experiment

10° k} (mean) = 2.371 * 0.0154
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EXPERIMENT 37

Benzhydryl chloride in 85% acetone VII at 20.41°C

0«2M Ionic strength with NaClOlt

Added Na.N3 0-03026M

5 M1, titrated with 0.009953M AgNO

Time (secs.) Titre
o} 1.40
4800 2.28
8460 2.89
12300 3+49
16080 LeO7
21000 L+63
27240 530
33840 5492
48360 6495
75060 8+15
oo 9.50

10° kg (mean) = 2.415
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EXPERIMENT 38

Benzhydryl chloride in 85% acetone VII at 2041°C

0-2M Ionic strength maintained with NaClO

L
Added NaN3 0+0L4121M
5 M1, titrated with 0-009953M_A9N03
Time (secs.) Titre 10° kg
0 0-59 -
7560 239 2.475
12000 3.34 2517
14940 3.82 20447
19380 k<56 2.436
23340 515 2.425
27660 577 2e44i1
32580 636 24430
39960 711 2. 408
48600 787 2¢410
73020 9+35 2+429
86040 9.70 2.315
) 1114 -

105 kI (mean) = 2430
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EXPERIMENT 39

Benzhydryl chloride in 85% acetone VII at 20.41°C

0+2M Ionic strength maintained with NaClOlt

Added NaN, 0+04986M

3
5 M1, titrated with 0-009953ﬁ .l\gNO3
Time (secs.) Titre
0 032
7440 1+95
10920 2.59
15720 3+40
19560 L.02
24000 L4.63
28740 5¢16
| 36180 5495
46200 6+78
| 69180 8+06
| 82200 8+55
oo 9+92
10° i (mean) = 24445
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EXPERIMENT 4O

Benzhydryl chloride in 85% acetone VII at 20-41°C

0:2M Ionic strength maintained with NaCth

Added NaNj 0+05016M

5 Ml. titrated with 0+009953M AgNO

Time (secs.) Titre 10° kg
0 0+39 -
1980 1e47 2490
8280 2.12 2.498
12000 2.78 2.488
15840 345 2533
19920 L+05 2:525
24540 k.67 2.528
30900 5+38 2.505
38040 6.05 2484
54480 7+13 24389
78660 834 2.486

o 9+65 -

105 kI (mean) = 2¢493
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EXPERIMENT 41

Benzhydryl chloride in 85% acetone VII at 20.41°C

0+2M Ionic strength maintained with NaClO[t

Added NaN, O.1002M

3
5 M1, titrated with 0.009953M AgNO3

Time (secs.) Titre 10° ky

0 047 -
5520 1.87 2¢633
7860 2.38 25905
12600 334 2577
16380 3.97 24520
20760 Le75 2.570
25620 540 2.525
33060 629 2+499
44340 745 2.531
65820 8.81 2:1490
78960 933 2+455

o 10.82 -

105 kI (mean) = 2¢540
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EXPERIMENT 42

Benzhydryl chloride in 85% acetone VII at 20.41°C

0+2M Ionic strength maintained with N‘a.ClOlt

Added NaN3 0-09983M

5 M1, titrated with 0-009953M AgNO

3

Time (secs.) Titre 10° ky

) 0:31 -
3900 129 2710
7080 200 2.683
20920 2475 2.631
14700 348 2668
19380 Le24 2+655
25560 5410 24636
30600 S5e7l 24652
36780 637 24633
51000 7-49 2.603
77640 8475 2.568

<o 10.08 -

105 kI (mean) = 2644
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EXPERIMENT 43

L-Methoxybenzyl chloride in 85% acetone II at 20.41°C
No added salts

5 M1, titrated with 0-0101?8& NaOH

Time (secs.) Titre 106 kI
0 0-03 -
8220 073 84385
17760 1.50 8+48L
26220 2.09 8.320
38760 2.91 8.262
55020 3-95 8.L8L
74280 4.90 8.380
90720 5.68 8+502
111780 642 8+378
135240 7-23 8+543
170340 8.09 8.549
197940 8.59 8+510
oo} 10454 -

108 k; = B:436 * 0.0288 (11 readings)

Duplicate Experiments

106 ki = 8481 % 00165 (7 readings)
Solvent 85% III = 106 kI = 9¢340 * 0.0087 (10 readings) at 20-31°C
Solvent 85% V = 106 kI = 84709 * 0+0279 (10 readings)
106 ki = 8:659 + 0.0272 (10 readings
Solvent 85% VIII - 10° ky = 8:030 * 0:0254 (11 readings) at 20.05°C

106 ki = 8.050 £ 0:0203 (11 readings) at 20-0500
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EXPERIMENT Ll

L-Methoxybenxyl chloride in 85% acetone II at 20.+41°C

Added NhClOQ 0+04975M

5 M1, titrated with 0.01004M NaOH

Time (secs.) Titre 107 kg

) 009 -
7260 0+91 14140
18060 1.95 1+100
25560 2.60 1.090
36960 357 1.113
49500 Le48 1:119
61200 5+16 1104
82380 6.28 1.112
98640 7+00 1.123
114420 754 1.119
137820 8-15 1.102
179520 9.00 1.109

© 1041 -

105 kI = 1¢112 * 0.0038 (11 readings)

Duplicate Experiments

Added NaC104 0+05035M

105 ki = 14116 * 0.0068 (10 readings)

Solvent 85% ITI : Added NaClO, 0-04961M
10° kg = 1.236 + 0.0029 at 20+31°C (10 readings)
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EXPERIMENT 45

L4-Methoxybenzyl chloride in 85% acetone II at 20.41%
Added NaCl 0-05036§

5 M1, titrated with 0.01004M NaOH

Time (secs.) Titre 107 k;
0 0.05 -
14160 1.11 7701
25680 1i91 7+789
37800 2-70 7905
48300 3-29 7857
71340 L. 48 74923
87660 520 7+952
102600 579 7990
126000 6+50 7862
166860 7+59 7956
257280 8+93 7798
co 10.31 -

106 kI = 7873 * 0+0269 (10 readings)

Duplicate Experiments

Added NaCl 0-049LSM

106 ki = 7866 £ 0.043L (10 readings)

Solvent 85% III

Added NaCl 0-05037M

10° k, = 8.771 + 0.0254 (10 readings) at 20.31°C
Added NaCl 0-05037M

106 ki = 8:781 * 0.0270 (11 readings) at 20-3100
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EXPERIMENT 46

LeMethoxybenzyl 36-chloride in 85% acetone III at 20-3100
Added NaCl 0+050L0M
10 M1l. of aqueous extract counted for 1 hour and titrated with 0-010176ﬂ NaOH

5

ka'k
Time (secs,) c.p.m. Titre 10 _BX ROH,

6
* 10 * 2
kpx kron Cloi

0 98 0.23 - - -
10800 798 1.58 1+622 10.095 (12.33)
19800 1262 2.35 14570 8.938 15475
31140 1684 3.17 1454 8.183 16-56
L2540 2139 Le17 1486 8+433 16476
52860 2428 4«90 1448 8.363 1644
67860 2807 5.9, 1433 8462 1614
82140 3037 6+72 1.367 8355 15.09

107280 3514 8.12 1429 8.627 17.17
128760 3730 8.98 1394 8.598 17+12
164220 3976 10.07 1346 8.512 17463
o L4510 13+30 - - -
(;gégéiﬁg)mean = 1652 £ 024 mole 11, (9 readings)

Duplicate Experiment

Added NaCl 0-05040M

*ex*ron

(o

-1 .
Clﬁ-kpoﬂ)mean = 1573 £ 0:71 mole 1. (9 readings

* See section (5.4.3)
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EXPERIMENT 47

L-Methoxybenzyl 36-=chloride in 85% acetone III at 20-3100
Added NaCl O-1009§

10 M1l. of aqueous extracted counted for 1 hour and titrated with 0-00998ﬂ NaOH

. . 5 6 *rx~¥ron
Time (secs.) C.p.m, Titre 107 Koy 107 Koo EIE:E;;;
0 136 0.27 - - -
7260 782 121 2.130 9+475 12.59
12240 1118 168 2.007 8.582 13464
17820 1470 2.23 1.968 8.373 13+94
26040 2064 2.99 2+ 143 8-204 17+15
33540 2331 3:89 1.989 8.817 1345
44820 2765 L4+ 69 1.952 8.363 175
59820 3210 5+69 1.914 8.081 15.85
73680 3485 6+60 1.843 8.057 15+42
86100 3713 739 1.831 8.133 15+62
104700 3986 848 1837 8.300 16+35
140700 4229 995 1694 8+201 15-77
171480 1387 1088 1.668 8.093 18.68
S L645 1441 - - -
(Eﬂijﬁﬁyg = 1527 * 049 mole 1. (12 readings)

CIﬁ'kROH mean

Duplicate Experiment

Added NaCl 0-09881M

(knx'kRon)

Cl-.k

e = 16.06 *+ 0.26 mole-il. (10 readings)
R" "ROH

an
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EXPERIMENT 48

L4-Methoxybenzyl chloride in 85% acetone II at 20.41°C

Added NaN30003067ﬂ

5 Ml. titrated with 0:009896M AgNO3

Time (secs.) Titre 10° k 10° -
") 1.17 - -
1320 2+06 L0943 1.800
2400 2+68 Le723 1.762
4200 3467 L+651 1.808
6000 448 4463 1.800
7920 522 Le279 1.790
11400 6.07 L«190 1836
13320 697 3.982 1842
16800 783 3.809. 1.868
21540 8.85 34656 1+943
26760 9.71 34482 2.003
35240 10+62 3143 1.999
47340 11.68 2.891 24136

oo} 15462 - -

105 kI (mean) = &4.018

1.882

103 kII (mean)




L-Methoxybenzyl chloride in 85% acetone II at 20+41°C

Added NaN, 0.03132M

3

5 M1, titrated with 0.01007M AgNO

Time (secs.)

10° kg (mean)

103 kII {mean)

0
1080
2700
4800
7320

10680
14460
18360
23040
28860
37020

L7640

L+530

1.827

- 189 -

3

Titre

0-12
0470
153
2+41
334
438
5:26
6402
675
746
824
8.91

1079

EXPERIMENT 49

105 kI

5175
5249
5-033
4907
Le771
b+545
L+385
ko215
4+035
3866

36k

10° .

1.698
1.773
1.759
1.783
1.821
1.818
1.836
1854
1.875
1.928

1.955
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EXPERIMENT 50

L=Methoxybenzyl chloride in 85% acetone II at 20.41°C
Added Na.N3 0-05023&

5 Ml. titrated with 0.01007M AgNO

3

Time (secs.) Titre 10° Iy 107 Ky

0 0.01 - -
1860 145 8.038 1650
2700 1+95 7+671 1.593
3840 2.63 7-584 1.600
6300 377 7-148 1.553
7500 L 32 7.163 1.580
9360 497 6.952 1562
13020 6+16 6+905 1.613
16560 6+91 6-611 1.587
20400 762 6489 1+60L
25740 8+35 6+336 1.621
33660 9+06 6e 124 14631

lo's} 10438 - -

105 kI (mean) 7.002

103 kII (mean) 1.599



L-Methoxybenzyl chloride in 85% acetone II at 20-41°C

Added NaN, 0-05025M
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EXPERIMENT 51

5 M1, titrated with 0-01007M AgNO3

Time (secs.)

0
720
1440
2595
3960
5700
8340
11100
14100
17880
22200

27420

i

105 kI (mean)

103 kII {mean)

7+200

1617

Titre

0.02

0.62

10 kI

8.180
74767
74925
7+580
7+072
7+209
6+950
6945
6+658
6551
6+368

107 kpp

1.649
1-583
1.646
1603
1+525
1.609
1.595
1.645
1.623
1.650

1655
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EXPERIMENT 52

L-Methoxybenzyl chloride in 85% acetone VI at 20-4100
0¢2M Ionic strenght maintained with NaClOQ
No added salts

5 M1, titrated with 0¢01043M NaOH

Time (secs,) Titre 107 kg
0] 0403 -
14220 2.19 1861
22440 3¢17 1.838
29340 3+91 1.843
34560 LeLO 1.839
41760 5:01 1.839
52500 576 1.827
63720 6+43 1.833
84000 733 1.835

oo 9-32 -

Duplicate Experiments

85% VIII at 20+41°C - 10° k! = 1.80k
85% VIII at 20+05°C - 10° ky = 1-722

85% VIII at 2005°C - 10° ki = 1730



EXPERIMENT 53

L-Methoxybenzyl chloride in 85% acetone VI at 20.41°C

O+2M Ionic strength maintained with Na0104

Added NaN, 0-03109M

5 M1, titrated with 0.01012M AgNO3

Time (secs,) Titre 10° Ky
0 1e1h -
1500 182 4+680
3120 2449 4633
5460 336 L-582
8220 Le25 L+515
12180 5.28 k370
16920 6+29 L+258
24300 746 L.093
31680 B.27 3917
39840 8.93 3-763
o 11417 -

105 kI (mean) 4e312

1.853

103 kII (mean)

10 kII

1.667
1693
1737
1.784
1.822
1.887
1974
2.028

2.088
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EXPERIMENT 54

L4 -Methoxybenzyl chloride in 85% acetone VIII at 20-41°C

0:2M Ionic strength maintained with N'aClOlt

Added NaN3 0:03026M

5 Ml. titrated with 0.009953M AgNO

3

Time (secs.) Titre 10° K 10° -

0 2.15 - -
1560 2.78 e 4452 1.757
3720 356 Le37L 1784
6000 Le3l Le4s26 1.872
9480 528 4277 1.900
13260 614 Le172 1.949
16920 680 L+0LO 1971
25620 7496 3764 2.009

37320 1154 - -

k215

10° kg (mean)

103 kII (mean) = 1-892




L-Methoxybenzyl chloride in 85% acetone VI at 20-41°C

0+2M Ionic strength maintained with NaClO

Added NaN, 0+05161M

3

5 M1, titrated with 0:01012M AgNO

Time (secs.)

105 kI {mean)

103 kII (mean)

1650
3180
5220
6900
9420
11520
15180
18060

24000

6687

1.482
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EXPERIMENT

22

3

Titre

026
1.48
245
355
432
545
597
702
7465
8.64

1113

L

105 kI

7+215
7075
64906
6777
6+890
6468
6+L07
64307

60141

10 kII

14448
1451
1455
1456
14529
1458
1497
14509

1534
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EXPERIMENT 56

L-Methoxybenzyl chloride in 85% acetone VIII at 20.41°C

Oe¢2M Ionic strength maintained with NaClO

Added NaN, 0.05076M

3

5 M1, titrated with 0.009953M AgNO

Time (secs.)

105 kI {mean)

103 K.[I (mean)

0
1800
2760
4800
6540
8700

12900
15960
20400

23820

6707

1513

3

Titre

0.27
164
2.22
342
Le20
5.06
6eli1
721
8.05
8.62

11«15

L

10 kI

7477
72156
7121
6+853
6670
6eLlil
6364
6155
6124

103 kII

1.532
1+485
14520
1493
1.488
1.498
1.522
1.522

1.553
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EXPERIMENT 57

L -Methoxybenzyl chloride in 85% acetone VI at 20-4100

0+2M Ionic strength maintained with Na0104

Added NaN, 0-10174

5 M1l. titrated with 0.01012M AgNO

3
Time (secs.) Titre 10* K 10° Ky
0 0.51 - -

930 1.69 1.236 1243
2250 3+16 1243 1269
3360 L+ 10 1+193 1.233
5100 5:37 1162 1.221
6240 6+1L 1.169 1242
7800 6-99 1.162 1+250
9900 787 1142 1246
12120 8.63 16134 1256
14160 920 1+135 1270

<o 1138 -

1175

1Olt kI {mean)

1.248

103 kII (mean)
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EXPERIMENT 58

L-Methoxybenzyl chloride in 85% acetone VIII at 20.41°C
0+2M Ionic strength maintained with NbCth
Added NaN, O-1009M

5 M1, titrated with 0-009953ﬂ_AgN03

Time (secs.) Titre 10* kg 10° -
0 0:55 - -
2160 316 1267 1+305
3360 +19 14209 1.261
4980 546 1202 1274
6360 6+29 1+176 1.260
7980 716 14169 1269
9660 785 1e147 1.259
11460 8447 14132 1256
o 1145 - -

104 kI (mean) 1.186

1.269

103 kII (mean)
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EXPERIMENT 59

4-Methoxybenzyl chloride in 85% acetone VIII at 20-0500
0:2M Iomic strength maintained with Na,(:lolt
Added NaCl 0O+02000M

5 Ml. titrated with 0:01015M NaOH

Time (secs.) Titre 10° ky
o 0.18 -
7200 149 1549
12360 235 1550
19440 3+38 1534
27300 LeLO 16522
35340 539 1e541
L4940 6+32 1.519
54480 7+19 1.527
74280 853 1504
87660 9.25 1.497
105840 10 .05 1.499
o 12459 -

105 ch = 14525 * 0.0064 (10 readings)

Duplicate Experiment

Added NaCl 0-01973M

105 ki = 14530 * 0.0053 (10 readings)
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EXPERIMENT 60

L-Methoxybenzyl chloride in 85% acetone VIII at 20.05°C
0+2M Ionic strength maintained with NaClO4
Added NaCl 0.05097M

5 M1, titrated with 0.01015M NaOH

Time (secs.) Titre 107 Kk,
0 0.23 -
7320 139 1333
12480 210 1301
19620 3404 14300
27420 397 1.299
35520 82 1.201
45240 578 1300
54660 656 1295
74520 7°91 1.282
88020 8.68 1.284
106140 949 1276
125940 10-18 1.267
oo 12.71 -

1o5 kI = 14294 * 0.0052 (11 readings)

Duplicate Experiment

Added NaCl 0-049L4M

10° ki = 1:305 * 0-0037 (10 readings)
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EXPERIMENT 61

Benzhydryl chloride in 85% acetone V at 20-41°C

Added NaN, 0-04857M

L+925 M1, titrated with 0-01062_}1 AgNO3

4925 M1, titrated with 0:010309M NaOH

+ +
('], - [H ]O)OBS = 0.01415M
fc17], = 0.02055M
Duplicate Experiment
[NaN, 1, = 0.04982M
[ci™], = 0+02146M
+ +
([H ], - [H]1)) g = 0-01463

EXPERIMENT 62

L -Methoxybenzyl chloride in 85% acetone V at 20-41°C
Added NaN, 0-04865M

5 M1, titrated with 0.:009986M AgNOB

5 M1, titrated with 0.01042M NaOH

[c17], = 0.02209M

([H], - [H'1)

o oBS 0.00298M

Duplicate Experiment

[NaN3]o = 0-.04856M
fc17], = 0.02129M

4
([H 1, - [H'1 ) s

0+00281M
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