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SUMMARY

Recent advances in the study of acetal hydrolysis
and the effect of neighbouring hydroxyl groups on ester
hydrolysis are reviewed, Some of the criteria used to
elucidate the mechanism of such reactions are discussed,

The enhanced rates of intra-molecular reactions over
their inter-molecular counterparts are suggested to be due
to factors other than just a 'concentration' effect,
product stability reflected in the transition state may be
important,

Intra-molecular and inter-molecular general-acid
catalysis have been detected in the hydrolysis of benzyli-
dene 2,3-dioxy benzoic acid and benzylidene catechol,
respectively, Several kinetic parameters of these reactions
have been determined and are discussed,

An example of nucleophilic catalysis by a carboxyl
group has been found in the hydrolysis of o-earboxy benzyli-
dene catechol. o-carboxy benzylidene 2,3-dioxy benzoic
acid, a system which apparently contains suitably disposed
carboxyl groups to act as general-acid and nucleophilic
catalysts, was synthesised, However, the hydrolysis of

this acetal showed no evidence of bifunctional catalysis,



Ring opening during the acid catalysed hydrolysis
of benzaldehyde acetals of 2,3-exo-norbornanediol is
shown to be reversible, An A-2 mechanism is suggested
to be the pathway of hydrolysis of these 1,3-dioxolanes,

The facilitated rate of hydrolysis of B-hydroxy
esters, in particular B-hydroxy butyrates and 2-hydroxy
cyclopentane carboxylates, has been shewn not to be due
to any direct interaction between the two functional
groups, 'Solvent sorting' is tentatively suggested to

account for the observed phenomenon,
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INTRODUCTION

It is in vogue to justify many organic reaction
mechanism studies by relating the findingsto the
mechanism of catalysis of an enzymatic reaction, The
analogy has been expressed thus by Jencks1 "At the
present time we are in the position of the drunk on his
hands and knees under the corner street light who, when
approached by a citizen asking his intentions, replies
that he is looking for his keys here, rather than in the
poorly illuminated centre of the block where they were

lost, because the light is better at the corner",
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The Hydrolysis of Acetals and Related Compounds

Due to the fact that it is commonly accepted that
acetals hydrolyse by the A-1 mechanism, they, and related
compounds, have been the basis of many mechanistic studies,
However, because of their structural relationship to
glucosides, and the interest stimulated by the elucidation
of the structure of glycosidases, such as lysozyme,2
acetals have been used as substrates to find "non-classical"
behaviour in attempts to relate them to the enzyme
mechanism,

Since the subject and mode of hydrolysis of

aceta1s3’4’5’6’49 7,8

and glucosides have been thoroughly
reviewed, only a brief discussion will be given here, and
the main emphasis will be on the more unusual mechanistic
pathways followed by some of these compounds,

In acidic aqueous solutions, acyclic acetals

hydrolyse according to the equation

R\C/OR . mo _E. N
/// \\\. . 2
H OR

This general reaction has been studied by a number

of workers, and all of the evidence indicates that the

58

A-1 mechanistic pathway is followed, A pre-equilibrium
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protonation of the substrate is followed by a rate-

determining, unimolecular decomposition

fast \\\c 21} or' + R'OR
/

+r'oH H OR H

to an alcohol or phenol and a resonance stabilised oxy-
carbonium ion.3
The evidence supporting the A-1 mechanism is
summarised below; the word acetal used here, implies
acyclic acetal,
1) The reaction is specific acid catalysed,9 bases do
not generally catalyse the reaction, although some gluco-
sides are hydrolysed under these conditions.7
2) Although general acid catalysis is well established
for ortho ester hydrolysis,13 no substantiated example of
inter-molecular such catalysis in acetal, ketal, or
glucoside hydrolysis was reported prior to 1966,
3) Reported correlation of rates of hydrolysis with

acidity functions support the unimolecular reaction



path.16’17

4) Hydrolysis proceeds with cleavage of the carbonyl
carbon-oxygen bond since:
a) The hydrolysis of acetals derived from optically
active alcohols yields the alcohol of the same optical
purity as the starting materia1.10
b} Hydrolysis of benzaldehyde di-n-butyl acetal and

18

n-butyraldehyde di-n-butyl acetal in O enriched

water gives alcohols of normal isotopic 018 content.11
c) Even acetals prepared from alcohols capable of
forming stable carbonium ions, which could then undergo
re—-arrangement or racemisation, produced no evidence of
alcohol carbon-oxygen fission.12
5) Second order rate constants for acetal, ketal and
glycoside hydrolysis are sensitive to alterations in the
aldehyde and alcohol moieties,
a) The hydrolysis of a series of m-substituted
diethyl acetals of benzaldehyde in 50% aqueous dioxan,
are correlated by the Hammett sigma values and yield a
rho value of -3035.14
b) The acid catalysed hydrolysis of a series of
substituted aryl B-D-glucopyranosides fit a Hammett

15

plot with a rho value of -0:66, reflecting the opposing

electronic requirements of the two step process,
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6) The deuterium solvent isotope effects on the rates
of hydrolysis of acetals, ketals and glucosides are
invariably in the range 2-3, indicative of a specific
acid catalysed rea.ction.18
7) Values of the volumes of activation fall into the
range typical of reactions involving unimolecular
decomposition of a protonated species.19
8) Remembering the two step nature of the mechanism
proposed, entropies of activation also support the A-1
mecha.nism.20
Each of the criteria cited provides support for the
rapid pre-equilibrium formation of the conjugate acid of
the substrate; and a transition state containing the
acetal and a proton only, a large amount of positive
charge on the aldehydic carbon, aldehydic carbon-oxygen
bond fission, and no nucleophilic assistance, This is

consistent with the rate limiting unimolecular decom-

posttion path stated earlier,

LYSQOZYME
]

174

Lysozyme is a glucosidase whose physiological

role and physico-chemical properties have been thoroughly
reviewed.94’175’176’189 Its conformation in the

crystalline state was determined by Philips and co-

workers.2 Lysozyme destroys the cell walls of certain
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bacteria by catalysing the hydrolysis of the carbohydrate
component, a fB-1,4 linked polysaccharide with alternate
N-acetylglucosamine and N-acetylmuramic acid residues,

Bond cleavage occurs between the glycosyl Cl and
177

oxygen, similar to simple glycosides,

From X-ray diffraction studies of the enzyme-
inhibitor complex, the active site has been located and it
was found that the only functional groups available for
catalytic action were the carboxylic acid residues of

glutamic acid 35 and aspartic acid 52, which were

178

disposed either side of the 1,4 linkage, These

groups are in rather different environments, the glutamic

acid side chain lies in a predominantly non-polar region

2y

and is suggested to‘ﬁnionised, while the aspartic acid

is in an essentially polar region and is dissociated.179

Carboxyl group modification procedures have also suggested

the presence of these two groups at the catalytic site.180

162,181,94

All mechanisms suggested for the catalytic

behaviour of lysozyme have involved the undissociated
glutamic acid 35 acting as a general acid, Three
functions have been suggested for the dissociated

aspartate group: (1) nucleophilic, and so form a glycosyl~

181,184,185 (2) electrostatic

stabilisation of the glycosyl carbonium ion (eq, 2)}82’183’186

enzyme intermediate (eq. 1),
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(3) general base catalysis for substrate acetamido group

nucleophilic participation (eq, 3).181’184

Glu. 35

CH-OH O
2 ;‘o g

1) E+S==ES == 0 Of\‘H

HNAC )
N 0

1

Asp. 52

hydrolysis __ . 0
prods.



(2) Glu. 35

C -
H,OH CO/ Y% CH,OH COq
~ -0 0
0 H ————-HO g+ o+ ROH
HNAC HNAC
_0 ]
O\'-C-'Y O\c})
I I
Asp. 52 Jleo
prods.
H,0
(3) 2
Glu. 35
Co,
~0 H ~0 0
HO O—r ~  HO * ROH
N N
Ve
[
/(;—\7 Me hlde
HY ™ HO O
: O\C/O \/
1 1
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Two more alternative mechanisms could involve just
general acid catalysis by glutamic acid 35, or the
latter plus nucleophilic assistance of the acetamido group
without general base catalysis,

General acid catalysis in the hydrolysis of acetals

163-166 as has the

159

and glucosides has been established,
nucleophilic participation of the acetamido group,
To date, there has been no substantiated reported example
of type suggested by eq. 3 (see ref, 166 however), There
is no reported example of nucleophilic participation by
carboxyl groups in acetal or glucoside hydrolysis, or the
bifunctional type of eq. 1 and 2, The latter was one of

the objects of the investigation reported here,
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I Cyclic Acetals and the A-2 Mechanism

Cyclic acetals are derived from diols, and
although there have been several studies of these

14,21-28,46,49,50,148 the mechanism

compounds reported,
of their hydrolysis is not as unanimously accepted as is
that of their acyclic counterparts,

These compounds are of interest because of the
possibility that ring opening, that is to say cleavage
of the carbon-oxygen bond, may not be the slow step in the
hydrolysis of cyclic acetals, This is because neutral
molecule-ion pair return may take place, The leaving
hydroxyl group is still part of the same molecule and it is
conceivable that intra-molecular recapture of the carbonium
ion by this species will be faster than capture by solvent
water, Hence another step for hydrolysis would become
rate controlling, this would either be attack of water on
the conjugate acid of the acetal, k2, g classical A-2
mechanism, or solvation of the carbonium ion, step k4.
The experimental proof of water being involved in the
transition state of a reaction carried out in aqueous

solution is an extremely difficult problem,
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H
o O+
+ k1
R+H30————‘ R+H20
k-
0 ! 0

(S) (SH+)

a 1,3-dioxolane
ks k,
H,O
slow

OH
[:OH k, OH + RCHO
+ RCHO ——
H,O +. OH
OH 2 O,;—CH-R
slow
+
(R)

Of course, there is the possibility that both
mechanisms represent accessible reaction paths, or that
steps 3 and 4 are both rate controlling i,e, the rate of
the forward reaction stage 4 is of similar magnitude to
the rate of the reverse step of specific rate constant
k—3, For the latter situation, application of the
steady state assumption to the intermediate carbonium ion,

gives the following rate equation:

<+
Rate = k;. ky. k,, (8)(H;0)
k-, (k—; * K,(H,0))
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When k4 >> k—3, the equation reduces to an A-1
mechanistic classification, whereas under the conditions
k4 << k—3, the equation represents the kinetic expression
for an A-2 reaction,

The A-1 pathway could also become unfavourable,
compared with other possible mechanisms, in cyclic acetal
hydrolysis, due to hindrance by the ring of a conformational
requirement of the transition state of the reaction or a
less favourable dissociation constant of the conjugate
acid of the acetal, say, due to steric hindrance of

33

solvation, The intermediate alkoxy carbonium ion, if
formed, probably has a planar structure and if any of this
planarity is reflected in the transition state, then the
reaction has certain stereo-electronic requirements, This
is because the C-2 substituents must move ‘out', and the
C-2 hydrogen 'in' to the ring, to avoid steric interaction
with the C4 and 05 substituents, For steric interactions
during ring opening, either themselves, or they being

the cause of inhibition of resonance, to be effective, the

transition state must have a significant amount of oxo-

carbonium character, (see later),

0! 0
s
5 \-C/R
. = \
3 (f-)l < @ o) H

! ;
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However, with few exceptions, the general consensus
of opinion appears to favour the A-1 mechanism for the
hydrolysis of cyclic acetals, Some of the evidence used
to assign this mechanism will now be briefly discussed,

1., Entropies of Activation

0f the reported activation parameters for cyclic
acetal hydrolysis, four kinetic methods have been used to
follow the reaction, spectral, gas chromatographic,
dilatometric and chemical analysis, In view of the
large acetal concentration required for the latter two
methods, and their invalidity for following this particular
reaction,29 since the product does not have constant
composition and the acidity of the medium changes as
hydrolysis proceeds,29 the results obtained thus must be
viewed with some scepticism, Difficulties also arise
from the choice of standard states, these are usually
referred to 1M in acid concentration, although the actual
kinetics may have been followed at higher or lower
concentration than +this, Sometimes, first order rate
constants measured in say 0-01M acid, have been converted
to second order rate constants by multiplying by 100,27
and yet on other occasions by the reciprocal of the
hydrogen-ion activity, as determined by the pH 28 measured

by the glass electrode, Also a variety of solvent
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systems have been used,

A selection of some of the published activation
parameters is given on page 14,

The observed entropies of activation probably
qualifies these reactions for A-1 or borderline A-2,
according to the classification of Schaleger and Long.20
It is noteworthy, that on comparison of the differences in
AS* for the cyclic and acyclic acetals of the same alde-
hyde or ketone, the 1,3-dioxolanes have consistently a
more negative value by about 8 to 12 e.,u,, and appears to
be independent of the substituent at position 2, This
is probably, therefore, just a function of the five
membered ring,

The negative entropies of activation have been ration-
alised to 'fit' an A-1 mechanism by such factors as high
solvation of the conjugate acid or transition state or
restriction of rotation in the latter as determined by the
amount of mesomeric interaction.14’39

Of all the reported studies of acetals and ketals by

14,21,27,28

Fife, only one class of compounds have been

suggested to hydrolyse by the bi-molecular path, the
tetramethyl ethylene glycol acetals, which have entropies

28

of activation of =14 to -16 e, u, FPife considers that

this value is more compatible with an A-2 mechanism, In
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view of the 'justification' of the negative entropies
of activation for other cyclic acetals, it would be of
interest to know the entropy changes accompanying the

following reactions, especially in view of

0 0o.}
XCHR
+
O OH
M
and

O O.+
XCHR

[

6
OH

H
the 'geminal effect' favouring rates of ring closure.98
It has been suggested that much more subtle factors than
simple order-disorder effects are involved in determining
the magnitude of the entropy of activation.152

Partial A-2 character has been suggested in the
hydrolysis of methyl-2-chloro-deoxy-B-D-glucopyranoside
which has a AS* of +7+5 e,u, compared to the AS¢ for
methyl-f8-D-glucopyranoside of +16+5 e,u,, although all
other available data are characteristic of a unimolecular

30 N

path, Capon and Thacker postulated, on the basis of

entropies of activation of -8 to =11 e,u,, that the
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hydrolysis of alkyl furanosides followed a bi-molecular
reaction path, although aryl furanosides appear to
hydrolyse by the A-1 mechanism.32

2, Acidity Dependence

The acidity dependence of the rate constants of
some 1,3-dioxolanes in aqueous sulphuric acid, up to 4M,

has been reported.34

Plots of 1log kobs against the

Hammett acidity function -Ho, were linear with approximately
unit slopes, which was considered by the authors to be
indicative of an A-1 mechanism, Kaeding and Andrews148
studied the rates of hydrolysis of p-nitrobenzophenone
diethyl ketal in aqueous ethanolic solutions of hydro-
chloric acid, and since the authors did not observe the
usual acidity dependence they suggested that this compound
hydrolyses by the A-2 mechanism, By application of their

empirical solvent composition -acidity function criterion,149

Kwart and co-workers150

postulated nucleophilic solvent
participation for the hydrolysis of this compound and also
methyl ortho p-nitrobenzoate, The interpretation of these
results has been criticised.3

For the hydrolysis of 2-p-nitrophenyl - 4,4,5,5
tetramethyl - 1,3 - dioxolane, Fife27 has observed rates

proportional to the stoichiometric acid concentration, the

log-log plot having a slope of 20, A Bunnett plot17 of
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1og(kobs + Ho) against log aH20 is curved,

According to the Zucker-Hammett hypothesis,35 a plot
of log kobs against -Ho should be linear and of unit slope
for an A-1 process, but for an A-2 mechanism log kobs
against the logarithm of the concentration of acid should
be linear. Only above 2+5M perchloric acid do the
quantities -H and log [HC10,] diverge significantly.
However, in view of criticisms and fa.ilures,36—38’187
the variance of reaction rate constant in media of high
acid concentration, is not a very reliable criterion of
mechanism,

Bunnett plots for the hydrolyses of glucopyranosides
in aqueous perchloric acid yield positive slopes of w
value 17 -~ 30, which suggests nucleophilic attack by
water,47 but the plots of the hydrolyses of methyl «-D
glucopyranoside and a large series of alkyl xylopyrano-
sides in hydrochloric acid are curves with negative

48

slopes,

3. Effect of Ring Size

The rate of hydrolysis of the 1,3~-dioxolane
derived from cyclopentanone is 13 times greater than that

25

from cyclohexanone, which Newman and Harper25 interpreted
as indicative of an A-1 mechanism, However, rate

determining attack of water on the free carbonium ion, or
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a classical bi-molecular nucleophilic displacement
with a large amount of bond breaking and little bond
making in the transition state, would similarly be
expected to show this rate enhancement for the compound
forming the more favourable trigonal centre,

39

Watts has studied the rates of hydrolysis of

cyclic ketals of ring size 5-8, and Jary and co-workers40
cyclic benzaldehyde acetals of ring size 5-7, The eight

membered ring hydrolyses about 120 times faster than the

corresponding five membered system.39
4, Solvent Isotope Effects18
Orvik26 has calculated that the magnitude of the

solvent isotope effect cannot be used to distinguish
between the A-1 and A-2 mechanism, for cyclic acetal
hydrolysis. The isotope effects were calculated by the
method of Bunton and Shiner.41 This treatment assumes
that the isotope effect arises only out of the difference
between the zero point vibrational energies of the
corresponding hydrogen and deuterium bonds, It further
assumes that the differences in stretching frequencies of
the bonds is a function of the type of hydrogen bridging
situation in which the bond is involved. Account is
taken of the change in number and kind of hydrogen bonds

upon reaction, in the calculation of the isotope effect,
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Using an estimated pKa of =35 for the acetal,
Orvik26 calculated that the solvent isotope effect
kD+/kH+ at 25°C equals 21 - 2+6 for the A-1 mechanism,
1¢6 — 2+6 for attack of water on the open carbonium ion,
and 1¢4 =~ 30 for the classical SN2 mechanism,

The values usually quoted27 for the solvent isotope
effects are 19 - 2¢6 for the A-1 pathway, and 1.3 = 1.7
for the A-2 mechanism, These are the values of Long
and Pritchard,42 the former relate to the acid hydrolysis
of several epoxides, and the latter to acid catalysed
hydrolysis of esters in which water acts as a nucleophile,
Fife27 has suggested that solvent isotope effects may be
used to distinguish between the A-1 and A-2 mechanisms,
using these values, Reported effects for cyelic acetals
vary from kD+/kH+ of 24 to 3.7 at 25 - 30°C, ranging
from pure aqueous solution to 50% dioxan-water, 4221527,43,44
A solvent isotope effect of kD+/kH+ = 2+4 for the
hydrolysis of 2-phenyl 4,4,5,5-tetramethyl-1,3-dioxolane
is said to be considerably less than the normal values for
acetal hydrolysis 27 - 3+0, and it was considered that this
27

is indicative of an A-2 mechanism,

5. Effect of Substituents

This is possibly one of the most fruitful mechanistic

tools to distinguish between the possible mechanisms,
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Since an alkoxy carbonium ion is the potential
intermediate in acetal hydrolysis, it would seem at
first sight that no nucleophilic assistance would be
required, However, as mentioned earlier, this is not
necessarily the case for cyclic acetal hydrolysis, The
resemblance of the transition state to the protonated
acetal or the intermediate alkoxy carbonium ion, and
hence the amount of carbon-oxygen bond fission, will
depend on the relative stabilities of these two

78,151, Substrate whose conjugate acid is

species,
unstable and forms a relatively stable carbonium ion will
probably have a transition state resembling the former

and hence little carbon-oxygen bond fission will have
taken place,

Electron withdrawal in the aldehydic portion of the
acetal should hinder protonation and destabilise the
incipient carbonium ion in an A-1 reaction, Depending on
the relative development of bond making and bond breaking
in the transition state, nucleophilic attack should
generally be facilitated by electron withdrawal, Solvent
participation should therefore result in a less negative
rho value, if bond formation is at all important in the

transition state, However, a mechanism involving rate-

controlling attack of water on the open carbonium ion may
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well have similar substituent effects on rate constants
as a mechanism in which unimolecular cleavage of the
protonated acetal is the rate-limiting step (A-1),
Complications may also arise because the latter step may
be correlated by ot whereas the equilibrium constant for
protonation may be correlated by o, The resulting
correlation may therefore be a composite quantity because
of the two step mature of the mechanism, A correlation
with o does not necessarily imply a carbonium-like

transition state.67

Some cases of reported structure-
reactivity relationships are given in the table on the
following page,

Bearing in mind the different solvent systems used,
the reduced rho value for the tetramethyl ethylene glycol
acetals suggests that there is less charge development
in the transition state than in the other cases cited,

This lead the author527’28

to postulate an A-2

mechanism for the hydrolysis of these compounds,
Ka.nkaanpera,24 has published a detailed study of the

hydrolysis of all possible methyl substituted 1,3-di-

oxolanes, Substituent effects do not always parallel those

in acyclic acetals, presumably because of the different

steric and conformational effects in the initial and

transition states, The relative rates of hydrolysis of
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some of the acetals studied in water at 25°C are given

below,>4
O

R Cox@wi‘ R

0 O
R R

H, H 5 1
H, Me 28,000 (7) 4,000 (1)
Me, Me 310,000 (800) 400 (1)

2y2-dimethyl 1,3-dioxolane hydrolyses only 10 times
faster than the 2 monosubstituted derivative, much less
than the normal 103 fold increase found going from alkyl

45 Utilising the arguments presented

acetals to ketals,
earlier, regarding the interaction between the alcohol
substituents and those attached to the carbonyl carbon
during ring opening, the relatively small rate differences
observed on placing methyl substituents in the glycol
residue may be rationalised, assuming the A-1 mechanism,
Particularly noticeable, however, is the effect of 4,4,5,5-
tetramethyl groups, the 2,2,4,4,5,5-hexamethyl derivative
hydrolyses 10 times slower than the 2 monosubstituted

compound, and nearly 10 3 times slower than the corres-
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ponding dioxolane unsubstituted in the glycol residue,
Is this simply steric hindrance to ring opening,
inhibition of the normal resonance interaction or due to
a change from the A-1 mechanism?

Aftalion>?

has reported similar studies in 1,3~
dioxolanes and 1,3-dioxanes, a single alkyl substituent
at position 2 in the former series obey a Taft relation-
ship, but 2,2-disubstituted 1,3-dioxolanes do not follow
a linear correlation, The author concluded that this
was a steric effect, and that the mechanism of hydrolysis
was similar to acyclic acetals, Fife and Hagopian,21
however found that the logarithm of the rate constants
for five 2,2-dialkyl 1,3-dioxolanes, less a hypercon-
jugation term, gave a linear correlation with Taft's o*
constants with one exception, 2,2-di-isopropyl.

It has also been found that 2,2-diphenyl 1,3-dioxolane
hydrolyses 120 times more slowly than 2-phenyl - 1,3 -
dioxolane, which is to be compared with the 20 fold
slower rate of benzophenone diethyl ketal than of benzal-
dehyde diethyl aceta.l.50 Three mechanisms have been

proposed for the hydrolysis of this dioxolane, A4,50

50 44 The latter will be discussed

possibly A-2'70 and Agp2.
under general-acid catalysis in the hydrolysis of acetals,

The slower rates of hydrolyses, of these compounds,
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than 'expected' for an A-1 mechanism, could either be due
to a different mechanism followed, a more favourable
initial state energy or severe restrictions of the

normal A-1 transition state, The latter could arise

from steric inhibition of resona,nce50 between the aryl

or alkyl group and the incipient carbonium ion or prevention
of the required co-planarity of the oxonium ion. Steric
inhibition of solvation of the conjugate acid, thereby
decreasing the basicity of the acetal, would have two
effects because of the two step nature of the process,

One must consider mechanistic parameters for both of these
steps, in this particular case, decreased basicity would
result in a lower concentration of the conjugate acid in
a given solution, and could result in a transition state
resembling the protonated acetal so that conjugation with
substituents is relatively unimportant,

Fife and co-worker527’28

have published extensive
studies of the glycol acetals of benzaldehyde derivatives,
Diethyl acetals of benzaldehyde hydrolyse 40 - 60 times
faster than the corresponding 1,3-dioxolane derivative,14’21
due to more favourable entropies of activation, But,
again, as the following table shows, the largest effects
are obtained with the tetramethyl ethylene glycol

derivatives,
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Relative Rates of hydrolysis in water at 30°C14’21 327,28

EtO\C/Me EtO\C/H <OXPh
EtO/ \Ph EtO/ \Ph 0 H

a
3 x 108 9 x 10° 18 x 104
AH:‘:Kc:a.l.mole-1 14.0% 16+5% 14‘8b and 15.52
+
AS e.,u. ~-0-4 +1+0 -9+4 gnd  -8°9

LAq A0 A

Me
4 x 10* 540 1
AV Keal. mole™  17.5°, 16.6%  16-1 2146
+
AS e,u, -3.3, -=B-6 =14.2 -8+6
a) 50% dioxan-water v/v used as solvent

b) from ref, 46,
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The relative rates are substituent and solvent
dependent, the p-methoxy benzaldehyde compounds
accentuate the rate differences, but the latter are less
pronounced in 50% dioxan-water than water, Perhaps

28 found rate differences when

of relevance, Fife and Brod
the 2-substituent was alkyl rather than aryl, but the
effects are less marked, The large rate decrease
(540x) produced by replacing the acetal hydrogen by a
methyl group in 2-phenyl 4,4,5,5-tetramethyl - 1,3 -
dioxolane is much greater than Kankaanpera24 observed
for a similar substitution of a methyl group in 2-methyl
4,4,5,5-tetramethyl - 1,3 - dioxolane, the former
hydrolysing 10 times slower than the latter, This is
unexpected, considering the greater electron releasing

45

ability of an alkyl group compared to hydrogen, Fife

has stated2??23

that this data is indicative of an A-2
mechanism for the 4,4,5,5-~tetramethyl - 1,3 - dioxolanes,
The reaction path involving nucleophilic attack of water

on the conjugate of the acetal,
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The same author21 considers that the rate retard-
ation in other 1,3-dioxolanes is due to steric inhibition
of resonance with the incipient carbonium ion in the A-1
transition state, Steric interactions between the
carbonyl substituents and those on the glycol residue, as
proposed by Iankaanpera,24 are thought to be unimportant,
However, it would be difficult to separate 'cause and
effect' in this case,

Recalling that a difference in the value of the
entropy of activation of 5 e,u. is equivalent to a rate
difference of about 12 at room temperature, the activation
parameters show that 2,2-phenyl methyl - substituted and
unsubstituted - 1,3-dioxolanes hydrolyse slower than the
2-phenyl derivatives due to an unfavourable enthalpy of
activation, despite a more favourable entropy term,

Reversibility of the Ring Opening Step

If it could be shown that the reversal of the ring
operiing step occurred during hydrolysis, or better, at a
rate faster than hydrolysis, then this would be the
least ambiguous evidence for a path other than unimolecular
fission of the carbon-oxygen bond (A-1) being the
mechanism of hydrolysis, This may be detectable in a
reaction in which ring closure of the alkoxy carbonium ion

intermediate resulted in a different compound or an isomer
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of the starting material,

S
% KXTJ

Ceder46 studied the rates of hydrolysis of the 1,3~

dioxolane of cinnamaldehyde and found the rate of
disappearance of the acetal to be different from the rate
of appearance of aldehyde, but the difference was too
small to allow kinetic analysis,

Watts O

attempted to observe the reversibility of

the ring opening step by measuring the rates of hydrolysis
and racemisation of D-1,2-0O-isopropylidene glycerol,
Unfortunately, the rate of racemisation could not be
measured with sufficient accuracy to yield a conclusive
result, The author concluded from the similar

magnitudes of the two rates that the reverse reaction was
unimportant,

154

Hughes has shown that, at least in part, the
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hydrolysis of 1,6 - anhydro - 2,3 - O - isopropylidene -
B-D talopyranose proceeds via the 3,4-isopropylidene

derivative,

Y
H’/’ + OH0

OH
..H+

A

D\ ouf" 00
H,0
0 0o

+ Mc2C0

In 66% dioxan-water, using n,m,r, to follow
isomerisation and u,v, spectroscopy to monitor the rates

26 . . .
found no evidence of interconversion

of hydrolysis, Orvik
between the two isomeric dioxolanes, shown overleaf,
during hydrolysis, However, in dioxan solutions where
the molarity of water was below 1M isomerisation occurred

during hydrolysis; and with 0<05M water only in the

system, isomerisation was faster than hydrolysis,



- 32 -

0
PCgH,NO,
0 H %‘
CH3CH(0H)CH20H
+
PCeH,( NO,)CHO
0
H H,0
0 ECGHANOZ

Orvik26 interpreted this to mean that in such solutions
the hydrolysis mechanism involved attack of water on the
intermediate carbonium ion, Unfortunately, as will be
discussed later, this was not a very suitable aldehyde
to choose to witness isomerisation,

There have been several reports of the acid catalysed
isomerisation of acetals occurring in non-aqueous
solven’t,s.‘d'g"’b155

Summary regarding the A-2 mechanism

The general consensus of opinion appears to favour

the A-1 mechanism for cyclic acetal hydrolysis, Noteable
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27,28 for the hydrolysis

44 ha

exceptions being Orvik26 and Fife
of tetramethyl ethylene glycol acetals, De Wolfe S
stated he considers the experimental evidence of the
latter for assigning the A-2 mechanism to this class of
compounds is too ambiguous to justify this conclusion,

and the author thinks it is more compatible with an SE2
mechanism, This ambiguity certainly exists, since on
some of the criteria used by Fife, one could argue that
most dioxolanes hydrolyse by the A-2 mechanism, However,

44 "It seems

De Wolfe has even gone so far as to state
reasonable to conclude that acid-catalysed hydrolysis
reactions of acetals, ketals and ortho esters rarely if
ever occur by the A-2 mechanism", In fairness, this
statement was written before the publication of Fife's
work on the effect of 2-methyl substitution in 4,4,5,5
tetramethyl - 1,3 - dioxolanes.28
Accepting, for the moment, that some 1,3-dioxolanes
hydrolyse by the A-2 mechanism, what are the causes of
this change from the normal reaction path? Fife and

Brod28

have stated " -+« the differences in behaviour
between tetramethyl ethylene glycol acetals and ethylene
glycol or diethyl acetals are produced by steric

inhibition of the normal A-1 reaction by the presence of

methyl groups at the 4 and 5 positions of the 1,3-
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dioxolane ring, thus allowing other mechanisms to
become observable", At what stage is this inhibition
effective; does steric hindrance prevent the uni-
molecular opening of the ring and hence formation of the
oxycarbonium ion, or is the latter reasonably facile but
the newly formed internal hydroxyl group competes more
effectively tor the ion than does water, thus making
ring opening a reversible equilibrium?31 If the latter
is true, what is the mechanism of hydrolysis, bi-
molecular attack of water on the carbonium ion or on the
conjugate acid of the acetal?

In this thesis some of these problems are resolved
for the cyclic acetals studied, It has been found that

in a series of substituted benzaldehyde acetals of 2,3 -

exo-norbornane diol isomerisation can occur much faster

ATy
0 H o><Ar

than hydrolysis, A classical A-2 mechanism involving
nucleophilic attack of water on the conjugate acid of
the acetal is suggested as the mode of hydrolysis, There

is now definite evidence for nucleophilic participation
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in acetal hydrolysis,

IT1 Nucleophilic Catalysis
156

Capon and Thacker have shown that acid
catalysed ring closure, not hydrolysis, of dimethyl
acetals of glucose and galactose to the methyl furano-
sides involves nucleophilic participation, Since the
rate depended on the configuration at C-4 and the rate
enhancement was 30 - 300 times that predicted from
related substrates, the authors proposed nucleophilic

attack of the hydroxyl group synchronous with fission of

the acetal bond,

CH20H CH20H
HO OH HO
" gMe Og OMe ,.MeOH-+H+
H GOMe
H
OH OH
157

Speck and co-workers have suggested that the
acid catalysed hydrolysis of methylthio-acetaldehyde
diethyl acetal involves nucleophilic assistance of the

methylthio group,
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+
-+ D B
MeSCH,CH(OR), + H' ———== y /l R

H
r,d,s,
HZO
MeSCHzCHZCHO + ROH —— e ROH +
+ fast
+ H Te
S
/+\
CH2 CHé—-OR

The rate of hydrolysis was found to be 100 times
that of the corresponding methoxy compound, which has a
similar polar substituent constant, but is 10 times slower
than the parent compound, diethyl acetal,

The solvolysis, in methanol and aqueous dioxan, of
2-N-benzoyl and 2-N-acetyl - 1,3,4,6 - tetra-O=-acetyl
B-D glucopyranoside and B-D galactopyranoside proceed
faster than the corresponding a anomers, although no

158 Anchimeric assist-

detailed kinetics were reported,
ance by the amide group was considered to facilitate the
departure of C-1 acyloxy group, The intermediate oxa-

zolinium ion was then stereospecifically captured by the

solvent at C-~-1,
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159

In a more extensive study, Bruice and Piszkiewicz,
observed a spontaneous hydrolysis at 78°C between pH 0.7
and 117 for o-and p-nitrophenyl 2- acetamido-2-deoxy-
B=D glucopyranosides and g-and p-nitrophenyl B-D gluco-
pyranosides, The former hydrolyse 105 and the latter 102
times faster than the corresponding a«-anomers, which
undergo specific acid and specific base catalysed hydro-
lysis only, No rate enhancement for the B-anomers was
observed for the specific acid catalysed reaction, The

possible kinetically equivalent mechanisms, for the

spontaneous hydrolysis, are shown below,

NO, f"
NO,

\c
M% Cf
(1) Me” (2)
H,0H
HO 0 y
-N (a +
M\;,\C,o (3)

The authors preferred (1) the intra-molecular nucleophilic
displacement of the nitrophenoxide ion by the neutral
acetamido group. Using reasonable estimates of the

constants for the pre-equilibrium steps, mechanism 3 would



- 38 =

have to have a specific rate constant, for the step
shown, of the order of 1016 sec—1. Rate determining
proton transfer (from the amide NH or to the aglycone
oxygen ?) was considered unlikely since no buffer
catalysis was observed and in view of a solvent isotope
effect of kn/kH 0-83 - 1+36, The latter also suggested
to the authors that water was not involved in the
transition state, This range is considerably less than
the normal values found in glycoside hydrolysis of kD/kH
19 - 2.7, and appears to the reviewer to be compatible
with the known effects for rate limiting proton transfer
to glucosides and acetals kp/ky 0+6 - 1:5, Of course, it
is also in the region expected for just a transfer effect,
Mechanism 2 definitely requires consideration in view of

the similar mechanism proposed by Fife and Ja.o160

for the
spontaneous hydrolysis of 2-p-nitrophenoxy - tetrahydro-
pyran, for which the acid catalysed reaction has a kD/kH
of 1+33 (see later discussion), Methyl a-and B-2-acet-
amido - 2-deoxy-p-D-glucopyranosides both appear to be
specific acid catalysed, and the evidence of whether there
is any intra-molecular nucleophilic catalysis is

ambiguous.161

Bruice interpreted his results in relation to the

mechanism of action of lysozyme, Recent evidence has
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demonstrated that the neighbouring 2-acetamido group is
not essential for enzymatic activity.162
Inter-molecular nucleophilic assistance has been
reported by Fife,27 who suggested that the observed
buffer catalysis of 2-p-methoxyphenyl - 4,4,5,5-tetramethyl-
1,3-dioxolane involves nucleophilic attack by carboxylate
ion on the protonated acetal,
Orvik26 considers that the aniline buffer catalysis
found for the hydrolysis of the ethylene acetal of anis-
aldehyde arises from nucleophilic capture by the amine of

the reversibly formed carbonium ion,

III General Acid Catalysis

Intra-molecular general acid catalysis has been
demonstrated to occur in the hydrolysis of o-carboxyphenyl

163-166 1,4 until recently inter-

glucosides and acetals,
molecular catalysis has never been demonstrated in these
systems, although it is well established for the hydrolysis
of the structurally related ortho-esters.3
Such intra-molecular catalysis is shown by the
enhanced rates of hydrolysis over suitable model compounds

2 . 104), and sigmoid pH-rate profiles, showing a

( ~10
term in the rate law dependent only on the undissociated
acid or its kinetic equivalent, a proton and the dissoc-

iated carboxyl group, The possibility that for 2-methoxy-
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methoxy benzoic acid the rate enhancement was due to

the carboxy group providing intra-molecular nucleophilic
catalysis was excluded by showing that the expected inter-
mediates from such action were not formed.164 The
alternative mechanisms, in general for 2-carboxy-phenyl
derivatives, are:

1) intra-molecular general acid catalysis by the

unionised carboxyl group:

~:t/’0-_
I
O\ O\
T r.l.s -+ SC==0—
OD _ _0 v
co C
Ng I
0

2) a field or electrostatic effect by the ionised

carboxyl group,

|
CO,H 0
]
0]
r.ls
OH
+ ::Céz —



- 41 =

At the present time this problem is not resolved,
although the results of system exhibiting both inter- and
intra-molecular general acid catalysis, which may clarify
the situation, are reported here,

Intra-molecular carboxyl group catalysis in

167,165

acetal and glucoside165 hydrolysis has been reviewed,

and the obvious geometrical disposition of the catalytic

165 The effect of

groups and reactive centre emphasised,
substituents, interpretable in terms of electronic and
steric effects, in such reactions has also been
reported.165’168’169

The history of the search for inter-molecular general
acid catalysis in acetal hydrolysis has been summarised.170

Mechanistic specific acid catalysis implies reversible
proton transfer, whereas for general acid catalysis the
transfer of the proton is rate limiting, concerted with
other molecular motions, For the latter mechanism proton
transfer may well not be reversible, As can be seen from
the following free-energy versus reaction co-ordinate
diagram for the specific acid catalysed hydrolysis of
acetals, in order to make proton transfer rate limiting it
is necessary to make transition-state (T.S.) T.S.1 of
greater free energy than T,S,2, If initial state
171

energies are constant, this may be done by lowering T,S,2
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or raising T,S,1 or both,

1.5.2

prods,

reaction coordinate

Assuming that the free energy is a better measure of
potential energy effects than the enthalpy,67 the reaction
co-ordinate can be used as a guide to the amount of bond

fission, and that the T,S, free-energy is related to the
78

intermediates, several deductions may be made, The

diagram is 2-dimensional and the overlap of the potential
O+

-+
energy surface of SH with that of S and H3 relates to
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vibration of the OH bond, whereas with that of the
carbonium it relates to the C-0 bond. T.S.2 may be
lowered by having a more stable carbonium ion or a
better leaving group, this will presumably result in there
being less carbon-oxygen bond fission in the T.S,, which
occurs earlier along the reaction co~-ordinate, T,.S.1
will be raised if the acetal oxygen is made less basic,
which will result in a T,S, occurring later along the
reaction co-ordinate, and a concomitant greater degree of
proton transfer to the acetal oxygen, If the transition
states then merge, the mechanism becomes a concerted ASEZ
displacement on oxygen,

A quantitative estimate of whether the reaction may
be general acid catalysed has been formulated by Bunton

172

and De Wolfe for the hydrolysis of ortho-esters,

+ 1
s + H0 _k__s SH + Hy0
1
[

products

Steady-state treatment of the conjugate acid gives a second

order rate constant,

kH = k1 k2

k—1(H20) + k

2
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Making estimates of the pKa of the conjugate acid of
the substrate and knowing the second order rate constant
it is possible to evaluate whether k, << k-1(H20) -
the rate of proton transfer from a very strong acid to
water - i,e, the mechanism is A-1, or of comparable
magnitude and hence the mechanism is possibly concerted
ASEZ' Replacing the acetal hydrogen by an alkoxy group
decreases the basicity and increases the stability of the
intermediate carbonium ion, resulting in general acid
catalysis in ortho-ester hydrolysis,

Capon and Anderson found buffer catalysis for the
hydrolysis of benzaldehyde methyl phenyl acetal in wa.ter,173
these authors emphasise the importance of having a stable

160 have reported

carbonium ion intermediate, Fife and Jao
that the hydrolysis of 2-p-nitrophenoxy and 2-p-chloro-
phenoxy (but not Z-B-methoxyphenoxy) tetrahydropyran show
weak general acid catalysis in formate buffers in 50%
aqueous dioxan, great emphasis is placed on the basicity

of the acetal oxygen and protonation being made more
difficult, Of course a phenol with a lower pKa is also

a better leaving group, and, as seen earlier, this also
favours an ASEZ mechanism, General acid catalysis has also

been reported in benzophenone ketal hydrolysis,44 but the

experimental evidence is ambiguous,
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Several mechanistic parameters for an inter-—
molecular general acid catalysed hydrolysis of an
acetal are reported in this thesis,

IV_Bifunctional Catalysis

The rate constant for the spontaneous hydrolysis of
O-carboxyphenyl-2-acetamido-2-deoxy-f-D-glucopyranoside
is 7 times greater at 78°, and 16 times greater at 30°,
than that for g-carboxyphenyl-B—D-glucopyranoside.166
The o* constants for the acetamido and hydroxyl groups
are similar, and Bruice and Piszkiewicz suggested the
following cencerted nucleophilic general-acid mechanism
represented the reaction path,166 However, the specific
acid catalysed reactions of the acetamido glucosides are
generally 2-3 times faster than the corresponding glucoside
at 78°, which if this were also truefor the general acid

catalysed reaction gives a rate difference of only 2-3

for the di-substituted compound,

HO HO 2
HO 0 ris., OH
N C HO
=0

\C 3
Mé
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The authors 'explain' why the catalytic effects
are not additive in terms of the orientation requirements
of the two catalytic groups which cause a less favourable
entropy of activation (a difference of about 6 e,u.).

A rationale for this and a similar phenomenon found
in this work is given in the discussion section,

Bruice and Dunn168

have attempted unsuccessfully to
find bifunctional catalysis in the hydrolysis of 2-methoxy-

methoxy 3-carboxy benzoic acid, of the type shown below,

!
\O-

CH,0Me

The small enhancement found was attributed to steric and
electronic effects, The authors conclude that since
participation is absent in this model compound 'it is
unlikely for the carboxyl anion to electrostatically part-
icipate in the hydrolytic mechanism of lysozyme!,

In a better model compound, nucleophilic participation
by a neighbouring carboxyl group is reported here for the

hydrolysis of an acetal,
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The Neighbouring Aliphatic Hydroxyl Group in Ester

Hydrolysis,

There have been numerous reports of the rate

accelerating effects of neighbouring hydroxyl groups,

both phenolic and alcoholic, in ester hydrolysis.98

The hydroxyl function is a potential nucleophile, general
acid and general base, Their nucleophilic reactivity has
been well demonstrated in ester hydrolysis; ©&-hydroxy

valero, y-hydroxy butyro126

133

and 9-hydroxy phenyl acetic
acid esters show extremely large rate enhancements over
suitable model compounds, This type of activity will not
be discussed further,

Esters containing suitably disposed neighbouring
phenolic groups often shown enhanced rates of hydrolysis,
even when nucleophilic participation is unlikely, The
large rate of the water reaction of mono-anionic phenyl
salicylates has been interpreted as being due to an intra-

134,135

molecular general base reaction, Bender and

Killian136 have suggested that bifunctional catalysis is

operative in the hydrolysis of 2,6-dihydroxy methyl
benzoate, since the latter shows a bell-shaped pH-rate

6 relative to the

profile and a rate enhancement of 105 - 10
2,6-dimethyl derivative, The authors suggested two

mechanisms, either concerted general-acid general base
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catalysis or a hydroxide in catalysed reaction aided

by bifunctional general acid catalysis, Since the rate
of hydrolysis is slower than the corresponding derivative
with only one catalytic species present a better model
compound is required,

Menger and Smith148 have suggested that the phenolic
hydroxyl group acts as a general acid in the aminolysis
of phenyl salicylate in acetonitrile,

Henbest and Lovell137 found that in a series of
cholestane and coprostane 3-acetoxy 5-hydroxy steroids,
the axial esters solvolyse faster than the equatorial
esters, if the ester bond were cis to the hydroxyl group
(aqueous methanol - K2003 65 hr, 20°C), The percentage
of hydrolysis given by these authors corresponds to rate
enhancements of 6-10, Similar acceleration of the base
catalysed methanolysis of other cyclohexane type 1,3-diol
monoacetates has been reported by Kupchan and co-workers,
The same author has reported rate enhancements of up to
4000, over suitable standards, for the methanolysis of
some 1,3-diaxial hydroxy acetates in triethylamine buffers
in 10% chloroform-methanol, Also in the cyclohexane
series, neighbouring group participation has been
observed in the hydrolysis of a 1,4-equatorial axial
disposition of the hydroxyl group, this isomer hydrolyses

140

104 times faster than its epimer, Bruice and Fife
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have reported a rate enhancement of 37 for cis-ethyl
2-hydroxy cyclopentane carboxylate over the unsub-

141 but in the solvent systems and

stituted compound,
conditions used by the author these results were not
reproducible,

With regard to the mechanism of the above facili-
tation, Henbest and Lovell showed from I,R, studies that
the hydroxyl group was intra-molecularly hydrogen bonded
to the alcoholic ester oxygen in cyclohexane 1,3-diol
monoacetates, and suggested that this was the reason for
the favourable rates of hydrolysis, Johnson and co-
workers142 have interpreted this as meaning electrophilic
catalysis of the breakdown of the tetrahedral intermediate,
which is probably not the rate determining step in water,
so therefore could not affect the rate of hydrolysis,
Rate enhancements must be ascribed to the lowering of the
free energy of activation of the rate determining steps,
and not the consequent stages along the reaction co-ordinate,
However, there is no evidence demanding the presence of a
tetrahedral intermediate in aprotic solvents, and the
mechanism under such conditions could be a direct dis-

143 Similarly, Jencks and Gilchrist, '*® in a

placement,
definitive paper, have shown the conditions under which
breakdown of the tetrahedral intermediate, if formed, is

rate determining; generally this is for attacking nucleo-
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philes of much lower pKa than the leaving group,
Johnson142 also pointed out that the kinetically

important species may be that with hydrogen bonding to the
carbonyl group, which could lead to stabilisation of the
tetrahedral intermediate and presumably the transition

state to it,

O... O ——&/8m (Q 0\ OH

~——————— products

Of course, hydrogen bonding studies carried out in
organic solvents bear no relevance to the initial state
in aqueous solution, All they show is that certain over-
lap of potential energy curves is possible without very
large changes in geometry,

Kupchan also favours the hydroxyl group acting as a
general acid or electrophilic catalyst either to the more
basic carbonyl oxygen or to the alcoholic oxygen atom.139’138

In an attempt to clarify the situation, Bruice and

Fife144 examined the infra-red spectra and the rates of
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alkaline hydrolysis of a number of cyclopentane and
norbornane acetates and diol monoacetates, Hydrogen
bonding to the carbonyl oxygen in 1,2-diol monoesters leads
to a 7 membered ring, and in the 1,3-disposition an 8
membered ring, With bonding to the alcoholic oxygen

the former class produce a 5, and the latter a 6

membered ring., Intra-molecular hydrogen bonding,
measured in carbon tetrachloride, to either of the oxygen
atoms was found to be associated with enhanced rates of
hydrolysis, which were greater than could be explained

on the basis of inductive effects, In a related
paper,145 the authors concluded that facilitation is
greatest for the more difficulty hydrolysable groups and
is not at all important in the general base catalysed

144 consi-

hydrolysis of esters, Although Bruice and Fife
der that the hydroxyl group may change the microscopic
medium surrounding the ester bond, they favour "internal
solvation" as the reason for the enmhanced rates of
hydrolysis. The hydroxyl hydrogen is considered to sol-

vate the incipient tetrahedral intermediate, and in so

doing release solvent molecules from fulfilling this task,
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08-
“H.

.%38-

0—C—R

5-0H

Theauthors consider that this is a qualitative
explanation of their observed compensation in the enthalpy
and entropy of activation associated with hydroxyl group
facilitation, It is of interest to note that their
evidence for this compensation is a linear plot of TAAS#
versus AAH*. If one plots AH¢ versus AS* a straight line
plot is not obtained, but, more important, in the same
paper is a given plot of log k versus 1/T, for all the
compounds studied, which does not have a common point of
intersection, The relationship is therefore a false

one.68 In my opinion this mechanism is no different in

42 except that the

kind from that suggested by Johnston,1
'release of water molecules' is considered to be the cause
of the lower free energy of activation, Presumably, only

wvhen the proton is completely transferred from the alcoholic

hydroxyl group to another site is the mechanism true
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general acid catalysis,
It is of interest to note that the rates of
hydrolysis of the model compounds studied by Bruice and

144

Fife do not give as large rate enhancements as the

138,139 .

methanolysis reactions reported by Kupchan,
is in spite of the fact that the systems studied by the
latter involve 8 membered rings when hydrogen bonding to
the carbonyl oxygen is considered to contribute to the
reaction mechanism,

In the work reported here a study was made of the
rates of hydrolysis of some B-hydroxy esters, in which it
was possible for a 6 membered ring to be formed between the
hydroxyl group and the carbonyl ester oxygen, However,
this, presumably, more stable arrangement, leads to no
large rate enhancements; and, indeed, isomers in which this
type of interaction was geometrically impossible hydrolysed,
under certain conditions, slightly faster than the former
type. The results tend to indicate that 'solvent sorting!'
(see later discussion) in binary solvent systems is respon-
sible for some of the modest rate increases observed, com-
pared with the unsubstituted compound, Similar '"negative"
results were obtained in the methanolysis reactions studied,
and it would seem improbable that the large rate enhancements

138,139 55 due to some type of electro-

observed by Kupchan
philic catalysis in the formation of the tetrahedral

intermediate,
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Agueous Medium Effects

A complete understanding of a reaction mechanism
in aqueous solution would necessarily involve knowledge
of the interaction forces between the reactants, in their
initial state and along the reaction co-ordinate towards
the transition state, and the solvent molecules; and how
in turn these forces contribute to the free-energy barrier
of activation, The first step in gaining such knowledge
would be an understanding of the pure liquid phase, or
more specifically the structure of water, Theoretical
treatménts of liquids have generally been approached from
the stand-point of dense gases or imperfect solids, and

51 The emphasis

so far have not been very successful,
has therefore been on empirical treatments, whilst at the
same time appreciating that macroscopically determined
properties are not necessarily related to the microscopic
level,

Normally, the interactions between the solvent
molecules near the solute will be different from those
in the bulk solvent and this will lead to a structural
arrangement of the solvent molecules near the solute
which is different from the main pure phase, The whole

volume of solvent molecules whose structure is so affected

in known as the cybotactic region, For many chemical
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reactions, it may be this local environment created by
the solvent molecules around the initial state and
transition state which determines the course of the
reaction, The more different the cybotactic region is
from the bulk solvent,the less reliable will be the
predictions made on the basis of the properties of the
bulk solvent,

Most of the models proposed for the structure of
liquid water may be discussed in terms of the extre¢mum
models = continuum and mixture, The subject has

52

recently been reviewed by Wicke, The continuum

models regard liquid water as a homogeneous, irregular,

23 The mixture

and extensively hydrogen bonded system,
models agree that there are discrete molecular

varieties ranging from free non-hydrogen bonded entities
to complexes of many molecules organised into "clusters"
or "icebergs", Because of the single di-electric
relaxation time of water and other physical properties,

54

Frank and Wen”  proposed their "flickering clusters"

hypothesis, in which the polymeric entities were

35 used

extremely short lived, Néﬁethy and Scheraga
this model to calculate the thermodynamic properties of
liquid water to within reasonable agreement,

It should be emphasised that these are models, and
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the best one can do at the present time is to see if the
models specified properties can account for the phenom-
enon under discussion, Sometimes +they are not even
internally consistent, and, as always, it is extremely
difficult to demonstrate a clear "cause and effect"
relationship between the observed phenomenon and, for
example, changes in water structure,

The theorectical analysis of solvation must allow
for solute-solvent, solvent-solvent and, possibly,
solute~solute interactions, and modifications of one by
the other, Because of their reasonable success with
liquid water, Scheraga and co-workers have extended their
method to aqueous solutions of non-polar and ionic
solutes56 (see discussion section on intra-molecular
reactions), Various workers emphasise the different
interactions, Some consider that water-water inter-
action is the predominant factor, the water molecules
arranging themselves in clathrate - like segments of the
solvation shell so as to optimize their mutual hydrogen-
bonding, the solute then "rattles" around inside.54
Grunwa1d57a favours the dominance of solute-solvent
interaction, with the water molecules packing
efficiently round the solute with a concomitant deform-

ation of their normal hydrogen-bonded structure, London
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dispersion forces compensating for the loss of

structure.57b

Qualitatively, these interactions are
usually referred to as "structure-making" and "structure-
breaking" effects, depending on whether a solute creates
more or less order in the solvent structure, Perhaps
one could be content with the qualitative rationalisation,
that restriction of motion, causing decreases in entropy,
must arise from favourable interaction energies, and
therefore decreased enthalpies, as occurs with structure
making, Although reasonable on the surface it does not
justify a linear relationship between the enthalpy and
entropy, nor does it give any indication of the relative
magnitude of the changes in the two quantities,
Nevertheless, it is possible for the increased order
through extra hydrogen-bonding in water under structure
making conditions to produce no net free-energy chamnge,
Solute-solvent interactions are important in
determining the correlations found in linear free-
energy relationships (see discussion on the latter), and

mechanistic interpretations, as may be illustrated by

the following Born-Haber type thermodynamic cycle
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where I,S, and T,S, represent the initial and the

transition states respectively, and s and g are solvated

and gaseous species respectively, AG¢ the free-energy

of activation in solution differs from that in the gas-

phase AG%g)’ by the sum of AGTS), the free-energy of

solution of the transition state, and AGg, the free-energy

of vapourisation of the initial state from the solvent, If
one was studying the changes in rate in a series of reactions,
these changes in the free-energy of activation would be

given by:

¥ . ¥ * 0
dAG arG(,) + AMG( ) + d4AGY

It is conceivable that these free-energy changes will

not vary monotonically in a series, Classically observed
solvent effects on reaction rates were interpreted in
terms of the electrostatic interactions between the

solute and solvent molecules in the initial and transition
states,sg Although the predictions using this concept

are often qualitatively correct, their quantitative
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inaccuracy was shown by Winstein and Fainberg, who
demonstrated that the change in rate of solvolysis of
t-butyl chloride with a solvent change from methanol

or ethanol to water was due substantially to the change
in the free-energy of solution of the initial state,

It has been suggested60 that the break-down eof the
initial state solvation shell is responsible for the
negative values of the heat capacity changes of activation
in the solvolysis of t-butyl chloride, Arnetté’1 has made
several extensive studies of solvent effects in organic
chemistry, and on the basis of measurements on the partial
molal heats of solution of salts in mixtures of solvents
concluded that the importance of the initial state is due
to the effect of the solute on the local structure of the
solvent.62

Since the rates of proton transfer to carbon bases
in D,M,S.0, were found to be greater than those, with the
same equilibrium constant, in metha,nol,63 solvent re-
organisation was considered to contribute to the free-
energy of activation,

The difference in strength between acetic acid
and polyhaloacetic acids is due primarily to a more

120

positive entropy of ionisation for the latter, It

appears that either the undissociated acid must be a



powerful structure maker, or the conjugate base is a
strong structure breaker, Rochester and Rossa,ll153
have emphasised the effect of solute-solvent interactions
in determining the acidity of phenols,

It is as well not to forget the solvent when

interpreting reaction mechanism parameters,
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Linear Free Energy Relationships

In modern kinetic studies attempts to give an
insight into the problem are often made by a systematic
variation of the reactant structure or reaction condi-
tions, while keeping other variablesconstant, The data
are then expressed by one of the numerous empirical

equations, for example, the Bronsted relationship64

HATATEN
egquates the rate constant of an acid catalysed reaction

to the dissociation constant of the acid:

kg, = G K,° log ks = log G, * o« log K,

neglecting statistical factors, G is a constant for the
reaction and o is the proportionality factor, An
analogous equation may be written for base catalysed
reactions, A correlation between equilibria and rate
data is at first sight not expected since the former
are independent and the latter completely dependent
upon the reaction path between reactants and products,
Similarly the Hammett relationship65 equates the
logarithm of the rate or equilibrium constant of

aromatic side-chain reactions to structural parameters
log k = o}
g %/k, P

where k and ko arethe rate constants for substituted and
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parent compound respectively, 0is a constant depending
on the substituent and p is the proportionality factor,
"The meaning attached to the magnitude and sign of rho
depends upon the interpretation given to the sigma
value&966 The correlation merely yields the reaction
parameter as a proportionality factor, whose value
depends upon the response of a particular reaction series
to substituent changes relative to that of the standard.
reaction, Qualitative concepts of reacting systems
usually depend on ones intuitive ideas of a group's
electronic and electrostatic effects, which in turn
permits rho to be thoughtof as the susceptibility of a
reaction to these effects,

All linear free-energy relationships (L,F.E.R,)
are based on the criterion that the free-energy changes
produced by a systematic variation of the reactant
structure or conditions of a particular reaction are
linearly related to the free-energy change that those
variations bring about in another reaction, It is
only recently that the underlying concepts of L,F.,E.R,
and the implications that arose therefrom have been
critically analysed.66’67’68

The overall success of these relationships for

comparing structural changes with reactivity is
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unquestionable, Such correlations provide invaluable
means for the storage and prediction of rate and equi-
librium data, However, it has long been recognised
that our ideas on structure-reactivity are concerned
with the potential-energies of reacting systems69
whether this be the amount of charge delocalised in the
transition state or the position of a proton in the
latter state, Real systems, however, are governed by
both potential and kinetic energies, and hence it may
seem surprising that even qualitative predictions may
be made on chemical reactivity, With few exceptions,70
it is generally accepted that free-energy changes are
the most practical criterion of chemical reactivity,
Common mechanistic interpretations in organic chemistry
really refer to relative potential energy changes at
0%K in the gas phase, the implications are that free-
energy changes measured in solution near room temperature
are a good guide to these changes, This extraordinary
conclusion has some justification for large changes in
free-energy}67
It is important to remember that relative rates of
reaction are governed by the changes in the free-energy

differences between the ground state and the transition

state, those factors which change the free-energies of
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these states by the same amount make no contribution to
the change in rate,

The problem of why should L,F.,E,R, exist may be
approached from two directions, Pirstly, consider the
structural effects on heat capacity changes71 in a
series of chemical reactions, The heat capacity
change for a process affects the free-energy change

at temperatures above absolute zero through the

following equation:
T T
ag® = aH® + [ acpar - 1| AcpdinT
o o

wvhere AH° = enthalpy change at O°K and the two integral
terms represent the excess enthalpy and excess entropy
at the temperature T, The change in the free—energy
change brought about by some variable, say a substituent,
is then a function of the heat capacity changes as

follows:

T T
dAG® = aAH® + [ aACcpaT - 7] aACpdlnT
(¢ (o]

A L,F,ER, would therefore require the heat capacity
changes in a series of reactions to be either constant,
negligible or vary systematically, Therefore, small

but erratic changes in the heat capacities of solution
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within a series of similar compounds in aqueous

solution could produce an erroneous estimate of their
relative potential energies referred back to 0°K, It

is often considered72 that heat capacity changes in
chemical reactions are negligible or constant, There

is a lack of experimental evidence to support this claim,
which has often been criticized.67 Lately, however,
measurements of the heat capacity of organic compounds

73 and the simplifying

in solution have been reported,
assumption that the heat capacity differences within a
series of similar compounds in solution are constant

or negligible disproved.73 The authors concluded that
"Although it is not uncommon to find even small rate or
equilibrium constant differences interpreted in quite
considerable detail in terms of potential energy differ-
ences, the large heat capacities found in this paper
serve as a warning that in water or highly aqueous media,
there may be incursion of heat capacity effects from
several sources not commonly recognised,"

The second approach to L,F.E,R, is to realise that
the relative standard free-energy change is a composite
quantity, and factored thermodynamically into relative
enthalpy and entropy changes, The thermodynamic

implications of L,F.,E,R, has been summarised in the
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excellent review by \'Iells.66 Briefly, his logic is

set out below:
The variations of the standard free-energy change

with a variable x may be expressed by

dAG = RT d log k = (gfg) dx
T

with all other variables held constant, For a finite
change in x from some arbitary standard value X to )
the free-energy change will be given by
AGi - AG° = <§AG> (xi - xo)
X 7
which is a linear relationship between log k and x
provided that (aAG/ax)T = g; remains constant within

the range of variation of x, g;

is a measure of the
susceptibility of a particular reaction to changes in x,
another reaction would have a susceptibility constant,

say gi. To obtain a correlation between these two

susceptibilities the following equality must hold

v will be constant provided the ratio of g;/gi is

constant, they may vary individually providing there is
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parallel variation in these terms,
Y is equivalent to, say, the Hammett rho value or
the Bronsted exponent o or B,

Since AG = AH - TAS

(BAG - (%}%_H)T <6AS

This type of equation was probably first appreciated

59 It would be

by Winstein and Fainberg in 1957,
expected that the two derivatives in the right hand

side of the equation would be completely different
functions of the variable x in a reaction series,
Therefore, for a L,F,E,R, to hold, three broad categories

arise:

1) isoentropic series (bAS/Bx)T = 0

An example of an approximately constant entropy
of activation is the hydrolysis of m-and p-substituted
benzoates. Yet there is a linear relationship
between log k/ko for the latter reaction and log k/k0
for the ionisation of substituted benzoic acids (i.e, sigma
values), in which entropy changes are variable,
2) isoenthalpic series (BAH/ax)T = 0

For this series of reactions, the susceptibility

constant would be temperature invariant,
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3) isokinetic series

The enthalpy and entropy changes are linearly
related,

The experimental proof of this latter category is
particularly susceptible to error and false correlations

are ubiquitous.68’95

Ritchie and Sageé7

have found no reactions
simultaneously obeying the Hammett equation and the
iso~kinetic relationship, which effectively removes any
worry about variations in the magnitude and sign of rho
with temperature earlier suggested by Leffler.74
A popular explanation of iso-kinetic relationships
or the compensation law68 is in terms of solute-solvent
interactions, a decrease in enthalpy due to solvent
bonding is accompanied by a restriction of solvent
molecules and a concomitant decrease in entropy.75
Similar arguments, in terms of the energetics of cavity

76 But since several

formation, were presented earlier,
reactions which are correlated by L,F.,E.R, show real
variations in their entropies of activation, and further-
more do not simultaneously obey the isokinetic relation-
ship, one is left with the problem of how potential-

energy models are able to correlate these cases where the

kinetic energies evidently must be considered,
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Hepler77 has taken the view that the energies may
be separated into internal and external contributions,
and, furthermore, the external energies (solvation
effects etc,) contribute in such a way as to cancel in
the (AH - TAS) terms, leaving the free-energy entirely
determined by internal energies, which are probably
isoentropic, But as mentioned earlier, it is difficult
to justify a linear relationship between the enthalpy
and entropy, even in the case of just considering the
external energies,

The problem has been treated statistical
mechanically by Ritchie and Sager’! and all of the
treatments devised by these authors lead to a temperature
dependent relationship between the changes in the enthalpy
and entropy, thus the isokinetic temperature is not
constant for a reaction series, They concluded:
"Contributions of the kinetic energies of the systems to
the enthalpy and to the entropy, show a temperature
dependent relationship, and lead to at least an
appreciable cancellation in AH - TAS at all temperatures",
The free-energy change of a system was also found to be a
better meaéure of potential energy changes than the
enthalpy change,

The solvent could conceivably modify the suscepti=-
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bility constant either directly, or through the
modification of the substituent, Tightly bound or
oriented solvent molecules could even be considered as
part of the reactant or substituent group, and hence
completely modify its properties, Even loosely bound
solvent molecules could exert an influence on the thermo-
dynamic functions, because of the restriction in their
vibrational motions, Such specific forces as
hydrogen~-bonding could act in a selective manner so as to
convert the particular group involved into an entirely
new entity, and such specific forces would be expected

to destroy linear relationships, Especially in a

binary mixture of solvents such specific interactions
between solute and solvent could conceivably cause
particular solutes in a series of reactions to have
completely different local environments, Such inter-
actions have been found in some of the work reported
here,

The Bronsted Relationship

It is worth considering, in the light of the
Previous discussion, the meaning attached to the
Bronsted exponent o, and a related topic the Hammond
postulate,

78

Hammond originally stated his hypothesis as follows
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"If two states, as for example, a transition state
and an unstable intermediate, occur consecutively
during a reaction process and have nearly the same
energy content, their interconversion will involve a
small re-organisation of the molecular structure”,

79 of

This postulate gave rise to the vogue
interpreting reaction mechanisms as having more or less
bond breaking in the transition state either on the
absolute scale or relative to some standard,

Similarly, along the reaction co-ordinate of the

transfer of a proton from one basic site to another, the
most unfavourable energetic configuration, the transition
state, is regarded as that corresponding to the proton
being nearest the weakest base, Both of these inter-
pretations are, of course, really potential energy
effects, and the problem again arises of how free-energy
changes are a guide to these terms, Hammond himself78
pointed this out, and mentions the expected loss of
translational entropy and electro-restriction of solvent
molecules on bringing two ions together in the transition
state, When the structure of a reactant is changed

and the transition state, which describes both the energy
and geometrical configuration, is then assumed to occur

earlier along the reaction co-ordinate for the faster
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and thermodynamically more favoured reaction, this
implies that the shape of the potential energy curves
does not alter greatly with variation of the structure

of the reactant, Por example, in the unimolecular
decomposition of R-X to form the R+ carbonium ion, if R+
was to be made more stable the transition state would
occur with less R-X bond fission, This may be shown
simply by the following potential energy curves, assuming
that RX and R'X (the latter producing the more stable
carbonium-ion) have the same initial state energies, and,
furthermore, the same force restricting constant (the

same slopes of their Morse curves),

1
|
11
[}
| 1
[ |
[}
| |
1
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1
(|
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reaction coordinate
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By lowering the energy of R+, the point of
intersection of the P,E, curves is lowered and moved to
the left i,e, the T.S. occurs with less stretching of
the R-X bond, These arguments assume that such factors
as repulsion, solvation effects and diffusion contribute
to the free-energy of activation the same amount in a
reaction series, Presumably, the amount of solute-
solvent interaction varies according to the position of
the T,S, along the reaction co-ordinate, For example,
a T,S, having more "carbonium-ion-like" character would
be expected to require more solvation, If such
interactions as these cancel in the AH - TAS term, then
the Hammond postulate may be meaningful for a series of
closely related reactions at the same temperature,

Probably, a L,F.,E,R, could be set up for the
Hammond postulate; by measuring the rates of reactions
and relating these to some arbitary standard reaction,
one could presumably extract some "tonstant", which
would no doubt be interpreted by some workers as a
number representing an exact amount of bond fission, In
actual fact, if such a relationship could be set up the
"constant" would only be a proportionality factor and
would measure the susceptibility of the reaction under

investigation compared to the standard reactionm, Its
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meaning could only be elucidated if it was known exactly
the factors which caused the changes of rate in the
standard reaction,

Similarly, the Bronsted co-efficient a has been

interpreted as the measure of proton transfer in a

72 8

reaction, or the bond order of the bond being formed.11
It is sometimes quoted, for example, that an a value of
058 means that the proton is 58% transferred in the

80 Gold has stated that it is

transition-state,
improbable that the value of a is a quantitative measure
of the degree of proton transfer,81 other authors have

similar views, especially in relation to isotope effects

82,87

and transition-state geometry, o is a measure of

the susceptibility of the reaction to the strength of

the catalysing acid and is equivalent to a = abﬁi
apK
T

A low value of a implies that the reaction has a low
sensitivity to the strength of the catalysing acid, the
opposite is true for a high value of a, In aqueous
solution, for ¢ = 0, the reaction is hardly dependent
on the acidity of the proton donor, therefore this value
probably originates from water or spontaneous hydrolysis,
since the solvent is in such large excess of the other
acidic species present in solution, For a reaction of

this type, the proton is probably still very much on the
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proton donor in the transition state, An o value of
1«0 implies kinetic specific acid catalysis, since the
reaction has a large dependente on the acidity of the
proton donor, the observed rate will be proportional
only to the hydroxonium ion, catalysis by other acids is
almost impossible to detect, Proton transfer is
probably almost complete in reactions of this type, and
so, in general, it is expected that the value of a will
increase as this state is approached i,e, as the
transition state goes from 'reactant-like' to ‘product-
like?*,

The BrOnsted co-efficients a and B are independent
of the acid dissociation constant according to the
integrated form of the equation, But this is omnly an
approximation, and, indeed, a constant value of a, if it
wvere just a measure of the position of the proton in the
transition state, would contradict Hammond's postulate,
The latter would predict the position of the proton to
change as the pK difference between the donor and
acceptor varied,

In aqueous solution, the rates of reactions with
the solvated proton and the hydroxide ion have been
studied for a great variety of compounds, including a

large number of organic acids and bases, Comprehensive
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tables®3 184 show that in most cases of the recombin—
+ -

ation of H30 and a base, or OH and an acid, the

rates approach the limit of diffusion controlled

10 _ 4oty sec” V), They show certain

reactions (10
influences of charge and steric requirements, solvent and
hydrogen bonding effects which have been discussed

83,84 Proton transfer reactions which are

thoroughly.

diffusion controlled are necessarily independent of the

PKa of the acids involved i,e, a = 0, since the

proton transfer step is not the rate limiting one,

Since in aqueous solution H30+ and OH ™ are very strong

acids and bases respectively, most of these cases of

proton transfer are associated with an appreciable gain

in free-energy i,e, PRy 0+ << pKpyg oF pKH20 >>  PKyxe
However, if this condition is not fulfilled, when,

for example, the pKa of the acid formed in the reaction

is a lot lower than that of H30+ (e.g. in the protonation

of an acetal) the reaction can no longer be diffusion

controlled (although the reverse reaction may be) and

usually gives rise to unit « values, Whereas, the rates of

of proton transfer reactions in those acid-base systems

which show small pK differences, between the donor and

acceptor, will be dependent on this difference and will

show intermediate values of a, The transition from
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& = 0 to 1 has been calculated by EigenS’ for

idealised cases, Bell86

and Eigen85 have suggested
that the value of a depends on the slopes of the two
overlapping potential energy functions, provided there
is no deviation from linearity within the area of inter-
section, However, the finite curvature of the potential
energy functions will cause continuous variation of «
with ApK (the pK difference between donor and acceptor),
especially in the neighbourhood of the "bottom of the
valley", L,F,E,R, are expected to exist in the middle
of the transition region a« = 0 to 1, where linearity is
closely approximated, Deviations from the theoretical
expected behaviour has been suggested by these authors
to be due to a lack of parallelism in the P,E, curves,
Experimentally, several types of BrOnsted plot,
extending over wide ranges of pK differences between
donor and acceptor, have been reported, Rose and
Stuehr88 have reported what they believe to be the
closest experimental representation of the idealised
curves proposed by Eigen, finding a very narrow region
of curvature as a changes from 1 to O, Ritchie and
Uschold63 have found that the Bronsted sdopes undergo a
change from O to1 in a narrower range of strength of

donor to acceptor in dimethyl sulphoxide than they do
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in methanol, Proton transfers between A and B may be

written as a series of equilibria:

k
B+ HA === [AH -+-- B] === [A +---HB] == A + HB

The bracketed species represent hydrogen bonded
complexes, If HA is a poor hydrogen bond donor and
B is strongly solvated with the solvent, then this will
cause k1 to be small and hence there will be a levelling
off below the diffusion limit even when there is a large
difference in the pKa's, The authors considered that
such solvent re-organisation contributed to the free
energy of activation of proton transfer,

The non-linear behaviour of such relationships is
not however general, there have been several reported
cases where the data are correlated by a single linear

Bronsted Plot over an unusually wide range of pKa

89,90,91 94

values, For the muta-rotation of glucose,

and the hydration and dehydration reactions of several

carbonyl compounds, Eigen,ss’93

has suggested that the
linearity is due to proton transfer being coupled with
the making and breaking of other bonds in the molecule,
The rates for the forward and reverse reaction do not
reach the diffusion controlled limit even with very

strong acids and bases, The step-wise nature of the

transfer of protons rather than synchronous motion in
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the cyclic transition-state has been emphasised.92

Pedersen suggested that for acids of the same pKa
the strongest catalyst is the least positively charged
species for a > 0<5, and the opposite held for a < 0-5,
and this was substantiated by Brdnsted plots for the
decomposition of nitramide, However, there are
several examples where, for a series of general acids,
water, the hydronium ion, as well as neutral, negatively
and positively charged species the data are correlated

89,90 Thomas and

by a single linear Bronsted plot.
Long97 found that the plot for the general-acid

catalysed detritiation of azulene -1-t and guaiazulene
=3=t could not be correlated by a single linear relation-
ship, although reasonably linear plots were obtained by
grouping the acids according to charge type their
relative effectiveness was not that predicted by
pedersen, It is of interest that the a value of 0+54
for guaiazulene obtained by these authors is similar to
that obtained by Kresge89 (0¢52) for trimethoxy benzene,
although the substrate differ in basicity by about 5 pKa
units, Factors other than basicity must therefore be
involved if a is considered to be a measure of the extent

of proton transfer,

Bronsted co-efficients greater than one and less



- 80 -

than zero have been reported for proton transfer from

119 the rates for the latter being more

nitroalkanes,
sensitive than equilibria +to structural change, The
view that the position of the transition state on the

reaction co-ordinate may he deduced from the

magnitude of the Bronsted co-efficient requires

modification, at least for carbon acids,
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Inter and Intra-Molecular Reactions

The bringing together of groups in an intra-
molecular reaction may influence the reaction by
simply lowering the free-energy of activation, and yet
maintain the gross mechanistic features of the inter-
molecular reaction, It may also favour a reaction
mechanism which may not be observable in the bi-
molecular case, and so change the mechanism of the
reaction, Thirdly, the intra-molecular reaction may
have a rate-limiting step which is not so in the inter-
molecular system,

98,99,108 \1at the intra-

It is often stated
molecular reaction is favoured over the bi-molecular
process since the latter involves a considerable loss of
translational entropy on bringing the reactants together
in the transition state, Also, in some cases the
catalytic groups of the intra-molecular reaction may be
held in a more favourable orientation, and it is often

98,99 that this type of reaction will have a

121

anticipated
more favourable activation entropy. Koshland and
Jencks1 have expressed reservations about rate
facilitations of intramolecular reactions being due

solely to favourable concentration and orientation

effects, the latter author has, particularly, emphasised



the other factors which must be involved.1

A problem of comparing intra and inter-molecular
reactions is that this often involves extrapolating
rate data from one temperature to another in order to
make free-energy comparisons under comparable
conditions, The free-energy of activation is related
to the heat capacity changes as seen in the previous
discussion, If the extrapolation is a long one and the
heat capacity of activation is large, appreciable errors
can result, For example, a heat capacity term of

1 ! would give a rate difference of 10

+

70 cal, mole” ' deg.

for every 20° extrapolation, Similarly a ACp~ value

1

of =30 cal, mole” deg.-1 implies that the entropy of

activation at 0°C and 50°C differ by 5 cal, deg.” mole™ .
There is some evidence that the entropy of activation
for solvolysis depends not only on the mechanism, but
also on the structure of the substrate in the immediate
vicinity of the reaction centre.60’100
It is of interest to compare the Sy, SN2 and the

intra-molecular nucleophilic displacement mechanism of

a solvolysis mechanism
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5+ 6~
SN1 C oaooox
Si NQ oooaox
N 8+ 6
type

84+ 8
SN2 N ....‘C .....x

All of the mechanisms involve the partial fission

101

of the C - X bond, but the S;2 and SNi pathways

N
require some sort of interaction between the nucleophile
and the substrate, As mentioned earlier, ideally, one
should also consider the changes in solvent-solvent and
solute-solvent interactions caused by the activation
process . which are usually supposed to be independent

of the reaction mechanism, This assumption is probably

60,71,73 L4t their quantitative contri-

not justified,
bution to the overall activation process is still uncer-
tain, For example, does extracting a water molecule
from the structured initial state solvent always outweigh
the degrees of freedom lost by an internal nucleophile on
going to the transition state?

As an example of the traps, one may compare the
solvolysis reactions of chlorohydrins,102 for which the

entropies of activation are temperature dependent.60’61

At 100° AS¢ for the Syi reaction is greater than that for



the SN2 reaction, yet at 40° the converse is true,
This is because ACP* in water is about 50 cal, deg.-1
mole™" greater for the Syi process than for the Sy 2
solvolysis.103
Even assuming that entropies of activation are a

measure of the order in a system,109

the arguments
suggested at the beginning of this chapter are not borne out
by the little experimental data available, Also, the
comparison of uni and bi-molecular reactions has unit
problems, Bruice and Benkovic105 have studied the

catalysis of aryl ester hydrolysis by the amino group,

both intra and intermolecularly,

0
. L -
1) NR, + R—C =OAr —* Ry N—C —R + Ar0
' | r + ” -
2) R, N C—OAr —— B, N—C + Ar0

The enthalpy of activation for the two processes
were almost identical, and the authors concluded that
the difference in reaction rates was due to a favourable
AS¢ for the intra-molecular reaction (~15 e, u, at 25°
for the formation of a five membered ring and ~13 e,u,
for a six membered ring),

However, other examples have been reported in which
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the enhanced rate of the intra-molecular reaction is
due to a more favourable enthalpy of activation,

Succinanilic acid is hydrolysed about 103 times slower

than the tetra-methylated derivative. 106
MeZC———CONHAr MeZC--COZH
‘ H20 + ArNH2
Mezc — 002H Me20 — 002H
HZC— CONHAr HZC —_ 002H
H20 + ArNH2
Hzc —-—COZH HZC —COZH

The ‘geminal effect' showed up in a favourable enthalpy
of activation difference of 6+6 Kcal, mole-1, despite

an unfavourable entropy activation difference of 7 e,u,

This is opposite to that predicted,99 using simple
models of degrees of ratational freedom lost,

Also of relevance to this discussion is the
finding of Rony107 that the enhanced rate of muta-
rotation of tetra-methyl glucose by 2-pyridone over that
of phenol/pyridine is due to the differences in activation
enthalpies, However, the result was obtained by
assuming phenol/pyridine acts via an ion-pair, and since
the mechanism of the reaction is cloudy, this may not be

a true comparison,
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The increased rate of lactonisation of 3, 6 —
dimethyl 2-hydroxymethyl benzoic acid is accompanied
by a decreased enthalpy and entropy of activation.117
On a simple basis restriction of initial state freedom
of rotation should tend to increase, not decrease, AS ',
Differential solvation of the initial and transition
states may cause this discrepancy, Steric acceleration
of other 3, 6~substituents was considered to arise from
exclusion of certain low energy initial state conform-
ations, expressed by a diminished enthalpy of activation,

According to the transition-state theory, the free
energy of activation measures the free-energy difference
between the initial and transition states; the activation
changes on the solvent as well as the solute must, of
course, be considered, There are several examples,
especially in equilibria systems, where the former
appears to be a major factor, since in some cases the
bringing together of species is accompanied by an oversall
positive entropy change,

According to Némethy and Scheraga109 the contri-
bution from the van der Waals interaction between two
bhydrocarbons molecules is only about 45% of the total
free energy of formation of a hydrophobic bond in water

at 25°C, The rest is provided by the change in solvent
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structure, and despite the bringing together of two
entities, the partial reversal of the solution process
releases solvent molecules, and the dominance of this
term makes an overall positive entropy of hydrophobic
bond formation, Several solution processes are endo-
thermic, but spontaneous, the free energy change is
negative because of the positive entropy of transfer,
Tobaco mosaic virus exists as sub-units in aqueous buffer
at the ice-point, but as rods at 25°, the release of
solvent molecules was considered to be responsible for
the overall positive entropy cha.nge.110 The
aggregation of molecules into micelles is accompanied

LAl Even

by a positive enthalpy and entropy change,
moderately polar solutes may associate spontaneously,
this process is accompanied by a favourable enthalpy
of activation.1

For an intra-molecular reaction, therefore, the
reduction of the number of species present in the
transition state is not necessarily expected to be
reflected uniquely in the entropy of activation,
Furthermore, even when the intra-molecular reaction has
the same gross mechanistic features as its intermolecular

counterpart, the former may not involve such a high

enthalpic intermediate,
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Consider an intra-molecular reaction as having an
enhanced rate over the equivalent intermolecular
reaction, simply because the reacting species are held
together, and therefore do not have to encounter one
another, and for no other reason, That is to say,
that the free energy of activation is not different in
any way for the two reactions apart from this collision
frequency factor, By treating the diffusive motions
of molecules like that of macroscopically spherical
particles in a viscous fluid, and ignoring steric
factors, the number of encounters between two solutes

112

may be calculated, and taking the viscosity as 0+01

9 M sec™!.  The theory was extended

poise, is 7 x 10
by Debye113 for ionic solutes, and according to the
latter's formula, the rate of reaction between two
particles is a function of their diffusion coefficients
and the reaction radius, The calculated value of the
rate constant is rather insensitive to the choice of the
reactive-reaction distance, and for reactions of

oppositely charged univalent ions it is 1010 - 1011 M

sec-1. For a standard state of 1 mole litre™! this

-1

corresponds to a free-energy of activation of 2:4-3-8
Kcal, mole-1, and 4-0 Kcal, mole”! for the neutral

species, This latter figure would correspond to a



maximum rate enhancement of 800, However, according

114

to Noyes, the rate of diffusion will contribute less

than 1% to the overall reaction rate for rates slower

than 107 M~ sec™!

i,e, of reactions having free-energies
of activation greater than 6 Kcal, mole™ !,

Undoubtedly this picture is extremely naive and
further considerations are necessary, such as the free
energy contributions of desolvation, dispersion forces,
cavity formation and solvent interactions, Almost
certainly, cases exist in which the functional group in
an intramolecular system, just as in the intermolecular
case, has to undergo a desolvation process before it is
free to catalyse the reaction, An example may be
provided in the work reported here, Calculations of
the thermodynamic properties of aqueous solutions of non-

109 15 show that the

polar solutes and alkali-halide ions1
nearest neighbour solvent molecules in the first shell
around the solute molecule contribute very much more

than all other solvent molecules to the free energy of
solvation of these substances, the same is therefore
probably true of polar non-ionic solutes, Hence, unless
two atoms approach each other to within a distance equal

to the sum of their van der Waals radii plus the diameter

of a water molecule, the solvent that is displaced is
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assumed not to contribute to the free--energy.116 It

would appear therefore, that the removal of water
molecules in a bi-molecular reaction cannot give much
of an advantage to the intra-molecular reaction in
those cases where the reacting atoms are solvated by
at least one layer of solvent molecules, Jencks1 has
suggested that the rate of ring closure of the ester

shown below

CO Ar 9
/ ﬂﬁbj

slow
CO_ZH
C02

is facilitated since the carboxylate group is not
solvated by water on the side which attacks the ester,
and hence does not have to undergo a desolvation
process,

The free-—energy of cavity formation may be consid-
able in water, since it requires the separation of
strongly interacting solvent molecules, but providing

the water molecules have time to equilibrate, they may



- 91 =

form compensatory structure making effects, or
hydrogen-bonds to the solute, There is the possibility
of the uni and bi-molecular reactions having different
solvent structures in the transition-state, especially
when they form 'different' products,

Considering those cases of intra and inter-molecular
reactions which utilize the same mechanism, what are the
differences in the initial and transition state
structures? A major factor may be that slightly
different products are formed in the two cases, For
example, in this work, inter and intra-molecular gener