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Abstract
Recear advances in the study of acetal hydrolysis and 

the use of acetals in model systems for the investigation 
of enzymically catalysed hydrolysis are reviewed.

The kinetics of the hydrolysis of benzaldehyde sub­
stituted (X) - phenyl methyl acetals and substituted (Y) - 
benzaldehyde phenyl methyl acetals were measured in pivalate, 
acetate, d-|_-deutero-acetate, 6 -cliloropropionate, formate 
and chloroacetate buffers, and in hydrochloric and deutero- 
chloric acids. The hydrolysis rates measured in buffer 
solutions, of the twelve acetals sin died were found to be 
dependent on the concentration of undissooiated acid and 
shorn to be authentic examples of general acid catalysis, 
with reference to current opinions that such observations 
might be manifestations of solvent, electrolyte or buffer 
effects.

The d-g-acetic acid catalysed dy-methanolysis of benzf- 
aldehyde phenyl methyl acetal was followed in a high resolu­
tion 1J.M.R. spectrometer and the initial bond fission found 
to occur between carbon and the phenolic oxygen. It 
seemed not unreasonable to assume that the same process 
occurs also in the hydrolysis reaction.

Breasted and Hamnett linear free energy relatronsnips 
were found to correlate m e  ca calycic constants obrained 
from the ir^drolvsis of both (X) and (Y) substituted-acetal



serves. Tne catalytic constants of the substituted (X) ~ 
phenyl acetals increased as the e le ctron-withdrawing power 
ox (X) increased,' and tlie positive p value increased con­
sistently as the catalytic power of the buffer decreased, vis« 
0.43 in chloroaeetate to 1.25 in. pivalate. The P value for 
the hydronium ion catalysed reaction, was -0 .4 5 .

Similarly, the negative p values obtained from the sub­
stituted (X) - benzaldehyde acetals increased in magnitude 
from. -2.04 in chloroaeetate to -2.34 in pivalate, with a 
value of -1,94 for the hydroniuni ion catalysed reaction.

As the electron - withdrawing power of (X) increased, 
the Br-^nsteda value decreased consistently from 0.96 for 
X = p-IIeO to 0.49 forX = m - '102. Conversely as the 
electron - withdrawing power of (Y) increased, the a value 
increased from 0.63 for f = n - HeO to 1.05 for m - FO^.

Solvent isotope effects k(IT^0+)/k(D^0+ ), indicated not 
only a consistency of mechanism in. the hydrolysis of all the 
substrates studied, but the trend in. values, from 0.62 for 
X = E-IIeO to 1.1 for X = n - H02, and 0.35 for T - n-HeO 
to 0.66 for f = m - F, correlated with the « and p values 
in determining the relative amount of bond making and brak- 

• ing in the transition states.
The results obtained were all indicative of an A-SB 2

mechanism in the general acid catalysed hydrolysis of aromatic 
ar^l methvi acetals, with concerted proton transfer to



phenolic oxygen and carbon-phenolic oxygon bond fission in 
•tne rate limiting step and where incipient carbonium ion 
stability and leaving group ability, rather than a high 
relative degree of proton, transfer in the transition state, 
were commensurate to faster hydrolysis rates. The com­
parison of this data with that obtained in. other reaction 
series indicates that incipient carbonium ion stability 
and leaving group ability are prerequisites for the obser­
vation. of general acid catalysis in acetal hydrolysis, 
although relief of steric strain through carbonium ion ' 
formation is also relevant.

The hydrolysis of benzaldehyde methyl acetyl acylal, 
the possible intermediate of acetate anion nucleophilic 
attack, on benzaldehyde phenyl methyl acetal, was found to 
be general acid catalysed, and is believed to be the first 
reported example of buffer catalysis in acylal hydrolysis. 
The hydrolysis of r-methylbenzaldehyde metnyl S—phenyl 
thioacetal was carried out in weak—acid Duffers, and the 
results suggested, although not conclusively, that this 
substrate might also be catalysed by undissociateo. acid.
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,TIt is not generally appreciated how little is under­
stood about the mechanism by which enzymes bring about 
their extraordinary and specific rate accelerations".

W.P. Jeneks.1 (1969)
The mechanism of the enzymically catalysed reaction 

has been studied over many years, and the recent statement 
by Jeneks indicates the complexity of this important cata­
lytic system. A more specific example of the problem is
that the elucidation of the amino acid sequence and ultim-

2ately the three dimensional structure of the glycosidase 
lysozyne led to an intensive chemical and biophysical 
investigation of that system which has not yet revealed the 
exact mechanistic principles involved. Workers in this 
field have sought model systems in an attempt to explain 
the mechanistic and rate differences observed between gly­
coside hydrolysis in the enzymic and non-enzymic systems. 
The significance of the "non-general" behaviour propounded 
in more recent work must be interpreted with caution, 
although it is hoped that it will lend itself to a closer 
insight of the enzyme problem.

The aim of this introduction will be to outline the 
most significant of the mechanisms suggested to account for 
the "extraordinary and specific rate accelerations" of the



enzymically catalysed hydrolysis of glycosides, and the 
model systems used to explore these hypotheses. A 
briej. review of the generally accepted mechanism of acetal 
hydrolysis will be followed by a more detailed discussion 
of the requirements necessary for the observation of 
general acid catalysis and the physical parameters incor­
porated in such an investigation. The enzyme lysozyme 
will frequently be referred to because of the more 
detailed knowledge surrounding it, although it must be 
remembered that "\7e do not understand the mechanism of 
action of any glycosidase".

B. Capon.5 (1971)
The existence of enzyme-substrate complexes as inter­

mediates in enzymically catalysed reactions has been shown 
either by isolation and chemical characterisation of the 
complex, by accommodating observed rates with the formation 
and breakdown of such intermediates, or showing that a 
common intermediate is formed with specific substrates in 
the enzymatic reaction (see Ref* 1)0 The general enzy­
matically catalysed reaction is then described, on this 
basis, by equation (1) in which ES represents the inter­
mediate complex.

k-> k’z
E+S = = £  BS — ^ E + P ............. (1)

k2

The formation and nature of this intermediate complex 
is critical to the observed rate enhancements brought about



by enzyme tion (tej) of products (P)
will depend on the ease of the chemical breakdown of the 
substrate within this environment0

G-lycosidase catalysed hydrolysis resemble the acid 
catalysed hydrolysis of alkyl and anyl glycosides in that 
bond fission in the substrate usually occurs between 
carbon 1 and the anomeric oxygen.
Pig. 1.

This has been demonstrated for several glycosidase

hydrolysis of tri-lT-acetylchitotriose in 0 -enriched 
water, where the products, di-IT-acetyl chitobiose and

Further, since these reactions are formally nucleo- 
philic substitutions of the saturated carbon 1, the hydro­
lysis by the enzymes proceed either with inversion or 
retention of configuration (Fig. 2)

5catalysed hydrolysis, including the lysozyme catalysed
18

N-acetylglucosamine contain the label at position 1 only.^

Fig. 2.

Retention Inversion



Several processes have "been forwarded to explain the 
facilitation of glycosidic oxygen bond fission after forma­
tion of the enzyme substrate complex, and thus the enhanced 
rate of enzymic catalysis. Six such processes are des­
cribed below, although it is unlikely that one single pro­
cesses accounts for the overall catalytic power of the 
enzyme, or that these processes are always distinguishable 
from each other. Model systems have been forwarded to 
exemplify several of these processes, and these will also 
be mentioned.

i) a microscopic medium effect, 
ii) electrostatic stabilization of a carbonium ion 

inteimediate 
iii) conformational distortion of the substrate 
iv) nucleophilic catalysis by a functional group of 

the substrate 
v) intra-complex nucleophilic catalysis 

vi) intra-complex general acid catalysis,
i) The microscopic medium effect is somewhat of an unknown 
factor necessarily involving the environment within the 
enzyme—substrate complex, which is only realised to a 
limited extent at the present time. Phillips and co- 
worlcers determined not only the three-dimensional structure 
of lysozyme, but also the enzyme complex formed with the 
inhibitor tri-jl-acetyl chitotriose, and identified the



active site as a hydrophobic cleft of the enzyme made 
up largely of amino-acid side chains such as valine, 
phenylalanine, leucine and t r y p t o p h a n , A n a l o g o u s  
hydrophobic centres have been ascertained, in several 
enzymes including, for example, chymotrypsin,8 which has 
a f,Tosyl Hole”. In the case of lysozyme it has been

Qargued by Perutz that the catalytic efficiency of the enz­
yme may result from the reaction taking place within the 
low- polarity region of the hydrophobic cleft, however dis­
pute arises over the relative importance of polarity and 
dielectric constant,  ̂ (for a discussion on hydrophobic forces 
see Jencks Chpt. 8^)

Micelles have been used extensively in the study of 
hydrophobic forces in aqueous solution since X-ray examina­
tions have shown them to simulate globular proteins, such 
as enzyme, both in structure and property,^ Consider­
ably more work has to be completed, however, before the 
rate enhancements generated by microscopic medium effects 
can be determined with regard to general acid catalysis, 
electrostatic stabilisation and nucleophilic catalysis,
ii) Electrostatic stabilisation of a carbonium ion inter­
mediate has been forwarded as a factor in the rate enhance­
ment of several enzymes. The concept was first suggested

12for the mechanism of the action of a-amylase by ICoshland.



rQ #

More recently it has been incorporated in the mechanism 
of action of lysozyme proposed by Yernoh1^ and Phillips6?1^ 
which involves the carboxylate groups of <~lu~35 and Asp-52. 
Pig. 3* I

0

H

0 = C

A S P - 5 2
It is suggested that Glu-35 acts as a general acid 

catalytic entity, while the Asp-52 ionised residue sta­
bilised the incipient oxocarbonium ion by formation of 
an ion pair (see also ref.15). This postulate, however

16has recently come under scrutiny by Dunn and Bruice’ who 
suggest that, on the basis of a model system employing 
methoxy methyl esters of substituted phenols, rate enhance­
ment is a steric rather than electrostatic effect.

The anionic surfactant catalytic system of Gardes et
Tlal which utilises reagents such as sodium dodecyl sul­

phate to form micelles, and consequent inclusion complexes, 
would apoear to support the theory of electrostatic



stabilisation* although allowance is made for the possib­
ility of geometrical distortion caused by substrate sub­
stituents, In this instance, reference is not directed 
at enzymic action, although the model system proceeds via 
an intermediate complex analogous to the enzymic process. 
It is difficult to estimate the relevance of this system 
to the enzymic reaction, as is the extrapolation made by 
Dunn and Bruice above,
iii) Steric requirements and conformational distortions

17 13 19Strain ’ and orientation have been studied to
date with a semi-quantitative evaluation only. Conforma­
tional distortion in the N-acetyl-glucosamine-lysozyme

14* 13complex was suggested by Phillips and Vernon , where,
if the reaction proceeds via a carbonium ion, it was pro­
posed that the residue D of NAG—6 would adopt a half—chair 
conformation to facilitate more favourable non-bonded 
interactions between C(6) and 0(6) and the enzyme, iig,4(n) 

Pig. 4.

c h 2o h



The binding to lysozyme of H-acetyl-D-xylosamine
Pig. 4(b) as studied by M.M.R. spectroscopy,^ and

21N-acetyl-glucosaniine were found to be very similar.
The more recent publication by Storm and Kosh- 

22land has evoked some difference of opinion on the hy­
pothesis of 11 Orbital Steering” 0 This concept is pos­
tulated to account for the catalytic efficiency of an 
enzyme in terms of a,n orientation factor related to

2^angular preferences of electron orbitals. Capon, 
however, has argued in some considerable detail that it 
is not justifiable to invoke this concept to explain the 
variations of rates in the lactonisation of the hydroxy 
acids studied and Bruice et al concluded that ”if 
orbital steering does exist, experimental and theoreti­
cal evidence to support this concept have yet to be 

49presented”.
Nucleophilic Catalysis.

It was mentioned earlier that hydrolysis of glyco­
sides proceeds with either retention or inversion of 
configuration. An important factor in the mechanism 
for those glycosidase catalysed hydrolysis which pro­
ceed with retention may be nucleophilic assistance by 
a group in the substrate or a group in the enzyme. The 
subject has come under discussion by Pisher and Stein,
Bender and Breslow,^0 Mayer and L a m e r p 1 and Van Wunen- 
daele and De Bruyne who have considered assistance by



9.
a functional group of the enzyme, and Lowe, who has 
considered assistance by a functional group of the 
substrate.

Although acetals and glycosides normally react 
through carbonium ions and do not require nucleophilic 
assistance, the situation could conceivably be differ­
ent within an enzyme-substrate complex where a strong 
nucleophile could conceivably be held in close proxim­
ity to the glycosidic centres.
iv) Nucleophilic participation by a functional group of 
the substrate in the enzymic reaction has been investi­
gated by attempting to simulate the process in a model 
system using acetals and glycosides.

The acid catalysed ring closure of dimethyl acetals 
of glucose and galactose revealed a 3O-3OO rate increase 
over that predicted from related substrates, and Capon 
and Thacker^ concluded that nucleophilic attack by the 
0-4 hydroxyl group was synchronous with acetal bond 
fission.
Fig. 5.

HOCH HOCH2
. M

HO- H
Me 
M e

HO-

OH OH OH



However, the authors stated that the reaction type 
could not he classified as a hydrolysis. Speck et al^° 
have suggested that the acid catalysed hydrolysis of 
methyl-thioacetaldehyde diethyl acetal occurs with neigh­
bouring group participation of the methyl thio function 
to form an intermediate sulphonium ion (see page 30 ).

Pig. 6 shows one of the mechanisms that has been 
suggested for the action of henTs egg-v/hite lysozyme on 
p-1-4- linked oligosaccarides of H-acetylglucosamine,
Lowe suggested that the neighbouring amido-group of the 
substrate facilitates bond fission in complement to the 
general-acid catalytic function of the carboxylate group 
of the glutamic acid residue 35 of the enzyme.

It has been demonstrated that p-glycosides of 
H-acetyL-glucosamine frequently react with neighbouring 
amido group participation^0 although Raftery and Rand- 
Meir1  ̂have indicated that the 2-acetamido group is not 
essential for enzyme activity. The products of lyso- 
zyrne-catalysed reactions can be either inverted or non­
inverted indicating that neighbouring acetsmido groups 
of the substrate could be involved rather than nucleo­
philic moieties in the enzyme,
v) Intra-complex nucleobhiltc catalysis is shown dia- 
grammatically in Pig.7 for hydrolysis by a p-glucosi- 
dase where the nucleophilic residue (H) ac bs in
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conjunction with the general acid catalytic function 
of the acid residue (HA) fig.7.

The overall retention of configuration, in the 
substrate is then a result of two inversions in a 
"push-pull" mechanism. Koshland first proposed this 
mechanism in 1953 which was described, logically, as 
a double-displacement mechanism.*^*25 r^e j_n^er-. 
mediate in this reaction sequence would be a covalent 
glycosyl enzyme,^6 intervention of which has not

1 27yet been proven in any glycosidase-catalysed reaction,? 
although a covalent glucosyl enzyne intermediate has 
recently been isolated from the reaction of sucrose 
with sucrose phosphcj^lase, where binding between the

43substrate and enzyme via an ester linkage v/as proposed.
A dubiety concerning this mechanistic hypothesis lies 
in the fact that nucleophilic participation would appear 
to be relevant in the reactions of both {3-amylase 
(inverting) and a-amylase (non-inverting). The alter­
native suggestion is that the proposed nucleophile may, 
in fact, form an ion pair with the carbonium ion inter­
mediate, and the steric cause of the catalysis then 
depends on the direction in which the water molecule 
can attack the carbonium ion of the ion pair^® (see 
also Ref.5).

The possibility of carboxylate nucleophilic



participation in. the apparent intramolecular general

Fig. 8(a) was excluded by investigations of Capon and

rates of hydrolysis of acetals (b) and (c) in Fig.8, 
whose behaviour resembled that of (a)
Fig#8.

In. (b) possible intermediates were synthesized 
and shown not to be intermediates at all, and in (c) 
nucleophilic catalysis v/as shown to be impossible 
because of the unfavourable stereochemical disposition 
of the carbonyl group.

Intramolecular nucleophilic assistance by a car- 
boxylate group was shown to function in the acid

acid catalysis of 2~carboxyphenyl-3~F~glucoside^^’ 35

Smith,36 and Page,37 who investigated the enhanced

H
HC

^ N - - ° y p h

Y ^ '- o  ^

C O 2H  ( c )
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catalysed fission of the acetal bond in the cyciiza- 
tion of phthalaldehydic acid acetal9 hov/ever, overall 
nucleophilic catalysis was not prevalent.^ Intra­
molecular nucleophilic catalysis has been claimed in 
the hydrolysis of 2-carboxybenzylidine catechol,57 
and if this claim is true, it will be the only one 
recorded (see Ref.33).
vi) Intra-complex general-acid catalysis.

Over the last two decades, intracomplex general 
acid catalysis has been incorporated as a relevant 
feature in probably every mechanism of glycosidase 
action, (see Ref.5)» and its relevance has already been 
suggested in the preceeding sections. After forma­
tion of the enzyme-substrate complex it is proposed 
that an acidic group of the active siteof the enzyme 
transfers a proton to the glycosidic oxygen concerted 
with fission of the carbon-oxygen bond of the sub­
strate. Pig.9 shows this process diagrammatically 
with some of the acidic groups which have been suggested 
to act in this way.
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ENZYME

Amylase

Amylase H

NH3

j3-&alsctosidase —  S H

Some considerable amount of investigation has been 
carried out in the study of the glycosidase-catalysed 
reactions of aryl glycosides, since, in many instances, 
these substrates have been found to hydrolyse as well 
as the natural substrates (see Ref.5)« It is then 
possible to determine such kinetic parameters as sub­
stituent effects, which, although not necessarily being 
a direct reflection on the natural substrates, would 
lend themselves to a comparative overall picture of the 
natural substrate catalysis mechanism. The sub­
stituent effects of a limited number of glycosidase- 
catalysed reactions have been reported and consequently 
the correlated data forms only a small part of the over­
all picture. Table 1 shows data extracted from several



17*
3uch studies* (see Ref.3 ),
TABLE 1
Enzyme Substrate rho value ref
(3-Gluc osidase Aryl- p-D-Grluc oside s l.O(meta)

1.5(para) 41

a-Amylase Aryl-a-Maltosides 2.0 42
Lysozyme Aryl-6-L-di-H-acetyl- 

chitobiose 1.52 43
a-Gluc osidase Aryl-a -L-G-lu c os ide s 0 44
(3-Xylosidase Aryl-3-L-Xylopyrano- 

sides
-0.25(meta)
+0.108(para)

46

Acid Hydrolysis -0.06 to -0. 66
Alkaline Hydro-
lysis +2.5 to +2.8

In. the transition state of a general acid cata­
lysed reaction, the proton transfer from the catalyst to 
substrate would be incomplete and therefore a rho value 
intermediate between that of a ""OH catalysed reaction 
(involving unprotonatedleaving group) and the H3O+ cata­
lysed reaction (involving a completely protonated leav­
ing group) would be expected, as is the case.
Pig. 10 .

Ar
S+

catalysed

A 

*0Ar
6+ s+ or$

6-1
0H“ catalysed gen. acid catalysed



The rho values reported in Table 1 are then con­
sistent with enzymic reactions proceeding with general 
acid catalysis, (see later section on Hammet aPvalues)•

It would be extremely useful, in: this light, if 
the enzymically catalysed reaction could be simulated 
under non-enzymic conditions since the p values obtained 
above could have been derived from Kcat values which were 
composed of several microscopic rate and equilibrium con­
stants, rather than the microscopic rate constants (k^ 
in equation. 1) for the breakdown of the enzyme-( substi­
tuted) substrate complexes. Unfortunately the non- 
enzmyic hydrolysis of aryl glycosides almost always pro­
ceed via a specific acid catalysed mechanism,^ and the 
problem must then, be approached by way of the following 
model systems to attain a reasonable comparison.
Model Systems for General Acid Catalysis.

The following systems have been most widely used 
in the study of general acid catalysis in glycosides and 
acetals in a non-enzymic reaction.
a) The study of a system in which a catalyst, although 
not an enzyme, would simulate the enzymic mechanism by 
reacting via an intermediate complex (association- 
prefaced catalysis).
b ) Intramolecular general acid catalysis, where the 
'catalytic group is part of the same molecule in which



bond fission occurs. A stereochemically favourable 
reaction centre might then result in enhanced, and 
therefore observable general acid catalysis.
c) Bifunctional catalysis, where a potential nucleo­
phile and the catalysing group are part of the same mole­
cule in which bond fission occurs, i.e. an extension of b)
d ) To study intermolecular general acid catalysis.

The use of enzyme-like catalysts has not been exten­
sively studied although it is an attractive proposition. 
The use of micelles in the study of hydrophobic forces in
aqueous solution (see Ref.l) and their ability to enhance

4-7the rate of hydrolysis of orthoesters and acetals ' has 
already been mentioned. The rho values for the surfac­
tant-catalysed reactions of these substrates are con­
stantly lower than those in the aqueous phase suggesting 
a greater extent of carbon-oxygen bond cleavage in the 
transition state of the micellar phase. This behaviour 
was rationalised as a function of electrostatic stabili­
sation although the various substituents could conceiv­
ably alter the position of the substrate on. the micellar 
surface or groups on the micellar surface could alter the
polarity of the substrate substituents as was suggested

4-6by TAmendaele and De Bruyne, for the enzymic hydrolysis 
of p-B-xylopyranosides.

Other enzyme models have been used, usually



20,

implementing the binding of small molecules to polymers
of known structure in aqueous solution, and of these
clathrates have been most widely used, (see Ref.l),
b) Intramolecular General Acid Catalysis has already
been mentioned with reference to 2-carboxyphenyl-p-D-
Olucoside. * The pH-Rate profile of this compound
was found to be sigmoidal with a pseudo - first order
rate constant dependent only on the concentration of
glycoside with ionised carboxyl group. At pH 4 the
hydrolysis rate is 10 times that for 4-carboxyphenyl-fi- 

34D-glucoside. This type of behaviour would appear to
be general for phenolic glycosides and acetals with ortho
carboxyl groups. Intramolecular nucleophilic participa-

3 6 37tion has already been eliminated^ and the two pos­
sible mechanisms left are; intramolecular general acid 
catalysis with simultaneous proton transfer and aglycon 
carbon - oxygen bond fission (Fig.11(a), or specific acid 
catalysis involving a special electrostatic or field 
effect being exerted by the carboxylate anion on the pro- £ 
tonated intermediate Fig. 11(b). It has been pointed 
out that it is extremely difficult to differentiate
between these two types of mechanisms, ■** since transition 
state 11(a) could be regarded as being stabilised by 
intramolecular hydrogen bonding, of which much of the



21.

energy is electrostatic, the transition states 11(a) 
and 11(b) are very similar and could pass through the
same intermediate 11(c). 
Fig. 11.

i

( b)

fc-

A



The hydrolysis of similar glycosides and acetals 
all lead to the formation of the highly stabilised sali- 
cyclic anion. 11(d), and this factor, rather than car- 
boxylate group proximity, may be of greatest importance. 
Attempts to study possible intramolecular general acid 
catalysis without this stabilising feature have proved 
abortive. 52,53

The hydrolysis of many acetals and glycosides has
been shown to involve specific rather than general acid
catalysis with rate enhanced by a neighbouring carboxyl •

51group. Several workers have investigated the possibil­
ity of intramolecular general acid catalysis with suit­
able stereochemical and structural requirements, (see 
Ref.34). Larsen et a l ^  have shown substantial rate
enhancement in the hydrolysis of glueopyranosides con­
taining carboxylic residues in the aglycon group, whereas 
other substituents in the aglycon moiety of alkyl glyco­
sides affect the rate only slightly (see Ref.5). Bruice 
and Piszkiewicz^ have interpreted several such reactions 
involving carboxylate groups as A-l mechanisms with rate 
enhancement due to inductive effects and although the 
kinetic equivalence of such mechanisms has been shown to 
be similar, orientation ox carboxylate group, and basicity 
of the acetal or glycoside oxygen atom are also factors of 
considerable importance.34 It is therefore rather



dangerous to classify all such reactions in the same 
mechanism.

intramolecular general-acid catalysis in the hydrolysis 
of ortho-carboxyphenyl methyl acetals of formaldehyde, 
where the positive rate enhancements were too large to 
compare with the calculated specific acid catalysed rate 
constant for the undissociated form of the same acetal 12(a)

The concept of general acid catalysis is most pertin­
ent to the mechanism of action, of lysozyme since it is 
argued that the glycoside is general acid catalysed by 
proton donation from an acidic group of the enzyme (Grlu-35). 
However, the electrostatic role of Asp-52 has been ques­
tioned by Dunn and Bruice who found the di-ortho-

The recent work of Dunn and Bruice has shown

( a  ) ( b )



carboxylate substrate 12(b) insensitive to the ionisa­
tion of the second carboxyl group and concluded that 
steric, rather than, nucleophilic or electrostatic par­
ticipation was involved.

"55 40c) Bifunctional Catalysis Bruice and Piszkiewicz^ ’ 
found that the rate constant for the spontaneous hydroly­
sis of o-carboxyphenyl-2-aeetamido-2-deoxy-p-D-gluco- 
pyranoside was 7.1 times greater at 78.2°C than that for 
the o-carboxyphenyl-(3-3)-glucopyranoside mentioned pre­
viously. Because of the similarity of the a* constants 
for acetamido and hydroxyl groups, the authors suggested 
a concerted nucleophilic general acid mechanism. Pig.13.

HOCH
h o c h

*

HN

MeM e

+

It has been pointed out however, that since specific 
acid catalysed reactions of the acetamido glucosides are 
generally 2-3 times faster than the unsubstituted gluco­
sides at 78.2° C, this would give a rate difference of
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only 2-3 times for the di-substituted compound, assum­
ing the enhancement in. general acid catalysis followed

37that of specific acid catalysis.
d) Intennolecular General Acid Catalysis. The
mechanism of the hydrolysis of acetals and glycosides 
has been reviewed by Vernon,^7 Long,-^ Cordes,^
Be Killer^ and Ingold, ̂  and general acid catalysis by 
Bell,^ Jencks,^* Bunnett^ and Eigen,’*’̂ ’ consequently, 
only a brief discussion of the salient factors involved 
will be given here.

Whereas acetals appear to be exclusively acid cata­
lysed, certain glycosides do undergo hydrolysis in 
basic conditions, however, the main concern here is with 
acetals since they have been used, more extensively in 
the search for general acid catalysis. The hydrolysis 
of glycosides and other acetals until very recently have 
provided a classical example of specific acid catalysis 
(A-l) in acidic aqueous solution, and the detection of 
general acid catalysis has been the detection of "non- 
general11 behaviour.

The concept of general acid catalysis has already been 
mentioned in systems where the catalytic group is held 
in close proximity to the site of bond fission. It is 
relevant, therefore, to outline the factors involved in



the classical A-l mechanism, and the structural and 
other changes which must he made to observe inter- 
molecular catalysis by the undissociated acid in aqueous 
solution,

/A-l mechanism
The following discussion is adapted mainly from the

59comprehensive review of Cordes. The first step in 
classical acetal hydrolysis in acidic aqueous solution 
is a fast pre-equilibrium protonation of the substrate 
followed by a rate-determining loss of alcohol to give 
an oxonium-carbonium ion, which is attacked in a fast 
step by water, equation 2,

Cordes originally proposed four possible transition 
states for the acid catalysed hydrolysis of acetals and 
ketals, each of which were derived from the conjugate 
acid of the substrate since a proton, or its kinetic

equivalent was shown to be involved in the transition

Ri OR
A  /  -R0H\

X  </  \  +ROH
Ro OR
* R.D.S

H+ + R0H+ X = : o  ^

+H20>| -H20 ....(2)
Rl OH
\  /'ri +h +

R2



state from the rate law of these hydrolysis (Fig.14)

Transition states (3 ) and (4) above, were ruled out 
after it was established that, for most cases, the hy­
drolysis of acetals proceeded with carbonyl carbon-

hydrolysis of acetals derived from optically active alco­
hols yielded the alcohol with the same optical rotation 
as the starting material. The possibility that the 
alkyl carbonium ion (3 ) above might be formed during the 
hydrolysis of acetals prepared from alcohols capable of 
forming stable carbonium ions was studied, however even 
here no racemisation or rearrangement was observed.DD 
Transition state (4) was excluded by the observation that
methanolysis of phenethyl alcohol - derived acetal yielded

59phenethyl alcohol and not the corresponding methyl ether.
g rj

Isotope tracer studies by Bourns et al corroborated 
these findings, since the hydrolysis of benzaldehyde di- 
n-butyl acetal and n-butyraldehyde di-n-butyl acetal in 
018 enriched water yielded alcohols of normal isotopic 
content.

/ ‘0—R OR

R
o -:-r - oh2

a) (2) (3) (4)

65oxygen bond cleavage. Lucas and 0 TGorman found that
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Lines of evidence derived from several sources 
indicated that solvent was not involved as a nucleo­
philic reagent, and therefore (1 ) in Pig.14 described 
the transition, state for the initial reaction in which 
covalent bonds to carbon are broken.

Second order rate constants for acetal and ketal 
hydrolysis are extremely sensitive to structural alter­
ations in. both the aldehyde and alcohol moieties. The 
acid catalysed hydrolysis of a series of m-substituted 
diethyl acetals of benzaldehyde in 80$ aqueous dioxan 
are correlated by the Hammett a values and yield a rho 
value of -3.35, which is thought consistent with a 
rate determining carbonium ion fomation, where electron 
donation from a polar substituent favours both pre­
equilibrium protonation, and carbonium ion stabilisation.
The electronic requirements of these two processes are 
reflected in the reduced P value of -0.66 obtained by 
Nath and Rydon^1 for the acid catalysed hydrolysis of 
a series of substituted aryl-3-L-glucopyranosides.
Table 2 shows the P values obtained in the hydrolysis 
of various acetals. (see chapter on Hammett Equation).
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C QSpeck et al suggest that the acid-catalysed 
hydrolysis of methyl-thioacetaldehyde dimethyl acetal 
occurs with neighbouring group participation of the
methyl thio function (Equation 3 ). CH-

' •+ ^OR HOR S 0
I i /\ ■ #OH3 S CH2 CH 1==^ CH3SCH2C H  » CH2-CH JCH3SCH2C (3)
OH . OH OR H

Although the polar substituent constants for methyl 
thio and methoxy functions are similar, the former 
compound hydrolysis about 100 times faster than the 
latter, indicating rate determining formation of the cyc­
lic sulphonium ion since both molecules of ethanol 
liberated appear simultaneously. Such nucleophilic
participation has not been observed intermolecularly.

70Schalegar and Long have reviewed the use of entropies 
of activation, as a criterion for acid catalysed reactions 
in aqueous solution,, Compiled data^? indicates that 
AS is usually near zero or slightly positive in acetal 
hydrolysis indicating an A-l mechanism proceeding with 
unimolecular decomposition of the protonated substrate.

The values obtained for the volumes of activation of 
these reactions fall into the range AV = - 2 to+6cm^/mole 
which is also indicative of a unimolecular reaction.
When solvent participation is encountered V --6 to 
-lOcm^/mole



Correlated data has shown that deuterium solvent 
Isotope effects on the rates of hydrolysis of acetals, 
ketals and glucosides fall into the range kD^O'tykH^O’̂  to 3 
which is in agreement with the theoretically predicted
values for a unimolecular (A-l) specific acid catalysed

72 73 mechanism. 9

A-2 Mechanism.
Cyclic acetals, derived from diols, are of interest

because of the possibility that ring opening, i.e. carbon-
oxygen bond cleavage, other than carbonium ion formation,
might be the slow step in the hydrolysis mechanism.
Reversibility of the unimolecular opening of a dioxolan
ring, for example, could result in an A-2 mechanism,
since internal recapture of the carbonium ion by the
bound hydroxy leaving group will be faster than capture
by solvent water, and hydrolysis can then proceed only

159with solvent attack on the foiming carbonium ion (see ref ) 
74Fife and Brod have substantiated such a mechanism with 

their findings on the hydrolysis of 2-aryl-4,4,5,5 tetra- 
methyl dioxolanes, where this compound is hydrolysed 
approx. 5 x 10 more slowly than acetophenone diethyl 
acetal (Fig. 15)



32
Pig. 15.

~ £ terr
H

Only when attack by water on 0(2) is concerted with 
fission of the ring (pathway B) can hydrolysis occur, 
a process which is slowed down about 540 fold on the 
introduction of a 2-methyl group.

rfr7̂ .QAThere have been several studies of cyclic acetals 
however the mechanisms of their hydrolysis are not as 
unanimously accepted as is that of their acyclic counter­
parts. Although the general census of opinion favours
the A-l mechanism for cyclic acetal and ortho ester33

74,84 83hydrolysis. Fife and Orvik favour the A-2

B h2o

B



mechanism for tetramethyl dioxolan hydrolysis.
Credibility for a mechanistic pathway other than 

A-l would be lent by showing that reversibility of the 
ring opening step occured during the acid catalysed 
hydrolysis. If ring closure of the intermediate resul­
ted in an isomer or different compound, this might be 
detected, however studies by Watts®^ and Cedar®^ were 
not sufficiently accurate to be conclusive, although

o»7
Hughes has reported an authentic acetal migration which
occurs, in part, in the hydrolysis of 1,6-anhydro-2,3-0-

56isopropylidene-p-D-talopyranose. Capon and Page 
have recently reported ring opening reversibility and con­
sequent isomerisation during the acid catalysed hydrolysis 
of benzaldehyde acetals of 2,3-exo-norbornanediol, and an 
A-2 mechanism suggested.

In an attempt to understand the comparable rates of
the lysozyme-catalysed hydrolysis of thioglycosides and

75corresponding glycosides, an acetal oxygen was replaced 
by sulphur in order to study mechanistic differences which 
might arise due to lower basicity dn the latter in the 
acid hydrolysis of 2-aryl-l,3-oxathiolanes.76 The rate 
limiting step was indicated by low isotope effect and 
P=-2.31 to be unimolecule-decomposition via limiting 
fission of the carbon-sulphur bond.



34.
A-Sg2 Mechanism.

Intermolecular general acid catalysis has been well
cq q pestablished in, the hydrolysis of ortho esters, how­

ever the search for such catalysis in the hydrolysis of 
alkyl acetals has been u n s u c c e s s f u l . ^  If general acid 
catalysis does occur in the enzymatically catalysed hydro­
lysis of glycosides, it should be observable also in 
acetals with favourable structural features.

Mechanistically, specific acid catalysis implies a 
reversible initial proton transfer, whereas general acid 
catalysis implies rate-deteimining, or partial rate- 
determining proton transfer, which may or may not be rever­
sible. The free energy versus reaction co-ordinate dia­
gram for a specific acid catalysed reaction is shown in 
Pig. 16.

T.S.2.

SH
5+ H,0+

—  ...  mwmmmmtm ■■

Reaction Go—ordinate.,-



To obtain rate limiting proton transfer it is neces­
sary to change the acetal structure such that T.S.l has 
a greater free energy than. T.S.2, which may be achieved,
assuming the free energies of T.S.l and T.S.2 follow

90those of II and 12, by lowering T.S.2 or raising T.S.l, 
or both.

If the reaction co-ordinate can be used as a guide
to the amount of bond fission when plotted against the

92potential energy curves of the reaction, then, if T.S.2 
is lowered by having either a more stable carbonium ion 
or a better leaving group.,, there should be less carbon- 
oxygen bond fission in the new transition state Pig.17(a). 
Similarly, if the basicity of the acetal oxygen is reduced 
T.S.l will occur later along the reaction co-ordinate, 
indicating a greater degree of proton transfer to the 
acetal oxygen.
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37.
If the two transition states do not merge (Fig.17) 

then the slow step would be proton transfer between the 
two oxygen atoms (T.S.l1 T.S.21). free energy versus
reaction: co-ordinate diagram Fig.18, similar to Fig.16, 
indicates the situation where T.S.l* and T.S.2f merge 
(see Fig.17), and describes a concerted A’-Sg2 mechanism. 
Fig.18.

T.5.

Reaction Co-ordinate

Decreased basicity and increased carbonium ion 
stability as a result of replacing the acetal proton by 
an alkoxy group is manifested in the general acid catalysis 
of ortho esters.

O'*Bunton and De Wolfe*^ have formulated a quantitative 
estimate of specific - acid catalysed hydrolysis of an



of an ortho-ester or acetal* 

k*l
S + H-zO+= ^  SE+ + HpO

SH+ -----> Products
k2

A steady-state treatment of the conjugate acid SH+ results 
in a second order rate constant

jj jj- .
kg = ^  ̂(k--̂ [H2 0]+^)

In an A-l mechanism [E2O k2» s0
%  = klk2/ p 2Q J=k2/ Ka

or’ k2=kH Ka ........................... (4)

In. order that the inequality should not
hold, hut kM [̂Il20]5fek2, the authors suggest that k2 could 
he increased hy increases either in kH or KA . By estima­
ting the pKa of the conjugate acid of the substrate and 
knowing the second order rate constant,it is possible to 
evaluate whether or not ^2 ^ ^ - l P 2^] an(* therefore the 
mechanistic type, Anderson and Capon?^ have calculated, 
on this basis, that 011 going from dimethyl fornal (specific 
acid catalysed) to benzaldehyde phenyl methyl acetal, 
general acid catalysis should be observed in hydronium 
ion catalysis, and therefore possibly by other acids in



this latter compound which exhibits all the structural 
requirements for general acid catalysis. These authors 
did, in fact, observe such catalysis in mixed aryl methyl 
acetals of benzaldehyde in. several aqueous acid solutions. 
The rho value of +0.36 obtained for the acetic acid 
catalysed reaction of m-substituted phenoxy-group deriva­
tives was interpreted as indicating an A-Sjj2 mechanism and 
the importance of carbonium ion stability was stressed 
although a phenolic leaving group with low pKa would 
increase k2 (equation 4) and thus the observed catalysis.
A closer look at this mechanism will be presented in the 
discussion section.

A continuous change in mechanism has been reported by
r~j

Fife and Jao in the hydrolysis of a series of tetra- 
hydropyrans, by changing the moiety on the acetal carbon.
The solvent isotope effect for the hydronium-ion catalysed 
hydrolysis of 2-ethoxytetrahydropyran is k(h^0+)/k(H^0^)=2.82 
whereas for the 2-substituted aryloxytetrahydropyrans they 
are less than this, decreasing wi'thinereasing electron- 
withdrawing power of the substituent to a minimum of 1.33 
with the p-nitro substituent0 The entropies of activa­
tion also became more negative traversing the same series; 
2-ethoxy-(+7.9e.u); 2-phenoxy-(-3.0e.u); to the 2- (p- 
Nitrophenoxy)-tetrahydropyran (-7.6e.6i). General acid



catalysis was observed in these two latter compounds with, 
formate buffers in 50^ aqueous dioxan. A' rho value of 
-0.92 was obtained for the H^0+ - catalysed hydrolysis of 
the series of 2-substituted phenoxy compounds. There 
would appear, then, to be a continuous change of mechanism, 
with complete proton transfer in the transition state of 
the 2-ethoxy compound (A-l), to a concerted proton trans­
fer and C-0 bond breaking with the p-nitrophenoxy deriva­
tive (A-Se2).

The authors emphasise the importance of oxygen 
basicity in facilitating general acid catalysis, they 
did not, however, report the Br^nsted a-coefficient nor 
the solvent isotope effect and rho value for the foimic 
acid catalysed reaction. A rho value of +0.9 was later

Figi19



reported "by Fife and Brod for the formic acid catalysed 
hydrolysis of the p-chloro and p-nitro compounds v/hich 
indicates a greater degree of C-0 bond fission in the 
p-nitro intermediate than in the p-chloro. Since the 
basicity of the p-nitro compound is less than that of the 
p-chloro, and the resulting alkoxy carbonium ions are 
identical, the greater degree of C-0 bond fission and con­
sequent rate enhancement might then be attributed to 
increased leaving group stability in the p-nitroxyphenyl 
compound. Again, this aspect will be discussed later.

A study of the acid catalysed hydrolysis of benzalde- 
hyde methyl S-(substituted phenyl)thioacetals has been 
made by Fife and Anderson^ in 20^ dioxane-water. The
reduced basicity of the acetal was expected to give rise 
to observable general acid catalysis with partial rate 
determining protonation since the rate of proton transfer
parallels the series OH...... .Ĉ >OH ....... ll^OE .S
and the pKa of thiophenoL is 6-.5 compared to 9.93 of phenol, 
(ref. 97). That this system reportedly gave no such cata­
lysis is rather surprising, considering the observations
of Anderson and Capon^ above. In both cases the car-

♦

bonium ion stability is identical and in the thioacetal 
reduced basicity should enhance general acid catalysis since 
the carbon-sulphur bond was found to break in the rate deter­
mining step. However an A-l mechanism was suggested with
pre-equilibrium protonation, i.e. similar to that postolulafced



for the hydrolysis of 2-aryl,-1,3-oxathiolanes.76
Buffer catalysis has recently been observed in acetals 

with low basicity due to highly electronegative substi­
tuents in the alcohol m o i e t y , ana tropane diethyl 
ketal which has a poor leaving group but very great'

Q Qstability in. the incipient carbonium ion. Although
general acid catalysis has been reported in the hydro­
lysis of benzophenone ketals,^^ other workers have been

QQ QQunable to observe any buffer catalysis.
Steric Effects.

It has been suggested that steric effects may be of 
some importance in. helping the developing carbonium ion
alkoxy at the reaction centre to go from a tetrahedral

. ̂ , . 101 towards a trigonal configurative during acid hydrolysis.
This effect could be less important in ortho ester hydro­
lysis because of decreased carbonium ion character caused 
by electron delocalisation, of the neighbouring alkoxy 
groups. In the hydrolysis of benzophenone ketals where 
20(a) is a possible intermediate, both phenyl groups can­
not be in the plane of the carbon-oxygen bond, and the 
inductive effect of the forming trigonal transition state 
may be destroyed, resulting in reduced stability and con­
sequent slower hydrolysis than that observed with benzalde- 
hyde acetals. Pig. 20(b).
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TRANSITION-STATE THEORIES AlTD SOLVENT BNZBCTS.

Several empirical parameters.are frequently used in 
the study of the mechanisms of hydrolysis. It seems 
pertinent, therefore, to discuss them in view of the 
work undertaken in this thesis. Jencks^ has pointed out 
that rate accelerations brought about by general acid or 
base catalysis cannot be attributed only to hydrogen bond 
formation in the transition state, but also the amount of 
carbon-oxygen bond formation and breakdown, that is stabili 
sed by the presence of a proton, the amount of proton 
transfer in. the transition state, and the strength of the 
acid catalyst. These quantitative relationships may be 
approached empirically by the use of structure-reactivity 
correlations.

There is also anlncreasing awareness of the role of 
solvent and electrolyte effects on the mechanism of a 
reaction, and their relevance in. acid catalysis will also 
be discussed.
EliSCTROhYTS AND SOLVENT EfidSOTS.

It is generally accepted that salt effects can be 
compensated for in general acid catalysis by maintaining 
constant ionic strength with added electrolyte, and 
thus obtain a range of buffers with constant ionic 
strength and pH. This assumption implies that all the 
activity coefficients involved, i.e. of buffer components,



reactants, and intermediates, are influenced equally 
by ions derived from the buffer components and added elec­
trolytes.

102Long and McIntyre found that the salt effects up­
on the acid hydrolysis of dimethoxy methane could be 
explained, in part, in. terms of the effects of salts on
the activity coefficient of the substrate. Bunton and

10'3)Reinheimer J have extended this investigation to more 
reactive substrates in the hope of finding a relationship 
between salt effects and mechanism. These authors com­
pared the kinetic salt effects upon acetal and ortho­
ester hydrolysis with those upon the protonation of 
primary amines and triaryl carbinols, since added salts 
affected the protonation of those substrates differently.
It was observed that salt effects on the transition 
states, relative to those of the anilonium ion, decreased 
in the sequence orthoacetate orthoformate)ketal>acetal, 
and it was suggested that the transition state structures 
are close to those of the conjugate acids and consistent 
with a mechanistic change from A-l to A-S;g2 along the 
series from acetal-to ortho-ester, i.e. with increasing 
carbonium ion stability. Therefore as an acetal attains 
a more stabilised carbonium ion, i.e. tends towards an 
A~Sg2 mechanism, salt effects could conceivably be 
increased, with systemation variations in solvation effects



46.

around the forming carbonium ion as the extent of 
delocalisation of charge varies.

The rate of proton transfer is decisively deter­
mined by the distance between the donor and accepter 
groups at the moment of transfer, and, in the classical 
picture, this distance will have a great influence on 
the activation energy since it will determine how well 
the potential curves along the reactive co-ordinate over­
lap. Experimental data has shown that proton transfer 
can become quite slow when there is interference between 
accepter and donor, (for references to this discussion 
see ref. 104)

In the transfer of a proton through an aqueous 
medium it is known that the species does not exist as 
an isolated elementary particle but rather as the hydro- 
nium ion H^0+, in which the positive charge is delocalised 
through the protons, which are therefore able to form 
relatively strong hydrogen bonds, building up secondary 
hydration HgO^. Tertiary hydration, at the peripheral 
protons of this complex also exists, simulating the hydro­
gen binding in water structure. It is therefore plau­
sible that a salt or aprotic solvent could disrupt the 
transfer of a proton through such an ’’ice-like” cluster, 
resulting in reduced rate of proton, transfer, the rate 
limiting step of which is solvent.sphere rearrangement,



although this need not necessarily inhibit pre-equilibrium 
proton transfer. ’.Then the pKa of the acid formed in a 
reaction is less than that of H^0+ , the reaction, is no 
longer diffusion controlled, but proton, transfer becomes 
the rate limiting step. It is apparent then that these 
two mechanistic types, i.e.pre-equilibrium, and rate 
determining proton transfer, could be confused when the 
ionic strength of the buffer and electrolyte increase, 
and when aprotic solvents are used.

In view of the claimed general acid catalysis in the
107 103hydrolysis of trimethyl orthobenzoate, Salomaa et al

have measured the catalysis of triethyl orthobenzoate in
67.4/32.6 w/w dioxan-water chloroacetate buffers using
three different electrolytes to maintain constant ionic
strength, in an attempt to show that apparent buffer
catalysis may in fact be a manifestation of electrolyte
and solvent effects. These authors did, in fact, obtain
three slopes of differing magnitudes and even different
sign when they plotted [HA ] versus .teobs for the three sets
of buffers, and the importance of this finding and its
direct implication on the work reported in this thesis
will be discussed later.

An interesting example of a non-linear relationship 
between k0bS and acid concentration, in the general acid



catalysis of keten acetals has been demonstrated by
105G-old and Waterman. These authors found that at

high concentrations [0.02m ] of buffer solutions, 
especially for weaker acids, the rate of the buffer 
catalysed reaction, to the rate, increases less rapidly 
than expected from the results at low buffer concentra­
tions, and they explained the apparent discrepancy by 
postulating dimerisation of the undissociated acid, 
and association between the carboxylic acid and its 
anion. Pig. 21

These associations were assumed to be catalytically 
inactive, although catalytically active association has

rate enhancement in buffer catalysis of a mechanistically
different reaction

These apparent electrolyte, buffer and solvent effects,

"....adventitious salt effects could be a source -of 
apparent buffer catalysis in these reactions in which 
general acids or bases are only weakly catalytic, 
especially when large amounts of -an added salt were used 
to maintain ionic strength” will be compared

R
^ 0 — H— ■ 0

;c— E

been suggested by Bossotti to account for the anomalous

1(15and the conclusion of Bunton and Reinheimer ' that



to the corresponding effects observed in the hydrolysis 
of mixed aryl alkyl acetals in the discussion section, 
where it will be shown that, in aqueous solution contain­
ing about Ifo dioxan and low ionic strength, pronounced 
buffer catarysis is observable, although at higher con­
centrations there is a "falling off" effect.
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a BROiTSTEI) CORRELATION.
Proton transfer from catalyst to substrate is a pre­

requisite for aH.acid-eatalysed reactions. The reaction 
rates of H^0+ ia aqueous solutions have been studied for 
a great variety of organic bases, and in most cases the 
rate constants of recombination approach the limiting
values for a diffusion controlled reaction, i.e.„ 10 _ 11 -1 -110 - 10 M sec. For rhe reaction

H50+ + S ‘ SH+ + H20 
an appreciable gain in free energy is connected with pro­
ton transfer since H^0+ is a very strong acid, and

0+ ^ ^ S H *  However, if the pK of the acid formed
^ 4"is less than that of H^O the reaction is no longer

diffusion controlled and the proton transfer can become
the rate limiting step in the reaction and thereby
accessible to direct kinetic investigation, especially
if this step is the first one (see ref.104) Such a

109reaction type has been studied by ICresge et al with 
the hydrolysis of vinyl esters, and their findings are 
discussed shortly.

Although transition states cannot be observed directly 
there has been reason to believe that the Br^nsted 
relation’1*'1’̂  may be capable of lending some insight to the 
problem, although the extent of its usefulness is subject
to question, The constant in the relation (equation 5) 
has been considered to equal the degree of proton transfer



at the transition state111^  to equate the bond order
112of the foiming bond, to be inexact in any quanti­

tative capacity
The general process for proton transfer may be 

represented in equation 5 as
S + EA ^=±(S&.-H... A 6-)' SH+ + A- ...... (5)

and the Br^nsted relation for the forward reaction can 
be represented as in equation 6, where is the acidity 
constant

log kHA = log G + a log % A ........... (6)
of the catalysing acid and kpĵ  represents the catalytic 
activity of the acid. It is an empirical fact that plots 
of log kjjA against log Kjja are linear with slope a , the 
Br^nsted when a homogeneous set of catalysing
acids is employed. G is ignored in most discussions 
although it might include an individual statistical 
correction for multifunctional groups, whereas a indicates 
the dependence of the reaction on the catalysing acid and 
has a value between zero and unity, as Br^nsted antici­
pated, although the linear relationship, which results 
from a mechanism expansion, should hold only for a limited 
pK range, (see refs. 62 and 104). Examples of a greater
than unity and less than zero have been reported recently

122in deprotonation reactions.



The equilibrium constant of the overall reaction 
shown in equation (5)is K, and is equalto the acidity 
constant of the catalysing acid, KpA , divided by the 
acidity constant of the protonated substrate Kcjg , 
thus giving rise to equation. 7

log % A = log a +cc(log K + log Ksh) ......(7)
This expression indicates that the Br^nsted relation not 
only correlates the rate and acidity constants described 
earlier, but also the rate and equilibrium constants 
of the proton transfer process itself. Kresge et al^*^ - 
further reduced this equation to that shown in (8 ), where 
6R is the substituted

a = t i L M   ....(8)rjrZTF0
stabilisation operator111^'for the catalysing acid, 
and A? is a free energy change, The Brj^nsted exponent 
is now reduced to a rati'o of the substituent effects on 
the free energy of activation of a proton transfer process 
to a substituent effect on its overall free energy change. 
If Z represents the order of bond being formed between 
substrate and transferring proton, i.e. the extent of 
proton transfer at the transition state, then for 
a =Z, must equal Z &RAj?° . Although the authors
concluded from their studies that they did not consider 
this equality to hold for any real and complex system
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since intermolecular effects could produce a difference 
of 0.1 or more between a and Z, these effects might be 
closely similar for a series of similar substrates 
undergoing the same reaction with a set of homogeneous 
catalystSo Therefore, although a would not numerically 
equal Z, it might provide a good relative measure of 
transition state structure.

On this basis, for the hydrolysis, by a set of homo­
geneous catalysts, of a reaction series in which the sub­
strate structure change is very small, the variation in' 
a may be interpreted as indicating the extent of separa­
tion of the proton from its base in the slow step of the 
reaction. A high a value (near 1.00) would indicate a 
large degree of separation and attachment to the substrate, 
while an a value near zero indicates a relatively low 
degree of bond fission. That general acid catalysis
is difficult to observe if the value of a falls near to

63these two extremes is discussed by Bunnett. When a 
is high, a high buffer concentration is required to counter­
act the high hydronium ion catalysis and consequently salt 
effects could be involved. High a values usually accompany 
specific acid catalysis. Spontaneous water catalysis 
competes with buffer catalysis when low a values are 
encountered, and general catalysis may no longer be 
recognisable.



The rate constants for general acid-base catalysis
are subject to statistical corrections to take account
of the number of sites in the acid or base that can

13 6donate or accept a proton. The modified Brjfoisted
expression, then for general acid catalysis then becomes 

l°g(kHA /p) = log Ga -c^PIta* p/q.) ....(9) 
where £ is the number of equivalent protons which can 
be transferred from the acid and q is the number of 
sites which can.accept a proton, in the base. Such 
corrections are not usually large,, but they will be 
discussed later when implementing the Br^nsted equation 

The small consistent deviations, or "non-conformity
of some carboxylic acid buffers in Br^nsted plots has

109recently been investigated by Kresge et al, and will 
be discussed with the Br^nsted plots obtained in this 
work.



ISOTOPS EFFECTS.
(for references to this discussion see Jencks1 and 

Bell62’115)
Empirical data has indicated that for acid cata­

lysis reactions involving slow proton transfers, the
deuterium solvent isotope effect kH00/kDoO>l. and

2 , /  1,116,117for pre-equilibirum proton transfer ^ 1 „
Isotope effects are frequently used as evidence for 

or against the occurrence of rate determining proton 
transfer, and in the diagnosis of reaction mechanism in 
general, however it has become increasingly evident that 
the detailed interpretation of such effects is more com­
plex than has been supposed.1 The existence of solvent 
isotope effects smaller than "normal" means that there 
is a difference in the zero-point energy and position of 
hydrogen in the starting material and the transition state 
Reactions which are subject to specific acid catalysis 
exhibit inverse deuterium isotope effects although such 
effects have also been observed in general acid catalysed 
reacfcions.1»92»94’10?

It should be mentioned, hoy/ever, that isotope effects 
carried out in mixed solvents may lead to erroneous 
conclusions because of the differences in rate of proton 
exchange between the transferring proton and solvent.
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The nature of the atom, which Is being transferred is 
then, dependent on the solvent composition e.g. the 
primary solvent isotope effect for triphenyl ortho- 
formate is different for reactions in aqueous dioxane 
and in water with added solubilising agent.118

Primary kinetic isotope effects are useful, for 
an investigation or reaction mechanisms,-^3? 1.15 however 
quantitative estimates must necessarily involve simpli-

114fications and it has been suggested that secondary 
isotope effects might lend themselves better to an
investigation of reaction mechanism.

liftGordes et al have studied the kinetic secondary 
deuterium isotope effects for hydrolysis of acetals and 
ortho-formatese The variation in isotope effect for 
the hydrolysis of substituted benzaldehyde diethyl acetals 
indicated that the extent of carbon-oxygen bond cleavage 
in. the transition states of these acetals increased as 
the stability of the derived carbonium ion decreased, 
i.e. C-0 bond cleavage increased along the series, 
p-methoxy<^p-hydrogen<(p-nitro substituted compound. If 
the Bronsted a values could be compared with these findings

then it would be expected that a would also increase along 
the same series since this would also reflect the tendency 
of the transition state to resemble more the intermediate 
carbonium ion, with protonated leaving group. This aspect



will be discussed in the next chapter, although the
authors do point out the dangers of correlating these
parameters since the Br^nsted a values for ortho-ester 

9 2 107hydrolysis 9 do not reflect the extent of C-0 bond
cleavage in the transition states as indicated from the
corresponding a-deuterium isotope effects. It should be
mentioned however, that the parameters obtained from the
hydrolysis of trimethyl ortho-benzoate In 7 Ofo methanol- 

107water solvent must be considered suspect after the
findings of Salomaa et al on the mixed solvent studies
of the closely related triethyl ortho-benzoate hydro- 

103lysis.
It was predicted theoretically that when

ApIC = PJ%A “ P % B  -0
i.e. when there is a ”symmetrical stretch”

in the transition, state of the reaction
AH + B --> A + HB (charges omitted)

then the primary isotope effect should reach a maximum 
since the focus acting on the hydrogen atom are in 
balance and consequently there is no motion of the hydro­
gen atom and isotopic substitution leads to a lack of
zero-point energy change to offset that in the stretch-

119,120,113.1 ing vibration of the reactant. Several
workers have reported an apparent maximum near ApK= 0,
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and it has been frequently used as a guide to the transi­
tion. state structure in the rate-limiting proton transfer 
reaction having a sensitivity greater than that of the
Br^nsted a c o m p o n e n t ^ ^ ’̂ ^see also ref. 121)

124YThereas the results of Dixon and Bruice supported
125the findings of doodall and Bell who presented a

20-point graph covering a ApK range of about 20 units
121with kg/kj) maximum near ApK 0, Bordwell and Boyle 

suggested that corrections for secondary isotope effects 
would have the effects of "flattening11 the curve, although 
a slight maximum did still exist in the curve around 
ApK =-1 to -2. These authors concluded that "the hope, 
which at one time seemed bright, for a simple general 
correlation of Br^nsted coefficients, kinetic isotope 
effects and solvent isotope effects with the extent cf 
proton transfer in the transition state has proved vain".

Although it is appreciated that a direct comparison 
of these parameters cannot, as yet, be made, their 
relative values will be discussed later with reference 
to the hydrolysis of mixed aryl alkyl acetals.
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The linear free energy relationship (L.F.E.R.) 
between the logarithms of rata' or equilibrium constants 
can be expressed by a formulation similar to that of the 
Br^nsted relation as shown in equation (10);

log Ka  - log Kao = pa (10)
where and Ka o represent the rate or equilibrium con­
stants of the substituted and unsubstituted substrates 
respectively. The interpretation and implications of 
the Hammett Relationship have been excellently *

63,130,131reviewed, and only the observed deviations
from the empirically expected linearity will be discussed 
here.

The proportionality factor p is usually obtained 
from the plot of the rate constant for the reaction versus 
the substituent constant (a) for meta- and para- 
substituted compounds0 In these latter compounds, how­
ever, difficulties arise when the substituent is capable 
of electron donation by resonance, and h e r e  cr+ values are 
used.

Although deviations from Hammett plots can be
• -

removed by accounting for varying polar and resonance 
effects in a modified substituent constanti^2,^^^,‘i'̂  ̂

curvature can also be a manifestation of a mechanistic 
change caused by the presence of certain substituents,
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or when the measured rate constant is a composite quan­
tity dependent on the rate and equilibrium constants of 

135several steps. It is apparent then, that, as with
the Br^nsted plot, deviations from linearity may not be 
a result of experimental error, as often hitherto assumed, 
but indicative of a mechanistic, or otherwise significant 
change. A. L.P.E.R.must therefore be calculated with 
caution, to fit the electronic requirements of the reaction, 
and conversely, these requirements must be estimated 
cautiously from the best fitting relationship.

In contrast to acid or base catalysis, the spatial 
requirements within an enzyme-substrate complex would 
appear to introduce a supplementary factor which necessi­
tates separate Hammett plots for meta- and para- substi­
tuted phenoxy substrates (see Table 1 page 17). Several 
authors have observed this phenomenon in enzymically 
catalysed hydrolysis, and it has been suggested that the 
meta- and para- substituents are no longer held rigidly . 
from the reaction, centre such that steric interactions are 
negated, but rather the proximity of a residue on the 
enzyme surface may affect, for example, the normal polar 
effect (a) of the substituent,‘and although these sub­
stituent derivatives do not fit an isokinetic line, it 
is thought that the substrates are all hydrolysed by the 
same basic mechanism (see ref. 46 and references therein)

These above considerations, with the observation that
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the p values obtained from, enzymically catalysed hydro­
lysis may be derived from Kca-j: values containing more 
than one rate or equilibrium constant then demand 
caution when comparing p values of enzymically and non- 
enzymically catalysed hydrolysis.
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All Tables and Graphs referred to numerically, but 
not alphabetically, in this discussion are to be found in 
the experimental section.

Discussion
Until 1968 there were no reported observations of 

general acid catalysis in, acetal hydrolysis, since when, 
however, there have been several and these will be reported 
in this discussion, Varying opinions have been expressed 
concerning the authenticity of these reports, and it would 
seem pertinent, therefore, to discuss this topic before all 
else and to allay any suspicion which might be directed at 
the authenticity of the observed general acid catalysis 
reported in this thesis.

1. Buffer Oatalvsis: Solvent and Electrolyte Effects.
9  , m  1 ,, _t—    1 1 r ~ -- -    ~ - -    —  ■ ■■ ■ .—.1— —  i' 11 V i 1.1 ■■■■ .•w w . .  M  .■

Throughout the experimental work the technique of 
Bell ' was used, and the pseudo first order rate constant 
for the hydrolysis of mixed aryl alkyl acetals (1) were 
determined at various buffer concentrations, but with 
buffer ratio, ionic strength,-and pH held constant.
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HO
+

,OH
0

+ CHoOH

 (1 )
Por all the buffer solutions used, the concentration

of the undissociated acid was taken as the stoichiometric
concentration and the results of the variation of the
rate constants with buffer concentration at 25°C and at
ionic strength 0.05M are given in Tables 1 to 106 of the
experimental section. Prom these tables it is readily
apparent that the observed rate constants (kQkS) increase
with increasing buffer concentration at constant pH (see
Table 107). The catalytic coefficients (kg^) the car-
boxylic acids were obtained from a least squares plot of
k , versus concentration of the undissociated acid f HAl* 

ODS • L J

These plots were linear when determined at low buffer con­
centrations, <0.0311 and ionic strength 0.0511, however 
curvature concave to the horizontal axis [HA] became 
apparent at higher buffer concentrations, 0.0^0 to 0.100?1
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Tables 32 sad 35, and Graph 1 Indicate clearly this 
phenomenon, and Tables 34 and 35 indicate the small but 
significant difference in catalytic coefficient obtained 
when ionic strength changes from 1= 0*050 to I = 0.100M.

The dependence of the acetic acid catalysed hydro­
lysis of benzaldehyde phenyl methyl acetal on acetic acid 
concentration, and not acetate ion, has been shorn by the
pH - independence of the reaction in. three acetate buffers

94of differing pH but constant ionic strength, and the 
theoretical considerations that this compound should exhibit • 
catalysis by general acids has been mentioned in the intro­
duction* A detailed investigation of the rate law, how­
ever, will be left until section 3 of this discussion*

The phenomenon of curvature in plots of k ^ g  vs. [ HA ]
in a general acid catalysed reaction has been reported

37,105,106 , . _infrequently, however, m  the author's opinion,
in many instances failure to observe such curvature could
be an oversight resulting either from the assumption that
deviation from linearity was a result of experimental error
(it is extremely simple to draw a straight line through an
obtuse curve) or from the range of buffer concentration

+

employed being such that there were too few points, especially 
at lower concentrations, to detect any "abnormality" or 
deviation, from linearity. Gold and Waterman105 observed 
that, in the general acid catalysed hydrolysis of xeten



acetals, a slight curvature concave to the concentration 
axis was perceptible at higher concentrations in the 
graphs of k0^s vs. [EA]. This observation was explained 
by the authors as involving a diminution in the concentra­
tion. of the free acid caused by dimerisation of acid and 
association of acid and anion:'

2 HA ?=? (HA>2....... .......Ka
HA + A“ <r=^ HA2“   Kass

which is described by equation (2):
A [HA] = [HA] s.fcoich - [ HA] eff. /

= 2^d [hA]gff + ̂ ass [n-^Jeff[A Jeff' • ••••••(. 2)

where stoich = stoichiometric, and eff = effective.
Experimental curves were satisfactorily computed using 

reasonable values for Kh and K and since then thisQ. aSo
interpretation has been applied to similar results obtained 

lo7in methanol. Eh ere as Gold and Haterman found this non-
linearity with weaker acids only and not, for example, with 
dichloro-, cyano-, and chloro-acetic acids, the slopes of 
kr0bs vs [HA] obtained in the hydrolysis of mixed aryl 
methyl acetals would appear to be concave for all of the 
acids used including formic (Table 32 and Graph 1) and
apparently so for chloroacetic when the catalytic coefficient

—1 —3 —1reported in this work (3*77 x 10 H sec over the buffer 
range 0.005 to 0.025 E» 1=0.05) is compared with that
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obtained by Capon and Anderson^ (6.53 x 10“ 2 M-1 sec-1 
over the buffer range 0.030 to 0.444, I = 0.10M) where

ptne intercepts and pli values were respectively 5.49 x 10 
sec"*1 (pH = 5*10) and 5.15 x 10“2 sec"1 (pH =2.99). This 
discrepancy is unlikely to be caused by the change in ionic 
strength considering the analogous results shown in fables 
54 and 55 for the acetic acid catalysed hydrolysis when 
I = 0.05 and 0.10*

When using stronger acids, Gold and Waterman corrected 
for the contribution to the catalytic coefficient from 
hydronium ion catalysis, although they found that the 
corrected values of and k̂ n-t from equation. (5) were then 
dependent on the value of kp- Q+used.

Vos =k0+ %3o+[H3°VVr[oir] + Vh [M]+V  TA_1
= V a t  + kHA
Most acids, however, were found to require very 

little, if any, correction as can be seen from their 
results,*1*^ v/hereas some considerable correction would be 
necessary to "straighten out” the concave curve shown in 
Graph 1 and that described above for the chloroacetic acid 
catalysed hydrolysis. The catalytic inactivity brought 
about by dimerisation and association might then be app­
licable throughout the range of buffers used in this work, 
including the stronger acids, although Gold and Waterman 
thought it to exist only in weaker acids where they
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concluded hydrogen bonding to be more important.

The observations of Rosotti^^ are in complete con­
trast to those mentioned above, where, in a mechanisti­
cally different reaction to that of keten acetal hydrolysis, 
Rossotti considered an association which led to a cataly- 
tically active species to explain an anomalous rate 
enhancement. This explanation is also feasible consider­
ing the suggestion that carboxylic acid dimers exist as the 
mono-hydrogen bonded species.

Although these explanations conveniently account 
for the observed phenomena, the possibility of a mechanistic 
complication rather than a property of the buffer cannot 
readily be omitted. In such cases curvature has been 
accounted for by correcting the -̂ĝ g. values in view of the

0

^ 0 - H

0

H—0 "^
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established mechanism for the reaction, e.g. see ref 139.

116
Bell has shorn that for the general reaction 

sequence ;
S + HA S H+ + a“

S E*— 1̂ 2—) Products 
if i.e. basicity of S « A “, and k2^ k ^  then
experimental results would indicate catalysis by acids 
other than hydrogen ion, although a complex quantitative 
behaviour would result since velocity (k) is partially 
dependent on. the actual proton transfer and partially on 
an equilibrium controlled by hyarogen-ion concentration;

k= TiHA,c[AH])(irSH+ TT,H}S[JVH] Hr4] )
where tt̂ tj g is the catalytic coefficient characteristic 
of acid and substrate.

Considering the reaction under discussion (1) for 
which the reaction pathway is shown in (4) - see section 2 
and ref 94®

BhCH(01 !e )QPh + HA fz^PhCJI- - Olle + EOPh + A"
k-l .............. .(4)

PhCH— i— OHe + H^O— 2̂*) Products
Since the basicity of PhCE(OHe }0?h < HOPh and A , then

k-i [■'-■'*]
assuming a first order reaction dependent on [HA], and 
steady-state concentration of SE+. However, for the 
approximation h^H-l to be applicable to (4) would require
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k2 [H'20] ̂  k_q [HOPh][A ] which is highly unlikely consider­
ing the relative basicities of PI20 and HOPh. It then seems 
much more probable that k2[E20]» k_-j_ [HOPh][A~] so that

k - ki R ] -

The possibility that observed general acid catalysis 
might be a manifestation of specific salt and electrolyte 
effects has also been proposed recently (see introduction 
and ref. 103).

10*2It was mentioned earlier that Saloraaa et al had
investigated the hydrolysis of triethyl orthobenzoate, a
similar reaction to that previously investigated by Kwart 

103and Price who concluded that trimethyl orthobenzoate
was subject to hydrolysis by general acids in 70h methanol-
water solvent. This latter reaction was recently investi-

i 40gated by Cordes et al who sought general buffer catalysis 
for the hydrolysis of methyl orthobenzoates in both aqueous 
and 70^ dioxan-water media. The hydrolysis of trimethyl 
orthobenzoate and the ortho-p-methoxy-, p-methyl-,
P-chloro-, and p-nitro-benzoate anologues in a wide range of 
buffers and buffer concentrations showed no consistent 
evidence for general acid catalysis in. either aqueous or 
30;' dioxan-water solvents. The observations of Salomaa 
et al are even more surprising. Y/hereas Cordes et al 
employed lithium chloride to maintain ionic strength,
1=0.50, Ilwart and Price used potassium chloride, 1 = 0.01,
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and Salomaa et al used three different electrolytes, viz. 
sodium chloride, sodium nitrate and sodium perchlorate,
I = O.lOo These latter authors- using sodium chloride 
found what appeared to he a general acid catalysed hydro­
lysis of triethyl orthobenzoate in 67*4: 32.6 w/w
dioxane-water chloroacetate buffers with slope (h^) °1 

-2 -1 -11.23 x 10 H sec , which alone is inconsistent with
the above observations of Cordes et al considering the
similarity of substrates and the very small deviation
caused by substituting lithium for sodium salts of 

107chlorine. It would be expected therefore that the tri­
methyl and triethyl orthobenzoates would be expected to 
hydrolyse by very similar mechanisms in aqueous dixoane, 
and if this were the case (compare, for example, the 
similar hydrolysis mechanisms of methyl and ethyl ortho­
formates,benzaldehyde dimethyl and diethyl acetals^ ̂  
and the reduced steric effects prevalent in ortho-ester 
hydrolysis ) then presumably the apparent mechanistic 
change is a result of the 37.4?' alteration in the dioxane 
content of the aqueous-dioxane buffers. However, even more 
inconsistent are the rate constants observed by Salomaa 
et al for the hydrolysis of t if ethyl orthobenzoate employ­
ing sodium nitrate and sodium perchlorate buffers 
(0.530 x 10~2 II"1 sec”1 and -0*515 x 10~2 if*1 sec"*1, Pig .1



which demonstrates clearly the complications involved 
not only when the media is a mixed agueous-aprotic solvent 
where the type or even content of the aprotic species is 
altered, hut also when, different electrolytes (anionic 
change) are used to maintain.ionic strength in such a 
medium.

k x lO^sec-*̂*

5.0

5.5

2.5

A; Sodium chloride
Bz Sodium nitrate
0: Sodium /perchlorate

0 .025 .05 .075 .100
[HA ] 11

Pig. 1. The hydrolysis of triethyl orthoformate in
aqueous dioxane chloroacetic acid buffers with 
varying electrolyte, I = 0.10H, and at 45°C.^^
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An important omission in the data of Salomaa et al 

is the individual pH values of the various chloroacetie 
acid buffer solutions used. It has been reported earlier1®  
and was also experienced by the author, that unless freshly 
prepared buffer solutions are used, erroneous kinetic 
results can be obtained, arising from a pH variation in 
chloroacetie acid buffers caused by hydrolysis of ehloro- 
acetate ion to glycolate ion and hydrochloric acid, 
especially at high ionic strengths. Also Salomaa et al 
indicate no corrections to pH values obtained in solutions 
containing about 70$5 dioxane and since pH meter readings 
pH(app,) in mixed solvents may not give the correct pH 
values of the buffers (see ref 63) then it would be 
difficult to justify a plot of k0’0S vs* t HA 1 even if PH(app.) 
were constant, which they do not state it is.

Kankaanpera and lahti have found general acid 
catalysis in the hydrolysis of 2-methoxyeth3rl orthoformate 
in aqueous media, and an A-SB2 mechanism suggested whereas 
the same reaction is proposed to proceed via an A-l mecha­
nism in 65)1: dioxane-water solvent.14-1 *154' Also the
hydrolysis of ethyl orthoformate was thought by these
authors to be A—1 in aqueous dioxane contrary to the

145earlier findings of Be Holfe and Roberts that m  this 
solvent system thex'e was strong catalysis by genera.1 acids 
although in aqueous buffers specific hydronium ion cata­
lysis only was apparent.



It lias been calculated that proton, transfer is
14-2faster in ice than in water and that any salt or aprotic 

solvent which disrupts the proton transfer from a hydronium 
ion to an orthoester by changing the "ice-likeM clusters 
of water should hinder this process although an equili­
brium proton transfer may not necessarily be inhibited (see 
introduction and refs 103, 143). If equilibrium proton 
transfer were inhibited it might reasonably be expected 
that, general acid catalysis involving concerted or rate 
determining proton, transfer should become more apparent • 
in aprotic-aqueous solvents. he Wolfe and Roberts 
accounted for observed buffer catalysis in aqueous dioxane 
and not in water by suggesting that in the latter the high 
oxonium ion concentration renders it unobservable whereas 
the addition of dioxane reduces this concentration without 
affecting the buffer acid concentration i.e. in the equation

kobs = V  [ g 0 +] + ^  [-” ]

the term % ^ 0+ [H^O] is reduced thereby allowing kH A [lIA] 
to become more apparent. Although the catalytic coefficient 
of the acetic acid catalysed hydrolysis was observed by 
he Wolfe and Roberts to increase with decreasing dioxane 
content of the buffer, the swamping effect of the oxonium 
ion renders it unoberservable in totally aqueous buffers. 
These authors then lend weight to the suggestion by Swain1^
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that general aeid catalysis is much more common than 
formerly supposed and that its observation is made dif­
ficult by the magnitude of the hydronium ion catalysed 
reaction which necessitates the use of inordinately high 
concentrations of weak acids and electrolytes, but which 
in turn considerably complicates the task of interpreting 
the experimental results.

It seems anomalous that there is no apparent con­
sistency of mechanistic change in going from aqueous to 
aprotic-aqueous solvents and vice-versa, and in view of- 
the complexity of the mixed media, especially with regard 
to the results of Salomaa et al, the hydrolysis reactions 
reported in. this thesis pertain to 99/S aqueous solutions 
as described in the Kinetic Experimental chapter, except 
in the hydrolysis of benzaldehyde diphenyl acetal and 
p—methylbenzaldehyde S—phenyl methyl acetal (Tables 41 and 
106) where solubility problems were encountered, although.
these results were interpreted only on a comparative basis.

103 n M -i < -i 140 ,Bunton and Reinheimer, and Cordes ex al have
102carried the investigations of long and McIntyre, con­

cerning salt effects on substrate and transition state, 
to more reactive orthoformates and acetals. The observa­
tion was made that the addition of salts with small high—
charge/density cations such as lithium increased both the 
Hammett H acidity function by reducing tne affini'cy o.l
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water molecules to protons, 8,nd a,Iso effectively catalysed
an acid hydrolysis, and the hypothesis presented that large

+ 4* +specific cation effects, in the sequence Li < lla < K , are
characteristic of slow proton, transfer to electronegative
atoms* Also that anionic effects, although large upon
the measured reaction rate constants (cf Salomaa et al101),
are reduced when effects upon initial state activity are 

103accounted for. It is also of interest to note that
the semilogarithmic plots of k/k0 (k and k0 represent the 
first order rate constants in the presence and absence of 
added salt) versus the alkali halide concentration for 
the hydrolysis of n-nitrobenzaldehyde diethyl acetal in 
0.005H HC1 with varying salt concentration (alkali chlorides) 
were plotted as "sensible straight lines"14*0 although it 
would appear that they would in fact be fitted better by 
curves concave to the salt concentration (horizontal) axis 
(see also ref 116). This observation would support the 
theory that specific salt effects rather than buffer effects, 
would explain the "falling off" effect described earlier in 
plots of kobs vs. [7A ], since buffer effects were proposed 
to be effective only in. weaker acids whereas salt effects 
would be consistent throughout the range of buffers used 
in the hydrolysis of mixed aryl methyl acetals0 Also 
Bunton and R e i n h e i m e r  105 observed a decrease in the
relative salt effects on the transition state of orthoacetate>
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orthoformate > ketal> acetal, and suggested that the 
structures of the transition states were close to those 
of the conjugate acids and were consistent with a mech­
anistic. change from A-l to A-S^,2 in going from acetal to 
orthoester. Therefore if the mechanism of an acetal 
hydrolysis were described by an A-S32 rather than A-l 
mechanism, as is the hydrolysis of mixed aryl methyl acetals, 
it seems reasonable to presume that specific salt effects 
should be increased and might be manifested as the "falling- 
off,leffect described earlier.

It is apparent that although the most suspect reports 
of observed general acid catalysis are those carried out 
in mixed aqueous-aprotic solvents the effects of electro­
lyte and buffer concentrations, and change in both cationic 
and anionic moieties in the electrolyte should be examined 
in any solvent system employed© With reference to the work 
reported in this thesis, the effect of buffer and electrolyte 
concentrations has already been discussed, and Tables, 24*
25, 26;. 53, 54, 55; 75, 76, 77 describe the effects of. 
the electrolytes potassium chloride, sodium nitrate, and 
sodium perchlorate on the formic acid catalysed hydrolysis 
of benzaldehyde m-methoxyphenyl methyl and m-methoxybenzalde- 
liyde phenyl methyl acetals, and the acetic acid catalysed 
hydrolysis of benzaldehyde p-methoxyphenyl methyl acetal 
Maximum, deviations between the catalytic coefficients
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reported in Tables 24 to 26 is 8.1;$; between Tables
53 'to 55 is 2.3>$; and between Tables 75 to 77 is 7.1$.
General buffer catalysis is also apparent in the chloro-
acetic acid catalysed of bensaldehyde phenyl methyl acetal
in 20s80 - dioxane-water (v/v) solvent at 40°0 (Table 40)
where the catalytic coefficient ca-lculated at 25°C

—1 —1 —1(approx. 2.346 x 10 M sec when assuming that a
temperature decrease of 100° approximately halves the
observed rate) is only slightly less than that observed

-1 -1 -1in aqueous medium (3.771 x 10 H sec , Table 31)
On the strength of the above observations it is

assumed that specific salt effects (anionic or cationic),
if not totally absent in the arcid catalysed hydrolysis of
mixed aryl methyl acetals are small enough to be ignored
when working in the buffer range 0.005 to 0.030 M and
with ionic strength, 1=0.05, i.e. that the influence
of the ions, derived from the buffer components and added
electrolyte, on the activity coefficients involved, if not
identical, differ by a negligibly small margin. Although
salt effects may be extremely useful in the kinetic
investigations of hydrolysis reactions it is not the author’s
intention to investigate them here, but rather chose the
above conditions where they are ineffectual, however a
suggestion, for further research might be to investigate
specific salt effects especially in mixed solvent systems 
where.the reaction, mechanism would not seem to be drastically



78.
changed.
2* Site of.Bond Fission

The hydrolysis of aromatic aryl methyl acetals, (1) 
could follow two pathways, Fig. 2, involving phenoxyl- 
or methoxyl- carbon bond fission. The relative rates 
of these two modes will depend on the relative abilities 
of methoxy- and phenoxy--groups to stabilise the develop­
ing carboniun ion in the transition state, also on their 
relative leaving group abilities in the acid catalysed 
hydrolysis reaction. Although proton transfer to oxygen 
would favour the methoxy rather than, the phenoxy group, bond 
fission between carbon and the phenoxy oxygen, which is 
the more favourable leaving group, would result in the 
more stable metlioxy carbonium ion. The possibility of 
phenoxy-ca,rbon bond fission process is supported by the 
greater hydrolysis rate of benzaldehyde phenyl methyl acetal 
than that of bensaldehyde dimethyl acetal, Graph 1. There­
fore, if methoxyl-earbon bond fission were occurring in 
the slow step of hydrolysis of the phenyl methyl acetal, 
the rate should be increased and not decreased on replacing 
the phenoxy by a methoxy group.

The following IdLnetio H.H.R. experiment describes 
the acetic acid catalysed methanolysis of benzaldehyde 
phenyl methyl acetal, and shows that bond fission occurs
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between carbon and the phenoxy oxygen, and it would seem 
reasonable to suppose that the same proc-ess applies to 
the acetic acid catalysed hydrolysis also.
The acetic acid catalysed nethanolysls of bensaldehyde 
phenyl methyl acetal.

The site ox initial bond fission in the d-^-acetic 
acid catalysed d^-methanolysis of benzaldehyde phenyl
methyl acetal was investigated by following the reaction, 
in a Parian HA-100 IT.II.R. Spectrometer. The two possible 
modes of bond fission are shown in fig.2.

If the reaction proceeded via pathway A, an initial 
shift of the mixed acetal methoxy protons (c ) to the 
dimethyl acetal methoxy protons (d) would be observed, 
along with an upfield shift of the methine acetal proton (a) 
to that of (b). Subsequently a free-methanol signal (e) 
would, be observed.

Fission via pathway 3 would show a loss of the methoxy 
protons (c) with immediate production of free methanol (e) 
and no initial change in the methine proton (a).

If pathway A were followed, the equality (5) would be 
applicable:
since [H0] = 3[IIa] and [ Ha] + p e] = 3[H,q ]

tllen [ Hd / [ n l0] = [HcM [Hd] + [He] ) .......................... (5 )

whereas if pathway 3 were followed, the inequality (5) would



8Q.be applicable:
sinc6 [ IIC ] < 3[Ha], [He ]> 3[E’0], -and [Ed] = 0 
then [Ha ]/[H-D]>[Hc ]/(tHd]+[ne]) ............ (6)
Although the riethine signals were clearly distinguishable
on the 1000 Hz - sweep spectrum:

phenyl methyl acetal methine (a).....611 Hz.
dimethyl acetal methine (b)  534 Hz.

a 50Hz - sweep - spectrum was required for the necessary 
resolution in the methoxy region of the spectrum, 328 to 
355 Hz:

phenyl methyl acetal methoxy (c).....334 Ez.
dimethyl acetal methoxy (d) .....328 Hz.
free methanol methoxy (e) .....335 Hz.

These signals were identified by the addition of
12 pis of absolute methanol to standard lOp solutions of
the appropriate acetal in tetradeuterated methanol.
Experimental: 0.050 grras of analytically pure benzaldehyde
phenyl methyl acetal in 0.50 mis. tetradeuterated methanol
(0.47 II solution) were injected into an H.II.R. tube with
2 pis (2H) mono-deuterated acetic acid, and the tr.be sealed.
The d -methanol wa3 supplied by 0I3A and found to be 4
99.93,;; pure by IT *►!.!. R. Spectroscopy against Herck "Spectro- 
grade" dioxane standard. Internal T.M.S. standard was 
used.
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Integration of the methoxy peaks was performed by 

repeatedly cutting out and weighing the signals, and using 
the average values so obtained. Although this procedure 
is somewhat crude, it was found to be more satisfactory 
than measurement or using integrals, and the deviations 
were small enough to make the results meaningful. A 
program to calculate peak areas is at present being written 
in. this department, and will be applied to the -data as soon 
as possible,

Between each spectrum the sealed 'tube was incubated in 
a thermostat bath retained at 65°C by an efficient electronic 
relay system* Big, 3 (i) to (v) shows the expanded methoxy 
signals obtained after (i) zero time, (ii) 60 rnins.,
(iii) 100 mins,, (iv) 1A0 rains., (v) 130 mins. Pig. 3 (vi) 
shows the spectrum obtained from, the d^~ acetic acid cata­
lysed 6..-metnanolysis of benzaldehyde dimethyl acetal after 
60 mins at 65°C,

Although the complete spectra are not shown here, a 
signal of increasing strength at 534 Hz (dimethyl acetal 
methine) v/as observed in the spectra (ii) to (v) indicating 
an immediate loss of phenol as described in pathway A.
Pig. 3 (ii) also shows a substantial signal corresponding 
to the methoxy of dimethyl acetal (323 Hz) with a small 
signal at 335 Hz corresponding to free methanol. It is
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difficult to decide, even with, the use of fig 3 (vi) 
whether this latter signal is produced entirely by the 
breakdown of the dialkoxy intermediate of pathway A, or 
if a snail proportion is a direct product of the first 
step of pathway B. Throughout the series, the mixed 
acetal methoxy decreases steadily, the dialkoxy acetal 
methoxy reaches a maximum near that shown in fig. 3(iv) 
before decreasing again, and the product, methanol, increases 
steadily*

The peak areas- of the methoxy groups were measured,, and 
the ratios [Ha]/[H-0] and [ Hjy( [Kc|]-f[rle ]) calculated, Table A.
An equality of these ratios (5) would appear to hold within 
the limits of experimental error, and certainly the in­
equality (6) would not seem to be applicable.
Table A .

(i) I/O 1/0 —

(ii) 1.60 1.52 %

(iii) 0.93 1.00
not shown 0.50 0.52
(iv) 0.31 0.29 653

(V) 0.26 0.28 - %

It is therefore concluded that the site of initial bond
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fission in the methanolysis of "benzaldehyde phenyl methyl 
acetal is between the acetal carbon and the phenoxy oxygen 
as described in fig. 2 pathway A.
5. ICjnetic Hate haw.

The general equation for a general acid-base catalysed 
hydrolysis is:

0+ [H^0+] + &QTX- [0H“ ] + k^- [A~] +k^0 [AE ]
.......(7)

Mixed aryl alkyl acetals, in common with the majority
of acetals studied, are not subject to base catalysed 

59hydrolysis and therefore the term ISqjj- [0H~] in (7) may be 
omitted. The possibility of involvement of the term 

[A~] has been eliminated by the investigations of 
Capon and Anderson^' who, as described earlier, found the 
general acid catalysedhydrolysis of benzaldehyde phenyl 
methyl acetal dependent only on the concentration of 
undissociated acid and not on conjugate base, although the 
possibility of nucleophilic participation, by A~ cannot be 
ruled out since specific hydroniun ion. catalysis with nucleo 
philic participation is kinetically equivalent to catalysis 
by HA (see introduction). Presumably, if nucleophilic 
catalysis was prevalent in the hydrolysis of mixed aryl 
alkyl acetals it should also be apparent in the hydrolysis 
of benzaldehyde.dimethyl acetal, although Table 102 and 
Graph 1 would indicate the independence of hydrolysis rate

kobs* = ko + *h5



of this latter compound on undissociated acid, and there­
fore acid anion [A~] concentration. The hydrolysis of 
the potential intermediate in the acetic acid catalysed 
hydrolysis of benzaldehyde phenyl methyl acetal, benzalde­
hyde methyl acetyl acylal (I), was investigated in sev eal 
buffer solutions, Tables 97 to 101.

Conclusive general acid catalysis was observed in the 
hydrolysis of (I) and is believed to be the first reported 
case of general buffer catalysis in acylal hydrolysis, 
however, the reaction rates of this substrate were too

phenyl methyl acetals, which is not surprising considering
the vast difference of pKa in the leaving group of (I),
4.76, and those of the substituted-phenyl acetals, 3.4 to 10,
and the presence of (I) was never observed in the reactions 
studied. It may be significant, however, that the presence

'O-C— c h 3 ( i )
II
0

fast to compare directly with those of the substituted-
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of an acylal intermediate v/as not observed in the H.K.R. 
experiment described in the proceeding section.
Equation (7) is reduced to:

■̂ obs = înt + ̂ HAP1̂-]  ... (8)
where kint = k0 +kH5o+ [ H ^ ]  ..........(9)

tfhere an evaluation of k^.^ can be made from the intercept
of the plot of kQ-DS vs. [HA] which has a slope of kjj4,
and the k j ^  values obtained from the hydrolysis of mixed
aryl methyl acetals are shown in Tables 136 and 157. The
values for kg q* [R3O4] in (9 ) we re calculated from the
plots of k . vs. [FT 0^1 in the hydrochloric acid catalysed 0 os L 3 J ■ J J
hydrolysis reactions withpTCl] = 0.001 to 0.0002 IT and
I ~  0o050 again maintained with KOI. The intercepts of
these plots were, with one exception, observed to be slightly
negative, which, although indicating a negligible spontaneous
factor k0* 'would suggest a degree of experimental error
caused by the lower acid concentrations which were made
necessary by the reaction velocities encountered. V7ith

-4acid concentrations 4 a&d 2 x 10 M HOI, there is 
apparently a more complex behaviour with the substrate of 
comparative concentration (approx. 2.5 x 10 ^ ), and there­
fore k - TO.OQi 1 FIC1 values were used in determinations 00s L * j —
such as solvent isotope effects, rather than values of

lcH 0+.
3
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The substantially positive intercept (5.13 x 10“4 
sec~̂ -) in. the plot of 3̂ yos vs. [HCI] in the hydrochloric 
acid catalysed hydrolysis of benzaldehyde m-nitrophenyl 
methyl acetal (II) would suggest a significant spontaneous 
factor k0 to be applicable to the kinetic rate law of this 
compoundo This is reflected in Table I36 where the
relative constancy of the intercept values k ^ ^  obtained 
in the acetic and pivalic acid catalysed hydrolysis would 
suggest a spontaneous pH-independent reaction at pH values , 
greater than about 4.5 (&int~l*3 x 10 sec ) and Table 140 
where the pli-corrected values of k^n .̂ (logarithmic)indicate 
the increasing importance of spontaneous catalysis as pKa 
of the catalysing acid decreases, whereas the other acetals 
studied show approximately constant values. Similar 
observations have been made in. the hydrolysis of substrates 
in which there is both a good leaving group and a relatively 
stable incipient carbonium ion. The hydrolysis of 2-(p- 
nitrophenoxy)-tetrahydropyran (III)^ is characterised by 
a pH-independent reaction at pH values greater than 4.0 and 
benzaldehyde methyl 3-(2,4-dintrophenyl)thioacetal(IV)95
at pn values greater than 1.5.

Increasing the ease of bond breaking by strong electron
withdrawal in the leaving group would be expected to greatly
increase the rate of spontaneous reaction but decrease the 
rate of hydronium ion catalysis by decreasing oasicityj,
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thereby making the pH-independent reaction, easy to detect
with these compounds. Accordingly (II) is pH-independent
at pH 4.5 (leaving group pICa 8*40); (III) is pE-
independent at pH 4 (pICa of leaving group 7.15)? and (IV)
is pH—independent at pH 1.5 (pEa of leaving group 4*1)
Pronounced genera,! acid catalysis and a fast pH independent
reaction at pH greater than 10 is also observed in the hydro—

, .99lysis of tropone diethyl ketal (V) where C~0 bond breaking 
is facilitated by the great incipient carbonium ion stability, 
although the hydronium ion catalysed reaction is also 
facilitated by the comparatively high basicity (poor leaving 
group ability) so that the pH—independent reaction is 
observable only at higher pH values.

An. alternative formulation to the proposed spontaneous 
unimolecular breakdown of the linprotonated acetal which is 
shown below, \

NO
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would involve water catalysis with proton transfer not 
having progressed to a significant extent in the transition 
stateo The functioning of water as a general acid is 
unlikely* however* considering that the point for spon­
taneous catalysis would lie far above the extrapolation of
the plot of log k versus plCa in Graph. 2. where theHA
Br^nsted coefficient is 0*49. It might also be reasonably 
expected that the reaction would be much slower in D2O than 
in H2O solvent whereas the solvent isotope effects k(H'20)/
IC(D^O) of compounds II, I I I  and IV are all less than or . 
near unity and increase with increased ease of spontaneous 
catalysis; = O.46, 0.9, and 1.1 respectively, while
that for V is kg /k-p =1.2.

Fife and Brod also observed the point for spontaneous 
catalysis to lie far above the line obtained in the Br^nsted 
plot for 2-(2-nitrophenoxy)-tetrahydropyran(III) where the 
Br^nsted coefficient, a =0.5, is almost identical to that 
obtained for benzaldehyde m-ni.trophenyl methyl acetal (Ii). 
These authors also suggested a unimolecular decomposition to 
occur, rather than general catalysis oy water, as did Pife 
and Anderson for the spontaneous catalysis oj_ 'crooone die cxiyl
ketal (V) and benzaldehyde methyl S-(2, 4-ctinifcropnenyl) 
thioacetal (IV) although with (V) a water—catalysed reaction
could not be conclusively eliminated.

The low relative aoundance 01 txie mo 1 ecu lev, 1 ion in one
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mass spectral analysis of m-nitrobenzaldehyde phenyl methyl 
acetal (II) and the observation that the parent peak is the 
incipient methoxycarbonium ion (see Preparative Experimental), 
would also reflect the comparative stabilities of these 
moieties. 7/hereas the parent peaks in the m.s. analysis
of the corresponding H and p-methylbenzaldehyde homologues 
of (II) and the p-methylbenzaldehyde methyl thiophenyl 
homologue of (IV) are also the incipient methoxycarbonium 
ions, the lack of observable molecular ion signals in the 
two latter p-methylbenzaldehyde compounds would indicate 
extremely facile C-0 and C-S bond cleavage because of the 
very stable incipient carbonium ions formed, similar to that 
obtained in tropone diethyl ketal (V). Therefore, as was 
the case with (V), it might be reasonable to expect that 
these two compounds would also show a pH—independent 
reaction, although again, at higher pH values than those 
studied, because of the increased ease of tne hydionium 
ion catalysed hydrolysis.

The dependence on buffer catalysis of p-methylbenzalde­
hyde methyl thiophenyl hydrolysis is shown in Table 106, 
and although a rate increase is observable, it cannot be 
considered conclusive evidence for general acid catalysis 
because of the small change in both k0^g and O.D. There­
fore both the p-methylbenzaldehyde thiophenyl and
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2,4-dinitrothiophenyl mixed acetals may be considered border­
line between A-l and A-3^2 meciianisms where the increased 
carbonium ion stability and leaving ability facilitates 
C-S bond cleavage, which is considered more difficult 
than in the oxygen aoetal analogues, and where ease of 
proton, transfer to sulphur is.less than that to o x y g e n .95 
'4* Mechanism

It was concluded that the site of initial bond fission 
in. the general acid catalysed hydrolysis of benzaldehyde 
phenyl methyl acetal occurs between carbon and the phenoxy 
oxygen, and the ineffectuality of anionic change with 
reference to Cl“, ??0~ and CIO^ , and the lack of observa­
tion. of an acylal intermediate has been described. There 
are then two possible mechanisms to describe the observed 
buffer catalysis viz* a rate determining proton transfer 
from molecular acid to phenoxy oxygen followed by a rapid
breakdown of the resulting conjugate acid (llecnanism 1);

+
or a concerted displacement of the Ph.OH^-^OMe group by 
the catalysing acid (Mechanism 2)<>

The reverse of the rate determining step (Roh.S,) of 
Mechanism 1 can be considered as a diixusion controlled 
proton transfer from the very strong conjugate acid of the 
substrate to the conjugate base A , and should tnerefore 
be independent of the base strength of A , and consequently
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exhibit a Br^nsted coefficient of 8 = 0, within the range 
of acid catalysts used. Then, assuming a - 1-p, the a 
value for the forward reaction would be expected to equal 
1, which is not the case, except when m-nitrobenzaldehyde 
phenyl methyl acetal is employed as substrate. J9'
Also, if the reaction proceeded .with proton transfer as; 
the R.D.S. it might be expected that the reaction velocity 
should increase with increasing basicity of the acetal, 
the reverse of which was found in practice. The catalytic 
constants were found to increase as the basicity of the • 
acetal oxygen was decreased by substituting more electro­
negative groups in the phenoxy moiety; p-Me<E « . .m-Rc...

Evidence supporting the applicability of liecnanism'2 
will be presented in the following sections with reference 
to Br^nsted and Hammett coefficients, and to solvent iso­
tope effects* A comparative correlation of these results, 
their significance regarding the current opinions described 
in the introduction, and a comparison of them with other, 
reported examples of buffer catalysis in acetal hydrolysis 
will be made•
3. Brjfcisted .x coefficient

Tables 103 to 119 and Graphs 2 to 6 describe the a 
values obtained in the acid catalysed hydrolysis of aromatic 
aryl methyl acetals. ICreoge et‘all09 observed that when
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the number ox points in a Breasted plot was greater
than three, standard deviations became Reasonably small, 
and this was the case in. the above plots where the five
points taken in each case gave relatively low standard
deviations and high correlation coefficients. Whereas 

107Kwart and Price 1 concluded that small structural changes 
in. the carboxylic acid catalysts did not cause any signi­
ficant alteration in the Breasted slopes for the acid 
catalysed hydrolysis of methyl orthobenzoates, and that 
11 the strengths of the acids chosen is their most signifi­
cant, distinguishing characteristic”, Kresge et al observed 
small but real deviations from such a relationship when : 
employing substituted -.carboxylic acids in vinyl ether 
hydrolysis (Kwart and Price included in their investigation 
the catalysts, tri-, di-, and mono- chloroacetic acids, 
and 2-chloropropionic acid). Kresge et al attributed the 
observed positive deviations to intermolecular interactions 
between catalyst and substrate, and the negative deviations 
of pivalic acid catalysed reactions to hydrophobic forces. 
The positive deviations were suggested to result from an 
additional energy-lowering interaction, between electro­
negative ly - substituted catalysts and the substrates to 
which a proton (positive charge) was being transferred, 
and conversely that positively charged catalysts e.g0 
H^O and anilinium ion, should experience an energy-raising 
interaction. In the reaction series studied in this
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thesis, equation 1, the catalytic coefficient for the 
aniliniurn perchlorate catalys-id hydrolysis of benzaldehyde 
phenyl methyl acetal (kgTT = 3.75 x 10~^ IC 1 sec-1un —
Table 105) is approximately 3,5 times slower than the
corresponding acetic acid catalysed reaction (k,TT = 1.29 xAH—2 —1 —110 II ' sec , Table 34) although the catalyst pKa values, 
4.6O and 4.76 respectively, are very similar, and the 
hydronium ion catalytic coefficients invariably fell below 
that expected from the Br^nsted slope, Graphs 2 to 6© The 
negative deviations of the points for hydronium ion cata­
lysis have frequently been observed in. the extrapolation of 
Br^nsted plots even where statistical corrections have been 
applied, and it has bean suggested that either the concen­
tration of non-hydrogen-bonded water might be better applied 
therefore lowering the conventional magnitude of the acidity 
constant, pICrrT q ~ -l#74, and consequently moving a
negatively deviating catalytic coefficient tov/ard the 
correlation line, or that the true acidity constant might 
be best evaluated by fitting the hydronium ion catalytic 
coefficients to Breasted correlation lines. The literature 
values of me. obtained by fitting the observed catalytic 
coefficients to the correlation lines show a rather wide 
variation from reaction to reaction© .diereas Kresge ejb al 
observed a range of values from -0.2 (ethyl cyelohexenyl
ether), to +0.7 (ethyl isopropenyl ether) in the hydrolysis

105,153of several vinyl ethers, Gold and Katerman obtained
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values of 1.52 and 1.96 in the hydrolysis of cyanoketen
dinethy1 acetal and 2-dichloronethylene-l,3-aioxolane.
With reference to nixed aryl methyl acetals a similar
evaluation of the negatively deviating q+ catalytic
coefficients from Graphs 2 to 6 gave rise to the following
P %  0+ va^ues» which, although being varied, were so in 

3a systematic manner viz. in the hydrolysis of benzaldehyde 
substituted (X) - phenyl methyl acetals; X- m-iTC^CO.l);
X=m-P (0.25); X=Br(0o25); Ie(Oo65)•, 3e£-i-IeO(l.l);
and in the corresponding substituted (Y) - benzaldehyde 
acetals; Y=m-F(0.35); Y=H(0.25); Y=p~I.IeO( 0.25) ♦

These results would indicate that the apparent acid 
strength of the hydronium ion decreases as substrate leaving 
group’ ability and incipient carboniuia ion stability decrease 
i.e. as theuvalues increase (see Tables 134* and 135)®

The difference in k-j q values is txien less rhan that 
for the values amongst the substrates used indicating 
that electronic requirements are of reduced importance 
in the hydronium ion catalysed reaction than in the undis­
sociated weak acid catalysed reaction, where increasing 
leaving group ability and carbonium ion stability are much
more influential. This point will be taken up again 
m  section 6 (Hammett relation), although it is interesting 
to note here that the point for hydronium ion catalysis of
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t-bensaldeliyae-cii- ou-acetal is considered to fit the Breasted

correlation line, extrapolated from three points, and that
electronegative effects were found to he of more importance
in hydronium ion, than in undissociated weak acid, hydrolysis
(a = 0.6).165 .

The spread of valuesfor pKTT ~ obtained in theiî U
hydrolysis of vinyl ethers was interpreted by Kresge et al
as being suggestive of such factors as inte molecular effects
and that the value of pKH n sight best be deduced from the

3
fit of the hydronium ion catalytic coefficients based not
on carboxylic acids out ra/bher on positively charged cata-

153lysts. Gold and Waterman suggested that the negative
deviations of the hydronium ion catalysed reaction cannot
be read into too deeply because of the long extrapolation
required of the logarithmic catalysis-law relation and the
consequent sensitivity to the homogeneity of the catalysts
used. With regard to these two points, it seems apparent
that no definite conclusions can be drawn from the negative '
deviations from the Br^nsted plots in Graphs 2 to 6 which
were obtained from carboxylic acid catalysts whose absolute
homogeneity must be considered suspect with regard to the
following observations, although tne constancy of catalysts
employed in each case should render the deviations availaole
ror comparative examination as described above#

Statistical evidence from Taoles 103 to 1.l9 innicabes 
tnat the cc coefficients from rhe xr3nsced' plo us may oc



cons is cenily hign oecause ox the use of electronegatively— 
substituted catalysis. Prom the twelve tables shorn, 
although only 55-h of the points corresponding to catalysis 
by chloroacetic acid lie above the correlation line, 30^ 
of those corresponding to 2~chloropropionic acid do, while 
75f? of those corresponding to formic acid catalysis, of 
pKa between the two electronegatively-substituted acids, 
lie below the line (omitting those values where the 
residual <10“"̂ ).

The effect of intemolecular forces has been described
in the introduction as producing a difference of 0.1 units
or more between cc and the oiher of bond being formed (3)
although the vahues of a within a closely similar series
of substrates undergoing the same reaction with a set of
homogeneous catalysts might provide a good relative measure

153of transition state structure. G-old and Waterman 
have also stated that although they did not consider « to 
be a quantitative measure of the degree of proton transfer, 
they thought it should still be correct to interpret the 
increase in. the value of « along a series of related reaction 
as reflecting the increasing resemblance of the transition 
state to the reaction product.

It seems reasonable to conclude tnat the consistent 
increase in. a (0.49 to 0.96) along the series of benzalde-
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m-Kn-.: !e 0<?<o-l Te<n-:ie0 shown in Table I34 is indicative 
of the transition states going from "reactant-like" to 
"product-likeM i 0e. PhCEih^Olle, although these values are- 
representative of a relative rather than absolute order of 
proton transfer. Although the hydrolysis rates of those 
acetals with higher a values are more dependent on the 
strength of the catalysing acid, and the transferring proton 
considered to be nearer the substrate, those acetals with 
lower a values have greater catalytic coefficients indicat­
ing that the increased leaving group ability, and therefore 
increased ease of C-0 bond fission, must be dominant, which 
is consistent~ with an A~S_,2 mechanism, described byHi
Mechanism 2 (the anomalous rate increases of the £-IIe and 
P-MeO homologues will be discussed shortly).

A similar argument can be applied to the substituted- 
benzaldehyde phenyl methyl acetal series, Table 135, where 
the a values decrease consistently from 1.05 (standard 
deviation = 0.036) for the m-nitro homologue to 0.63 for 
the o-methoxy homologueo Therefore the transition states
may be considered, to have a relatively greater degree of 
proton transfer, or be more "product-like" along the series: 
P'-He0^t-i:eOm-I!eo<m-P<m-nO?. Again the greater catalytic 
coefficients were observed when a v/as low, indicating that 
although proton transfer is more advanced and that tiiere 
mny be a greater degree of C—0 bond fission caused oy
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electronegative substituents in the benzaldehyde moiety,
the overall hydrolysis rate is increased when the incipient
carbonium ion is made more stable#

The study of the secondary kinetic isotope effects on
the hydrolysis of substituted-benzaldehyde diethyl acetals 

113by Cordes et al indicated that the extent of C-0 bond 
cleavage in the transition state increased, as the stability. 
of the incipient carbonium ion decreased, along the series 
p-Me0< H 02 although hydrolysis rates increase with 
increasing stability of the incipient carbonium ion, i.e. 
p-MeO>H>0-1102# Considering that the intermediate methoxy- 
carbonium ions in this series is comparable with that of 
the mixed aryl methyl acetals, and the leaving group, although 
different, is also constant, there would appear to be a 
favourable correlation of secondary isotope effects and 
Br^nsted parameters with regard to the amount of bond 
breaking and making in the transition states.

It is also pertinent to note that although the extremely 
high a values obtained for benzaldehyde p-me thoxyphenyl 
methyl acetal (O.36) and m-nitrobenzaldehyde phenyl methyl 
ace-tal (1.05) might be considered indicative of a specific 
acid catalysed mechanism, general acid catalysed reactions 
have been observed when u is equal to or near 1.0, and
is considered detectable because of the negative deviation
of the hydronium ion catalysed reaction from tne 3rdusted 
correlation line as described earlier (see ref. 163).
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-r- 1 163Whereas jencKS and Sander required relatively high, 

concentrations of weaker acid buffers to determine cata­
lytic coefficients in the Breasted plot with a =1.0, 
this was not necessary with the m-nitrob enzaldehyde 
and o-nethoxyplieny 1 mixed acetals0

It is concluded that the general acid catalysed 
hydrolysis of aromatic aryl methyl acetals proceeds by 
an A-Sjjj2 mechanism described by Ilechanism 2 where leaving 
group ability (with consequent reduced acetal basicity) and 
incipient carbonium ion stability are both of considerable 
importance in facilitating carbon-phenoxy oxygen bond 
fission, in the RoD.S.

Table B has been constructed in. order to determine 
the influence of leaving group ability and carbonium 
ion stability in the reported general acid catalysed 
hydrolysis of other acetals which are also thought to 
proceed via an A-S-^2 mechanism* 'The re as Table 135 shows 
the importance of carbonium ion stability in the methoxy­
carbonium ion moiety, Table 3(i) shows the dramatic rate 
decrease, about 300 fold, when this stability is further 
decreased (Tables 4-0, 4-1 and ref*37)* VFnen the incipient
carbonium ion stability is further reduced, again with tne 
same phenoxy leaving group, general acid catalysis is no 
longer observable as has been shown for the compouno.s in 
Pi f ' /-*-L> • •
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m -  4.

D M e  

H-CH
Ph

Refs' 16,34 76 36

Table 3(ii) shows the catalytic coefficients obtained 
for 2-(n-nitrophenyl) -tetrahydropyran (III) , ̂  tropone 
diethyl ketal (7)9  ̂ and benzaldehyde phenyl methyl acetal 
(VI), Table 34 0 Although the leaving group ability of 
III > VI, the increased carbonium ion stability of 71 makes 
the hydrolysis rates comparable* Then the leaving group 
ability is further decreased general acid catalysis is 
usually no longer observable, e.g. in the substrates shown 
in Pig. 5.
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Me DEt

Me ( w J ° Et [ 0

Eef .63, 39 63
Table 10 

: v Graph. 1

although when the incipient carbonium. ion is made extremely 
•stable, as in tropone diethyl ketal (V), buffer catalysis 
is observable•

The acetic acid catalysed hydrolysis of benzaldehyde 
di-.‘fcbu-acetal(VII) also has a pronounced general acid 
catalysis,

t

VII
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(3.25 x 1CT1 rr^sec"1 in aqueous acetate buffer at 25°C) 
and its ii/drolysj.s mougnt to proceed by an A—Sg2 mechanism 
although its leaving group ability must be considerably less ' 
than that of a phenoxy group. Therefore, although car- 
bonium ion stability and leaving group ability are of 
extreme importance in the observation of general acid 
catalysis in acetal hydrolysis, it appears that release 
of steric strain in forming the alkoxy carbonium ion of 
711 can also give rise to such a mechanism. It seems 
feasible to extrapolate this argument to the lysozyme- 
substrate complex where the fomation of a carbonium ion 
might relieve steric strain in. the ground state of the 
distorted hexose unit which is undergoing cleavage from the 
stable chair conformation to a half-chair conformation 
resembling that of the carbonium ion intermediate. Hereby 
enhancing the ease of formation of the transition state 
and making possible catalysis by a weak acid in the enzyne- 
substrate complex (see introduction and refs0 165? 13—15? 20, 
21 and 43).
6. Hammett P correlation.

The P values obtained from, the general acici catalysed
hydrolysis of benzaldehyde substituted (X)-phenyl methyl 
acetals, implementing the Hammett linear free energy 
relationship (L.P.B.H).

log k/k ® po ........... (10)



are shown in Tables 121 to 125, and Graph 7. The values 
obtained were all positive, and increased in magnitude 
with decreasing strength of the catalysing acid, there­
fore indicating that the amount of C-0 bond fission in the 
transition state varies with the catalysing acid.

In Fig. 6 where a general acid HA is transferring a 
proton, H , to the acetal oxygen, as A’ becomes a stronger 
base (HA a weaker acid) the amount of negative charge 
Fig. 6

A"

on the phenolic oxygen, and therefore the amount of C—0 
bond cleavage, will increase. If this were not the case, 
and all the acids v/ere transferring a proton to a base of
the same strength, it would be expected on. the basis of

1 90Hammond *s postulate 9 that the degree of proton transfer
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in the transition state would increase as the strength 
of the acid increased. This would lead to the P value 
becoming progressively more negative as the strength of 
the catalysing acid increased, the reverse of what is 
founde Conversely, the increasing negativety of the 
P values for the general acid catalysed hydrolysis of 
substituted (Y) - benzaldehyde phenyl methyl acetals-with 
decreasing strength of the catalysing acid would indicate 
that the amount of positive charge on the acetal carbon 
must increase, C-0 bond fission increases, as A“ becomes 
a stronger base, Tables 126 to IgO, Graph 8.

It is rather difficult to compare these results with 
other reported examples of general acid catalysis in acetal 
•hydrolysis since such an extensive study has not been pub­
lished, although a small positive p value ( 0.9) has 
recently been found for the formic acid catalysed hydrolysis 
of a series of 2-(para-substituted-phenoxy)-tetrahydro- 
pyrans^ which is comparable with the corresponding value 
(0.67) for benzaldehyde substituted-phenyl methyl acetals, 
and the value (-2.0) obtained from the acetic acid 
catalysed hydrolysis of sbustituted—benzaldehyde di-^bu- 
acetals^** which is comparable to the corresponding value 
obtained from the substituted-benzaldehyde phenyl methyl 
acetals (-2.3), with the small differences in magnitude
presumably being incurred by the culminative effects
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of experimental•errors and slightly differing electronic 
requirements brought about by the differing relative 
stabilities of incipient carbonium ion and leaving group.

The "non-conformity" to a Hammett L.F.E.Ro of meta­
substituted compounds by homologous para-(electron releasing) 
substituents has been observed frequently,63,135,167 
although an overall linear fit can often be obtained when 
cr+ rather than cr substituent constants, or a Yukowa-Tsuno 
L.E.E.R. is implemented (see e.g. Table 2, introduction), as 
will be demonstrated shortly for substituted-benzaldehyde 
mixed acetals, such relationships cannot be applied when 
positive deviations from a positively sloped Hammett relation­
ship are incurred, such as that shown in Graph 7 for the 
benzaldehyde substituted-phenyl methyl acetal series. The 
positive deviations of the para-methyl-, and para-methoxy, 
phenyl acetals can only be accounted for by assuming a 
resonance interaction of these substituents with the phenoxy 
oxygen, whereby, although leaving group ability is com­
paratively poor, the milch increased basicity facilitates 
greatly the proton transfer process, and the deviation 
becomes more pronounced as the strength of the catalysing
acid increases. In the hydronium ion catalysed hydrolysis, 
the small negative slope shown in Graph 9 would indicate 
that electronic requirements are of different importance
here than in the weak-acid catalysed reaction, and that
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proton transfer is dependent on. the acetal basicity rather
than ease of 0-0 bond fission, which conclusion is sub—

-  +stantiated by the better ii.E.E.R. obtained when or sub­
stituent constants are implemented (compare Tables 131,

%
143, 149 and Graph 12). Although the use of ct+ constants 
are usually indicative of substituent-carbonium ion 
resonance stability, this is not always the case.^
If the upward curvature in the Er^nsted plot of log 
vs. a Graph 7? were to denote a mechanistic change in the 
hydrolysis of the para-substituted phenyl acetals, the 
pronounced buffer catalysis observed might indicate that 
a rate limiting proton transfer were occurring^ Ivlech- 
anism 1, or even a specific hydronium ion catalysis with 
nucleo-philic participation, although, again the intermediary 
of an acylal intermediate Y/as unobservable. Further dis­
cussion of these two possibilities will be deferred to the 
following section (7) where the solvent isotope effects 
obtained are indicative of a constancy of mechanism.

The small positive p values obtained with weak general 
acids in the hydrolysis of benzaldehyde substituted-phenyl 
methyl acetals ( P = 0.43 ‘bo 1.25), and the smallnegative

4.value obtained with hydronium ion catalysis (-0.45 with er 
Table 149), are comparable not only to the corresponding 
values obtained from the formic and hydronium ion catalysed 
hydrolysis of 2-(para-substituted phenoxy) -
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tetrahydronyrans, P = +0.9 and -0.9 respectively, but 
also to the lysozyme-catalysed hydrolysis of phenolic
glycosides where P = +1.23, and the hydronium ion cata—

/,1 1 7 0lysea reaction where p = -0*66 and -0.43, and, in
fact, to. the P values of enzynically and hydronium ion
catalysed hydrolysis shown in Table 1 of the introduction;

There is evidence that some of the carboxylic acid
groups of lysozyme have abnormally high pICa values, one
of these being the glutamic acid -35 residue, which, as
was described in the introduction would be mainly ionised
in. the' pH region 5 to 6 and able to provide general acid
catalysis for the rapture of the glycosidic bond. This
suggestion was described earlier as being supported by the
observations of intramolecular catalysis, analagous to
the proposed ’’intra-complex’’ general acid catalysis, where

r5 16ah. internal carboxylic acid group is suitably orientated' 9
*31  ~ . , i - io Txie receive ooservations 01 incemolecular general

acid catalysed hydrolysis in acetals, where the site.of
hydrolysis is structurally identical to that of glycosides,
would substantiate the theory, and it is interesting to
note that the p factor obtained from the pivalic acid
catalysed hydrolysis (pICa = pH =5.05) of benzaldehyde
substituted-phenyl acetals, 1.25, is almost identical to
that obtained from the lysozyme-catalysed hydrolysis of
substituted-phenolic glycosides,p _1 .23» although this
latter value might have been derived from values
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which are composites of several rate and equilibrium 
constants (see introduction)•

Graph 3 indicates substantially positive deviations, 
from the Hamnett Ij#P.S*R. of substituted (meta)-benzaldehyde 
phenyl methyl acetals, of the para-substituted (electron 
donating) homologues although, the residuals of obs, and
kT T calc, for the p-methyl compound are comparable with the
iiii “

residuals for the other four compounds. Excellent correla­
tions are obtained for both meta- and para- substituted 
compounds when the data is fitted to a Yukawa-Tsuno L.R.S.R. 

when r - 0.5:
log k/k0 _ p[a+r(o+-a)] .... ...(11)
wheie r = 0.5 .

although increasingly negative P values with decreasing acid 
basicity are still observed, Tables 142 to 146, Graph 10.
The magnitude of the p value obtained from the hydronium 
ion. catalysed hydrolysis, p =-1.9 implementing equation (11) 
Graph 11, would indicate that electronic effects are more 
important in the weak-acid catalysed hydrolysis, where 
P ss -2o04 to -.34, suggesting again a more facile proton 
transfer reaction and reduced importance ox 0-0 bond fission
in, the E.D.S. of the hydronium ion catalysed reaction, here 
the bensaldehyde-moiety substituents affecting more the
acetal basicity than incipient carbonium ion stability in 
the hydrolysis of mixed acetals, it would be expected that
the hydronium ion catalysed reaction would exnibit a greater



negative p value, as those observed in the specific acid 
catalysed hydrolysis of benzaldehyde diethyl acetals 
whereP = -3.35 (see Table 2 introduction).

Although the P value for the acetic acid catalysed 
hydrolysis of substituted-benzaldehyde di -^butyl acetals(VH3 
was found to be -2.0, and is comparable to the corresponding 
value of -2.3 for the substituted-benzaldehyde phenyl methyl 
acetals, the hydronium ion catalysed hydrolysis of series 
('VII) was found to be more dependent on electronic require­
ments (p^ q+=t —4.0)> also the catalytic coefficient was

3 - ~ 3observed to lie on, or very near, the 3r/nsted correlation
line obtained from weak general acids. If the observations
mentioned in section 5 could be applied here, i.e. the less
negative deviations of the ig, point from the Brdnstedxi'zO 'Pslope v/as indicative of a greater carbonium ion stability 
and/or better leaving group ability, it would indicate that 
^butanol v/as a better leaving group than, phenol, which is 
extremely unlikely, and the hydronium ion catalysed hydrolysis, 
whose P value is similar to that of benzaldehyde diethyl 
acetal, ° might then, be regarded as undergoing an A-l 
mechanism withC-0 bond fission only in the R.D.S.

The intermediacy of the substituent constants cr and a*
r qobserved by Rife and Jao ° for the acid catalysed hydrolysis 

of substituted-benzaldehyde diethyl acetals was interpreted 
by these authors as indicating a transition state resembl­
ing more the conjugate acid than the substrate, and by
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Cordes as being fully consistent with rate determining

59carbonium ion formation. Although the R.D.S. in an 
i\-Sg2 mechanism does involve carbonium ion foimation, it 
also involves proton transfer, and the a values reported

f
in Tables I34 &'ad I35 indicate a varying range of "product-
like” transition states. It seems, therefore, that the
interpretation of the intermediacy of a and a+ is best

129given, by Capon, Perkins and Rees who suggested that the 
observed rate constants were composite values of the equili­
brium constant for protonation, represented by a, ana the 
rate constant for heterolysis, represented by cr+ .

Hammett plots which product "concave-upward" curves, 
and are thought to be indicative of mechanistic or transition
state change, have been reported although invariably for

155nucleophilic substitution reactions. The dependence of
the degree of "non-linearity" in such a reaction has been

162shown by Puchs and ITisbet to be strongly influenced by 
the solvent polarity, and the measurement of enthalpies of 
transfer of transition state from one solvent to another 
has been suggested to be an experimental measure of transition 
state structure.1*^ Therefore an application of these 
observations might be of interest regarding the substituent 
effects in mixed aryl alkyl acetals*

Schreclc^^ concluded from his review of non-linear 
Hammett riots that deviations from a straight line appear
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more striking when the line is flat (Pis small) than when 
the line is steep (p is large) and that small deviations 
from the latter may not he taken too seriously whereas 
those observed from flat curves might he interpreted as 
evidence for a maximum, minimum, or curvature in. the plot. 
Although there is undoubtedly some truth in this statement, 
Table C would indicate that whether p is large or small, 
constancy in deviations might be equally significant,,
7, Solvent Isotope Effects.

The krr r\ /Ik ^ solvent isotope effects referred to’ 
in. this discussion are those obtained from k0-jjS values at 
0.001 K HC1 and 3)01, and not those obtained from the slopes 
of k0’DS versus [IIC1] or [D01] for reasons mentioned in 
section 3.

Solvent isotope effects (S.I.E) for acetal hydrolysis
reactions involving pre-equilibrium proton transfer have

. 59been found to fall into the range k^/ly 0.3 to 0.5, 
where the two to three fold rate increases in 3̂ .0 compared 
to HgO are taken to be representative of a unimolecular 
A-l reaction in accord'with the theoretical.prediction.
The difference in overall rate is postulated to occur 
because the equilibrium constant of the conjugate acid is 
some two to three times higher in 1)̂ 0 than in H^O at a 
given acidity since the deuterated substrate in D^O is
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generally a weaker acid than the protonated substrate in 

1,59,72
h 20.

Although pre-equilibrium proton transfer reactions 
(A-l and A-2) have faster rates in E^O than H^O it does 
not follow that reactions with proton transfer occurring in 
the rate limiting step should show S.I.E. in the normal 
direction. The most commonly and accepted reason for 
the occurrence of small or inverse isotope effects has 
been reckoned to be the maintenance of zero-point energy 
because of the transferring proton being bonded to either 
product or reactant and not undergoing translation at the

ihighest energy point, i.e. transition state. The classi­
fication of general acid catalysed hydrolysis of acetals in 
this category is exemplified in Table I) which shows both 
small and inverse S.I.Es. observed from reactions believed 
to involve proton transfer in the rate limiting step. The
values for ortho ester hydrolysis also show inverse values;

i , qqELO /IhO — 0.4 to 0.5* Pnereas all the hydrolysis 3 3 ~
reactions in Table D are postulated to proceed via an A-S-g2
mechanism, when proton transfer only becomes the rate limit—

, , . , 105,153ing step the S,I.E.is usually mucn higxier.
rj /“

Fife and Jao observed an increase in k{ri^0+)/k(D^0+)
with increasing electron-withdrawing power of the substituent 
in the series 2- (pa ra -subs t i fa ted plienoxy )-tetrahydropyran,
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viz: 2-1-e0(0.35); P-:ie(0.40); E(0.42); 2~cl(°«50);
Er’-TOg (0,75), and concluded that the increasing S.I.E. 
reflected the extent of proton transfer in the transition 
state being almost complete with the p-I.-eO compound, and 
steadily decreasing until, with the £-"TO2 compound, reduced 
acetal basicity brought about by increased leaving group 
ability made protonation more difficult and 'facilitated C-0 
bond cleavage, scuh that proton, transfer and bond breaking 
were concerted (fig 19 introduction). The S.I.Es. observed 
in the hydronium ion catalysed hydrolysis of benzaldehyde 
substituted—phenyl methyl acetals, Table 133, are similar 
in. trend with those found above, increasing from. 0.62 for 
the 2-IIeO compound to 1.10 for the m-170p compound, but whereas 
the values obtained by fife and Jao, with the exception of 
the p-nitrophenyl homologue, were all in the accepted region 
for an A-l mechanism, and were indeed found to be described 
by such a mechanism, the values for the substituted—phenyl 
mixed acetals and p-nitrophenyl tetrahydropyran are all

•h. **

greater than 0.6 and are described by a concerted A-S«2oil

mechanism. Also the S.I.Es. reported in Table I33 corroborate 
with the■a values reported in Table 134 in indicating a 
reduced relative degree of proton transfer, or “product-like"

transition state, along the series; p-ITe O ( = 0.62)51J

£-he(0.65); 11(0.69); m-f(0.37); and m-'T0o(1.10), and would
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also indicate tiiat there was no mechanistic change involved 
within the series, as might have been suggested from the 
non-linearity of the ilammett Plots, section 6*

•f* -f-In agreement with the above results, the k(EU0 )/k(E^0 ) 
S.I.Ss. for the hydrolysis of substituted-benzaldehyde phenyl 
methyl acetals, Table 139, are all greater than 0.6 and 
increase as the relative amount of proton transfer in the 
transition state decreases along the series; m-f(0.66); • 
H(0.69); £-Me(approxo 0.97); n-IIe0(0.33), in accord not 
only with the observed values reported in Table I35 but 
also with the secondary kinetic isotope effects observed by 
Cordes et al for the acid catalysed hydrolysis of substituted- 
benzaldehyde diethyl acetals (ref. 113, 140 and section 5).

The values of k0 (AcOE)/k0(AcOE) shown in Tables 133 and 
139 do not agree well with the corresponding k(ECl)/k(E01) 
values, with their numerical significance open to speculation 
and only their overall magnitude indicating the possibility 
of them belonging to a mechanism involving proton transfer 
in. the rate limiting step. Similarly the values of 
k(AcOH)/k(AcOE) would appear to be somewhat inconsistent, 
although it might be tentatively suggested that the values 
reach a maximum with p-nethylbenzaidehyde and m-methoxy- 
phenyl acetals if the irregularities of the other values 
were construed as arising from experimental error. This 
maximum should only be reached when:
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APK = pIC (HA) - pK (BE)
= 0 (approximately)

in. the reactions •'
HA + B — > HB +A (charges omitted)

where the transferring proton is equidistant from. A and 3. 
t ^A ......... H ........ 3 (see introduction.)

Although this would not be the case in the ground states, 
it might be considered applicable to the transition states, 
where the relative amount of proton transfer to the sub­
strates in question,, n-methylbenzaldehyde and m-inethoxy- 
phenyl acetals, may be considered similan with respect to 
their observed a values which are 0.692 and 0.708 respectively, 
with a combined standard deviation of 0.134* If the de­
gree of C-0 bond fission, were that much more advanced in 
the transition state of n-methy1-benza1dehyde than in m- 
methoxyphenyl, which is conceivable considering the high 
degree of stabilisation, of the incipient carbonium ion 
brought about by the n-methyl substituent, then, the basi­
cities of the developing phenolic leaving groups might be 
equal at some point along their reaction co-ordinates where 
they approximate the basicity of tne developing conjugate 
base of the catalysing acid (see section 6 and mechanism 2)

It is appreciated that this is rather far reaching 
speculation ba.sed on. somewhat irregular values but is possibly 
supported by the following observations; (i) that the
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observed a values were thought to be about 0.1 unit too 
high;, i.e. greater than the order of bond being foimed (Z) 
between proton and acetal, therefore bringing the values 
nearer the theoretical values of 0.5 which is considered 
indicative of a symmetrical transition, state. (ii) that 
maximum isotope effects have been observed from a pK ^ 0, 
although near it (see introduction and ref 121), and (iii) 
that it has been forwarded that the concept of a symmetrical 
transition state involving the rupture and formation of 
two different bonds becomes somewhat elusive and therefore 
a = 0.5 may not, in fact,- characterise the transition state
for proton transfer between two bases of equal strength.

153 105This latter was postulated by G-old and yateman 9

who found the S.I.S. corresponding to a=0.62 much greater
than that found when a = 0.5 in the general acid catalysed
hydrolysis of fceten acetals.

124Dixon and Druice, amongst others, concluded that, 
if their results were not fortuitous, then transition state 
symmetry is dependent on. ground state basicities, although 
criticism has been levelled at their experimental evidence 
to support their claimed maximum S.I.S. and at the insensi­
tivity of kH /kp to the symmetry of the transition state 
in general (see introduction and ref.121)
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It would be extremely?' interesting, therefore, to study , 

the general acid catalysed hydrolysis of benzaldehyde methyl 
acetyl acylal (I). The relatively small deviation of (I) 
from the slope in Graph 13 might indicate that the reaction 
mechanism is difference from that observed with the mixed 
aryl alkyl acetals. If this were the case the high S.I.Es. 
k(AcOH)/k(AcOD) = 3*04 and k (AcOE)/k(AcOD) = 2.59 would 
indicate a rate determining proton transfer mechanism, how­
ever if the mechanism is constant, these S.I.Es. might be 
indicative of a maximum ?/here ground state basicities are 
equalo
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RESULTS

The following parameters may be assumed constant 
throughout the following results section unless other­
wise stated.

oTemperature = 25 C Ionic Strength =0.050
Absorbance change during hydrolysis measured between 

0.D.=0.1 to O.D. =■ 0.9 
pH values of the buffer series were strictly monitored 

and the maximum allowed deviation was 0.02pH units. 
The hydrolysis of the compounds was followed by 

measuring the release of the aldehydic product at the 
appropriate wavelength:

Benzaldehyde Substituted-Phenyl Methyl Acetals .. 250mp, 
Substituted - Benzaldehyde Phenyl Methyl Acetals.... 

-N02; 245 mji £ -Me 5 261.5 mji
m -P • 243 mjj, £ -Meo; 278
m -Meo; 255 m \i

The values quoted in. the following tables were 
obtained from the generalised least squares programmes 
described in. the Kinetic Experimental Section. Although 
these values are given to four figures this does not 
reflect the reproducibility of the technique, which 
was usually + 2;', and the last of these figures is there­
fore not significant* ,
Individual pH measurements are shown in Table 107.



TABLE 1

The Chloroacetic Acid Catalysed Hydrolysis of Benz-
aldehydei H~Hitrophenyl Methyl Acetal

[ OlCHgCOQH ]=[01CE2000"]/2;. pH25 OH
•roII

[ah ]m ICobs 102 sec"1 Laic1®2 sec_1
0.025 3.650; 3.622; 3.370 3.789
0.020 3.353; 3.362; 3.365 3o3^6
0.015 3.132; 2.873 2*842
0.010 2.603; 2.582; 2.559 2.518
0.005 2.063; 2.030; 2.035 2.094

^HA
-1 -1 -1 8.474 x 10 M sec 0.85$ error

kint= 1.671 x 10~2 sec 0.49$ error

TABLE 2
The Eormic Acid Catalysed Hydrolysis of Benzaldehyde
m-ITitroplienyl Methyl Acetal

[hCOOh] = [HCOO-]; pB2k = 3.565
[h a] m Kobs lo3 sec_1 Laic1®5 seo_1
0.0225 10.11; 10.19; 10.77 10.59
0.018 9.293; 9.107; 9.640 9.322
0.0135 8.543 8.253
0.008 7.208; 7.530; 7.669 7.185
0.0045 ' 6.125; 5.941 6.312 6.116

= 2.374 x 10-1 M-1 sec-1 1 .07$’ error
k. = m t 5.047 x 10-^ sec ' 0.61$ error
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TABLE 5

The p-Ohloropropionic Acid Catalysed Hydrolysis of 
Benz a lde h.yde" n-N i t r o pFeny 1 He thy 1 AcetaX

[CICHgCHgCOOH] = [ClCHjCHgCOO-]; pH25 = 4.00
[HA]?I Kobs lo3 sec_1 Kcalc 103 sec~'
0.025 IO.56; 9.596; 9.533 9.382
0.020 9.083; 8.954; 8.715 8.727
0.015 7.$73 7.572
0.010 6.165; 6.533; 6.546 6.417
0.005 5.417; 5.202; 5.303 5.262

=2.509 -1 -1 -1x 10 M sec 0.95$ error
4.1075 x 10~^ see-1 0.74$ error

TABLE 4
The Acetic Acid Catalysed Hydrolysis of Benzaldehyde
m-Nitrophenyl Hethyl Acetal

[CH,C00H] = [oh,COO-]; pH25 = 4.675
[h a ]m Kobs !°3 sec_1 Kcalc103 se°-1
0.025 3.374; 3.412; 3.473 3.482
0.020 3.028; 3.123; 2.945 3.O59
0.015 2.757 2.597
0.010 2.214; 2.254; 2.138 2.155
0.005 1.864; 1.695; 1.555 1.712

kjjA =8.349 x 10“2 IT1 sec-1 0.79$ error
x 10”^ sec 0.67$ error



TABLE 5 12 8 .

The Pivalio Acid Catalysed Hydrolysis of Benzaldehyde 
raphe nyl Methyl Acetal

[(oh5)5ccooh] = [ (013)30000“ ];
[HA] I? Kobs 1°3 sec-1

0.025
0.020
0.015
0.010
0.005

2.997; 5.171 
2.721; 2.755; 2.667 
2.311; 2.230; 2.402 
1.978; 2.007; 2.087 
1.747; 1.639; 1.576

kHA = 6,998 x 10~2 M"1 sec"1 
k_. ...if 1.511 x 10-5 sec*“̂

PH25 = 4.91
gcalc 103 sec"1 

5.061 
2.711 
2.561 
2.011 
1.661

0.86$ error 
O.5676 error

TABLE 6
The Deuteroacetic Acid Catalysed Hydrolysis of Benzalde­
hyde n-ITitrophenyl Methyl Acetal

[CH-COOD ] = [CH^COO-]; pD2j = 5.14
Cda]m Kobs 105 sec-1 Kcalc 3-0̂  sec
0.025 4.130; 4.253; 4.091 4.119
0.020 3.513; 3.319 5.484
0.015 2.837;2.892

2.755; 2.890;
2.849

0.010 2.362;
2.153

2.212; 2.129; 2.215
0.005 1.601; 1.572 1.530

kDA =1*269 x 10-1 1—1 -1[j sec x 0.7776 error
kint=9.455 x 10"4 -1sec 1.24/' error



TABLE 7 . 1 2 9 .  
The Hydrochloric Acid Catalysed Hydrolysis of Benzaldehyde
m-ITitrophenyl Hethyl Acetal

pH 25 3.10

[H+] M 2 ~1 ^ohs ^  sec ^calc ®ec
0.001 2.181; 2.156 2.084
0.0008 1.643; 1.674 1.678
0.0006 1.255; 1.170 1.271
0.0004 0.9128; 0.8535 0.8646

0.0002 0.4512; 0.4729
'A

0.4582

= 2.032 x 101 H"1 see-1 0.69$ error
^ n t  5.18 x 10~*

TABLE 8
The Deuterochloric Acid Catalysed Hydrolysis of Benz­
aldehyde m-Hitroph'enyl Methyl Acetal '

pD25 = 3*13
[d+] M Kots 102 sec-1 Kcalc 102 sec"1

0.001 2.006; 1.953 1*985
0.0008 1.593; 1.509 1.555
0.0006 1 .1 76; 1.093 1.126
0.0004 0.6894; 0.7007 0.6973

kpf = 2.145 x 10x M“1 see~l 1.24^ error
^int =-2.6°l x 10“^



TABLE 9 130

The Chloroacetic Acid Catalysed Hydrolysis of Benza,lde~ 
hyde n-Broiaophenyl Hethy I Acetal
[ch2cicooh] = tdCE2C00l / 2; PE25 = 3.10
[ha] M Kobs 102 see"1 Kcalc 1°2 seo_1
0.025 3.955; 3.973 3.938
0.020 3.660; 3.634 3.553
0/015 3.071 3.168
0.010 2.858; 2.533 2.784
0.005 2.444; 2.481 2.399

=7.695 x 10”1 M”1 sec”1 1.29% error
kî -jT 2.014 x 10~2 sec"1 0.64% error

TABLE 10.
The Bonnie Acid Catalysed Hydrolysis of Benzaldehyde
m-Bromophenyl Methyl Acetal

[hcoohJ = [hcooTj p h 25 = 3 .565
[HA ] M Kobs 103 sec-1 Laic 103 sec_1
0,027 9.901; 9.932; 9.754 10.149
0.018 8.392 ; 8.923 8.198
0.009 6.866; 6.058; 5.941 6.247

k™.= 2.163 x lO-1 M-1 sec-1 1.28$ error
Iŝ ĵ y 4.296 x 10“5 sec-^ 1.01$ error



TABLE 11
(The P-Chloropropionic Acid Catalysed Hydrolysis of 
Benzaldehyde rn-Bromophenyl Methyl Acetal.

[cice2ch2cooh] = [C1CE2CH2COO"]; pE 25 = 4.00
[ha] M Kobs 103 sec-1 Kcalc 10? sec-1
0.025 8.433 8.417
0.020 7.472 7,543
0.015 6.701; 6.738 6.670
0.010 5.775 5.797

Is—  = 1.746 x 10-1 M-1 sec 2.46^ error
Lrrt= 4.051 x 10-3 sec-1 1.70^ error

TABES 12
The Acetic Acid Catalysed Hydrolysis of Benzaldehyde 
m-Bromophenyl Methyl Acetal

[OH^COOH] =[CH5C00"]; pH25 =4.675
[HA] M L b s  103 sec-1 Laic x°3 sec
0.025 1.713 l*7'3l
0.020 1.537; 1.464 1.495
0.015 1.220 1.259
0.010 1.0935 3.003 1.023
0.005 0.7530 0.7867
fc.. = 4.722 x 10-2!!-1 sec-1 1.31# error

kint = 5*50T x 10~4 860-1 1*53̂  error
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TABLE 15 . 132

The Pivalic Acid Catalysed Hydrolysis of Benzaldehyde 
m-Bromophenyl Methyl Acetal

[(CH,)C COOH] = [(C'Hj)CCOO-]; pff25 =4.91
[h a ] m Kobs sec"1 ^calc sec
0.025 1.090; 1.140; 10.13 2 1.132
0.020 1.043; 0.9629; 0.9645 0.9878
0.015 0.9160; 0.8823 0.8433
0.010 0.7262; 0.6622 0.6989
0.005 0.6003; 0.5333; 0.5064 0.5544

kRA =2.839 nn-2 „-l -1.x 10 M sec 0.78$ error

kint= 4*°99 x 10~4 sec”1 O'. 63fo error

TABLE 14
The Deuteroacetic Acid Catalysed Hydrolysis of Benzalde'
hyde m-Bromophenyl Hethyl Acetal

[CH-COC®]
[d a ] m

= [ CH^COO]; PD25 = 
^ohs sec

5.14
3 -1. Kcalc 10 sec

0.025 1.687; 1.556 1.589
0.020 1.261; 1.347 1.343
0.015 1.126; 1.027 1.105
0.01Q 1.064; 0.7749 0.8629
0.005 0.5788; 0.6496 0.6207

kBA = 4.346 x 10“  ̂IP1 sec~-*- 0.98?$ error
-4 -15,784 x 10 sec 1.57$ error



TABLE 15 135.
The Chloroacetic Acid Catalysed Hydrolysis of Benzalde­
hyde ra-lluoropheny 1 Llethyl Acetal

[ciCHgCoon] = [oxch2coo“ ]/2 ;
[h a ] m K o*s lo2 sec_1
0.025
0.020
0.015
0.010
0.005

2.981
2.615; 2.64-3 
2.497
2.147; 2.207 
1.816; 1.785

3 ^  = 5.752 x 10"1 M_1 sec-1 

kint=1*552 x 10-2 sec_1

PH25 = 3.10
TTLcalc

-.2 —II 10 sec
2.990
2.702
2.415
2.127
1.839

1 .25$ error 
0.57$ error

TABLE 16
The Formic Acid Catalysed Hydrolysis of Benzaldehyde 
m-ffluorophenyl Methyl Acetal

[HCOOH] = [hC00- ]; pH25 = 3.565
[HA ] M Kobs 1q3 sec_1
0:0225
0.0130
0.0155
0.0090
0.0045

7.844
7.456
6.817; 7.189 
6.626; 6.392 
5.943; 6.368

= 9.439 x 10-2 M-1 sec-1
-3 -1 -5.732 x 10 sec

-1
Kcalo 10 sec 

7.356
7.432
7.007
6.582
6.157

2.97$ error 
0.62$ error



TABLE 17 134 .

The g-Chloropropionic Acid Catalysed Hydrolysis of Benz- 
aldehyde m-Elnorophenyl Methyl Acetal

[c1CH2CH2C00H] = [CLCH2CH2C00-]; PH25 = 4.00
[HA ] M K0’os 10^ sec ^calc 10^ sec. ^
0.030 5.925; 5.768; 5.544 5.835
0.020 5.234; 4.929 5 . 038
0.010 4.352; 4.258; 4.092 4.241

-2 -1 -1% A  = 7*969 x 10 M sec 0.47$ error
— '■3 «*1k̂ n-t “ 3.444 x 10 sec 0.34$ error

TABLE 18
The Acetic Acid Catalysed Hydrolysis of Benzaldehyde 
ra-Bluorophenyl Methyl Acetal

[ch,cooh] = [ch^coo"]; ph25 = 4.675 
[ha] M Kobs 10^ sec"1 Kcalo 1q3 sec
0.040 1.562; 1.629; 1.651 1.553
0.030 1.207;' 1.355; 1.291 1.307
0.015 0.9353; 0.8656 0.9391
0.005 0 .7118; 0.6918; 0.6890 O.6936

=2.455 x lCr2!”1 sec"1 0.475? error
k, t= 5.703 x 10-4 sec 0:34?? error



TABLE 19-------- ' 135.
The Pivalic Acid Catalysed Hydrolysis of Benzaldehyde 
m-fflu orophenyl Hethyl Ac etal
[(0113)3 CCOOH] =[(033)30.000“]; pH'25 = 4.91

[h a ] m ^  .. ̂ 4 —1 ■̂obs -̂0 sec Kcalc 1q4 sec-1
0.025 8.562; 8.533 8.534
0.020 7.554 7.573
0.015 6.563; 6.777 6.563
0.010 5.577; 5.338 5.552

kHA = 2*0^2 x 10“2 K"^ sec-"*" 1.89^ error
kint=3.53° x 10~4 sec 1.9 8?£ error

TABLE 20
The Deuteroacetic Acid Catalysed Hydrolysis of Benzalde
hyde m-Eluorophenyl Methyl Acetal
[CH^COOD] 
[HA] M

= [CH5000‘]; pD25 = 

Ko-bs lo3 sec_1

5.14
Kcalc 1()3 sec

0.025 1.411; 1.430; 1.393 1.409
0.020 1.164; 1.256 1.219
0.015 1.061; 1 .013? 0.9628 1.031
0.010 0.9242; 0.8761; 0.9000 0.8416

0.005 0.6063; 0.6642; 0.6452 0.6525

kHA =3-783 x 10 It’-1' seorl 0.89?$ error
kint= 4.633 1~-4 -1 x 10 sec 0,95£ error



TABLE 21 I36.
The Hydrochloric Acid Catalysed Hydrolysis of Benz­
aldehyde m-Bluorophenyl Methyl Acetal.

pH25 == 3.10
[ H 4! M 2 -1 

K Ol3S 1 0  SeC
2 -1 

Kcalc 10 sec
0.001 2.436; 2.472 2.377
0o0003 1.778; 1.889 1.884
0.'0006 1.394; 1.346 1.391
0.0004 0.9083; 0.8720 0.8973
0.0002 0.4175; 0.3933 0.4047

k s 2.466 x 101 K-1 sec-1 0.85$ error
k. =-3.89 x m t

-4 -110 * sec

TABLE 22
The Deuterochloric Acid Catalysed Hydrolysis of Benzalde^
hyde m-Fluorophenyl Methyl Acetal

pB25 = 3*13

[D+] M ,  ^2 -1 
Kobs 10 sec Kcalc 1C)2 sec“1

0.001 2.805; 2.903 2.873
0.0008 2.133; 2.229 2.191
0.0006 1.495; 1.499 1.509
0.0004 0.33235 0.8435 0.8271
0.0002 0.1432; 0.1433 0.1453
k = 3.409 x 101 M*"1 sec"*1 0.66$ error

-3 -1k in-f“5.365 x 10 sec



TABLE 23 ----1 . 131
The Chloroacetic AcldGatalysed Hydrolysis of Benzalde- 
hyde n~Hethoxy-phenyl Methyl AcetaX ’

[ C1CH2C00H] = [ClCH2CaO"]/2; pH25 = 3.10 
[ HA ] M ^obs ^  sec Kcalc sec
0.025 4.671; 4.509 4.579
0.020 4.167; 4.293 4.276
0.015 3.937; 3.937 3.973
0.010 3.752; 3.647 3.669

-1 ■ -1 -1- 6.062 x 10 M sec 3.09^ error
_2 -1

kint= x 10 sec 1.05^ error

TABLE 24
The Formic Acid Catalysed Hydrolysis of Benzaldehyde 
m-Me thoxyphenyl He thy1 Ac etaX
[HCOOH] = [HCOO] ; PH25 _ 3.565; Electrolyte KOI

2 - 1  _ 2 -1
calc 10 sec[HA] JT Kobs 10 sec

0.025 1.329; 1.332
0.015 1 .252; 1.261
0.010 1.173; 1.189
0.005 1.109; 1.113

=

kint=

1.142
1.065

x 10”1 K"
-i/T2x 10

-1sec
-1sec

1.350
1.236
1.179
1.122

3.19^ error 
0.47^ error



TABLE 25 133,
The Formic Acid Catalysed Hydrolysis'of Benzaldehyde 
m-wethoxyplienyl Ilethyl Ace'taT
[hcooh] = [hooo"]; ph25 = 3.565; Electrolyte Ha HO*
[HA] M 2 -1 ICobs 10 sec 2 -1 

KCalc 10 sec
0.025 1.359,* 1.592 1.576
0.015 1.244; 1.265 1.251
O.OIO 1.215; 1.178 1.183
0.005 1 .124; 1.121 1.126

^HA = ^ * 2^9 x 10-1 M”1 sec*"1 3.29$ error
k±nt ““ 1*063

-2 -2x 10 sec 0.55$ error

TABLE 26
TheFoimic Acid Catalysed Hydrolysis of Benzaldehyde
m-Methoxyphenyl Methyl Acetal
[HCOOH] = [ECOO ];. pH25 = 5.565; Electrolyte HaClO^
[HA] M Kobs 1q2 sec_1 Kealc 102 sec_1
0.025 1.383; 1.392 1.599
0.020 1.558; 1.519 1.538
0.015 1.283; 1.254 1.277
0.010 1.242; 1.219 1.216

0.005 1.105; 1.171 1.155

kHA = 1.220
-1 -1 -1x 10 M sec 2.48$ error

k. , = 1.094 x 10~2 sec-1 m t 0.42$ error



TABLE 27

The B -C h lo ro  p r o p io n ic  A c id  C a ta ly sed H y d ro ly s is  o f
Benza ldehyde m -IIe th o x y -p h e n y l L ie t l iy l  A cetad

[cich2ch2cooh ] = [ C1CH2CH2C00“ ] 5 ph25 = 4.00 
[HA] H KQbg 103 see-1 Kcalc 103 sec-1

0.025 6.1X0; 6.015 6.097
0.020 5.546; 5.766 5.806
0.015. 5.494; 5.619 5.515
0.020 5.407; 5.360 5.224
0.005 4.733; 4.864 4.932

-2 -1 -1k = 5.822 x 10 H see 3*15^ errorJtLi1 M-3 -1kjLnt= 4.641 x 10 sec 0.535$S error

TABLE 28
The Acetic Acid Catalysed Hydrolysis of Benzaldehyde 
m-Methoxyphenylllethyl Acet'al
[CI^COOE ] = [CH^COO" ]. pH25 = 4.675
feA] M KQhs 103 sec"1 Kcalc ^  sec"1

0.025 1.596; 1.574 1.591
0.020 1.431; 1.479 1.463
0.015 1.336; 1.350 1.335
0.010 1 .217; 1.214 1.208
0.005 1.052; 1.137 1.079
l£jj. = 2.554 x 10-2 II-1 sec 1.19^ error
k i n t  = 9 .5 2 2  x  lO - ^  seo- l  0 .4 1 ' e r r o r

139 .



gABSE 29 140
The Pivalic Acid Catalysed Hydrolysis of Benzaldehyde 
m-Me frhoxy phenyl Methyl Xc e tal7

[(CH3 )3C COOH] = [(0H5)CC0CT]; pH25 = 4.91
[HA] M L b s  se0 Laic Sec
0.025 9.645; 9.728 9.712
0.020 9.074; 8.69 2 8.865
0.015 7.838; 7.834 8.018
0.010 7.393; 7.136 7.170
0.005 6.249; 6.315 6.323

11, = 1.695 x 10-2 M-1 sec-1 i.45?f error
■̂int= 5*476 x 10 ^ sec ^ O.64$ error

TABLE 50
The Beuoeroacetic Acid Catalysed Hydrolysis of Benzalde- 
hyde m-I!e'bhoxyphenyl Methyl Acetal
[CH^COOB] = [CH^COCf] • pl>25 = 5.14

[HA] M Kobs 104 sec"1 Koalc 104 sec-1

0.025 8.035; 8.221 8.145
0.020 7.362 7.493
0.015 6.925; 6.922 6.842
0.010 6.337; 5.983 6.190
0.005 5.625; 5.203 5.538

kjjA. = 1.303 x 10~2 M"1 sec 1 .98<£ error
k =4.837 x 10“4 sec 0.76$' errorint



^abib 31 Uli
The Cliloroacetic Acid 'Catalysed Hydrolysis of Beazalde- 
hyde Phenyl ttetiiyl Acetal

[C1CH2C00H] = [ClCH2COO-]/2; pH25 = 3.10
fcA]M L s  1°2 sec~X Kcalc 1q2 860-1
0.025 4.328; 4.469 4.437
0.020 4.346; 4.244 4.248
0..015 4.044; 4.052 4.059
0.010 3.865; 3.864 3.871

kgA = 3.771 x 10-1 M-1 see 2.65jS error
-2 -1kini-= 3.494 x 10 sec 0.67$ error



142.
TABLE 52

The f fo m ic  A c id  C a ta ly s e d  H y d ro ly s is  o f. B enza ldehyde
P he n y l H e th y1 A c e ta l

[HCOOH ] = [HCOO~]; pH
[HA] M K„i_102 sec-1

25 3.565

OOS
0.045
O.O36
0.027

1.313; 1.317 
1.273; 1.261
1.223; 1.214; 1.213

-2 -1 -1 k^A = 5.535 x 10 M sec
k. = 1.069 x 10“2 see ' m t

Lale 1q2 360-1
1.317
1.267
1.218
3.99$S error 
0.71& error

[HA] H Koba 102 sec"1 Kcalc 1q2 8eo~1

0.027 1.223; 1.214; 1.213
0.018 1.161; I.I63; 1.146
0.009 1.036; 1.032; 1.085
kjjA = 7.453 x 10-2 M-1 sec-1
k. .= 1.019 x 10-2 sec-1 m t

for [HA] = 0.045 to 0.009;
-2 -1 —1 kg£ = 6.610 x 10 M sec
-2 -1k. , = 1.031 x 10 sec. m t

1.219
1.153
1.086
2.30$ error 
0.31$ error

1.42$ error 
0o22$ error



143.
TABLE 53

The 6-C h lo ro p ro p io n ic  A c id  C a ta ly s e d  H y d ro ly s is  o f  Benz­
a ld e h yd e  Phen.yl'' HetHyT^Ace ta l '

[cich2ch2cooh] = [cich2ch2ooo']; ph25 = 4.00

-OOS[HA] M Kobs HO sec1 Kcalc HO3 sec-1
0.030 8.027; 7.791 7.843
0.020 7.341; 7.220; 7.303 7.357
0.010 6.959; 6.872; 6.872 6.870

-2 -1 -1kgA = 4.865 x 10 M sec 3.18$’ error
—3 —1k±nt= 6.334 x 10 J sec 0.49$ error

TABLE 54
The Acetic Acid Catalysed Hydrolysis of Benzaldehyde 
Phenyl Methyl" Acetal
[CH^COOH ] =[0H^C00]; p H ^  = 4.675

[HA] H ICobs 103 sec" W c  1q3 sec~
0.025 1.342; 1.339 1.543
0.020 1.284; 1.309 1.284
0.015 1. 209;; 1.220 . 1.219
0*010 1.143 1.155
0.005 1.092; 1.099 1.090

-2 -1 -1kg^ = 1.290 x 10 M sec 1.85$ error
k. . - 1.026 x 10"“5 sec-1 0.36$ errorm t  “



0.010
0.020
0.030
0.040
0.050

TABLE 35 I 44
The Acetic Acid Catalysed Hydrolysis of Benzaldehyde 
Phenyl Methyl Acetal

[CH3COOH] = [CH^COO]; pH25 = 4.46; Ionic Strength 0
3 - 1  3 - 1[HA] M ^obs 10 sec KCalc 10 SQQ

1.331; 1.352 1.342
1.455; 1.482 1.478
I.63O; 1.638 1.613
1.752;; 1.718 1.748
1.875; 1.378 1.833

kHA = 1.352 x 10~2 if1 sec*"1 1.227$ error
k ^ n ^  1.207 x 1(T5 sec*1 0.37$ error

[HA] M gobs HO3 see"1 Laic seo
0.070 2.147; 2.149 2.I38
0.080 2.259;, 2.243 2.233
0.090 2.232; 2.326; 2.338 2.328
0.100 2.426; 2.473; 2.407 2.422
kgA = 9.-485 X 10“5 M"1 sec-1 3.51# error
k - = 1.474 x 10"5 sec 1.91# errorm x
for [HA] =0.010 to 0.100

-2 -1 -1kHA- = 1.242 x 10 M sec 0.54# error
.= 1.231 x 10"3 sec-1 0.27# error



TABLE 56 x45.
The Pivalic Acid Catalysed Hydrolysis of Benzaldehyde 
Phenyl Methyl Acetal
[(CH3)3C.COOH ] = [(CH3)3C0CT ]; pH'25 = 4.91
[HA] 1 Hobs 1q4 560-1 Kcalc 1q4 sec~X
0.030 8.335; 8.073; 8.589 8.354
0.020 7.439; 7*834; 7.531 7.577
0.010 6.676;; 6.785; 6.949 6.819

-3 -1 -1% A  = 7.573 x 10 M see 2.12§£ error.
kir|t= 6.O63 x 1 0 ^  sec**̂  0.46^ error

TABES 37
The Beuteroacetic Acid Catalysed Hydrolysis of Benzaldehyde 
Phenyl Hethy1 Acetal
[CH^COOD] = [ CH^COO"* ]• pD25 - 5.14
[HA] M K„hs 1q4  s e c ~ L  Kn,l, lp4  S e C ~ X

0.025 7.008; 60864 7.028
0.020 6.544; 6.529 6.525
0.015 6.223; 6.104 6.023
0.010 5.626;

5.267
5.491; 5.608; 5.519

0*005 5.069; 4.955; 4.995 5.017

= *^^5 x 10-2 : see’-1 1.61
4.514 x 10-4 sec"^ 0.55



TABLE 38. 146'
The Hydrochloric Acid Catalysed Hydrolysis of Benzalde­
hyde" Phenyl Hethy1 Acetal

PH2  ̂= 3*̂ -0

CH + 3 S  Kobs lp2 360-1 Kcalc 102 360-1

0.001 4.111; 4.084 3.919
0.0008 2.891; 3.154 3.092
0.0006 2.234 2.267
0.0004 1.402; 1.403 1.441
0.0002 0.6015; 0.6422 0.6155
' k„+ = 4.129 x 101 M"1 sec-1 0.69$
- 'H  _3~ -1k^n^--2.100 x 10 sec

TABLE 39
The Deuterochloric Acid Catalysed Hydrolysis of Benz­
aldehyde Phenyl Methyl Acetal

P-̂ 25 = 3»13
[^] I gobs 102 seo-1 Heaio HO2 sec-1

0.001 5.816; 6.060 ' 6.102
0.0008 4.694; 4.793 4.639
0.0006 3.210; 3.232 3.178
0.0004 1.672 1.715
0.0002 0.2519; 0.2546 0.2532

kj,+= 7.3II x 101 I,!"1 sec"1 0.65^ error
k. =-1.2086 x 10“2 sec-1 m:b
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TABLE 40

The Ohloroacetic Acid ( 2Qh-I>ioxan; 8CKt~ Water; v/v) 
Catalysed "Hydrolysis of Be nzaldehyue Phenyl Me thy 1 Acetal
[C1CH2C00H]= [C1CH2C00_] /2; T=40°C; pH4Q =3.21

[H A ] & Kobs lp2 sec~X Kcalc lp2 sec~X
0.020 4.409 4.376
0.015 4.007; 4.009 4.063
0.010 3.845; 3.751 3.750
0.005 3.414 3.437

kĵ .. _ 6.255 x 10-4 K-4 Sec 2.92?? error
kin;fc= 3.124 x 10 2 sec 0.69?? error

TABIiS 41
The Cliloroacetic Acid (207? - Dioxan; 30$ - Tater; v/v)
Catalysed Hydrolysis of Benzaldehyde hiph.enyl Acetal"̂
[ C1CH2C00H ] =[ClCH2C00- ]/2; T=40°0; pH,0 = 3.21

2 - 1  „ 2 -1[HA] M Kpbs HQ sec Koalc 10 sec
0.025 . 3.161; 3.198
0.020 3.069; 3.086 3.076
0.015 3.012 2.954 .
0.010 2.831; 2.363 2.833
0.005 2.667 2.711 ,

k_, = 2.435 x 10-5 £-1 geo-1 3.97$ error
k. p 2.589 x 10“4 sec-1 O.63?? errorm t
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TABLE 42

The Chloroacetlc Acid Catalysed Hydrolysis of Benzalde­
hyde- p-ITe thy 1-phenyI ! 1 ethyLAc e tal
[Cl CH2C00H] = [ClCH2C00~]/2; pH25_ = 3.21

[ HA] Kohs 1q2 sec’"1 Kpalo 1q2 sec"1
0.025 6.403; 6.435; 6.389 6.389
0.020 6.232; 6.031; 6.085 6.152
0.015 5.934; 5.842; 6.024 5.914
0.010 5.704; 5.670; 5.653 5.676

-1 - 1 - 1% A  = 4.755 x 10 M sec 4.31 $ error
-2 -1k = 5.200 x 10 sec 0.63$ errorm t

TABLE 45
The Bonnie Acid Catalysed Hydrolysis of Benzaldehyde 
p-I!etliylphenyl I.Iethyl. Acetal
[HCOOH] = [HCOO“ ]j pH = 3.565

1 Knhs 1q2 560-1 Kcalc lp2 sec~1
0.025 1 .562; 1.559 1.565
0.020 1 .502; 1.514; 1.469; 

1.477
1.504

0.015 1.447; 1 .462; 1.427 1.444
0.010 1.417 1.384
0.005 1.539; 1 .306; 1.317; 

1.317
I.323

kHA = 1.203 x 10-1 M_1 sec-1 1*99$ error

^Int = 1.263 x 10“2 sec-1 0,28$ error



TABLE 44

The 3 -C h lo ro p ro p io n ic  A c id  C a ta ly s e d  H y d ro ly s is  o f
Benza ldehyde p -H e th y lp h e n y l M e th y l A c e ta l

[C1CH2.CH2C00H]=[C1CH2CH2C00“*]; pH25= 4*00
[HA] M Kobs 1q3 sec"1 * W C 103 sec-1
0.025 9.325; 9.472; 9.523; 9*429

9.394
0.020 9.203; 9.064; 8.862 9.054
0.015 8.591; 8.724; 8.859 8.678 '
0.010 8.263; 8.289; 8.351 8.502
0.005 7.951; 7.965; 7.844; 7.926

7.897

V  = 7 .521 x 10-2 M-1 sec-1 2.16^ error
^int = 7

-3 -1.549 x 10 sec 0.54^ error

TABLE 43
The Acetic Acid catalysed Hydrolysis of Benzaldehyde 
p-riethylphenyl Methyl Ace tal
[ch^cooh] = [ch^cooI; ph25 = 4.675

[HA] M ^obs 10^ sec"'1' ^calc 10̂  sec

0.025 1.520; 1.540; 1.565 1.552
0.020 1.460; 1.424; 1.466 1.465
0.015 1.453; 1.567; 1.592 1*599
0.010 1.509; 1.237 1.555
0o005 1.504; 1.253; 1.245 1.267
^HA = 1.522 x 10*“ M sec 2.12?' error
^ int 1.201 x 10 5 -1 sec 0.58^ error

3-49.



TABLE 4-6

The P iv a l i c  A c id  C a ta lyse d  H y d ro ly s is  o f  B enza ldehyde
p -M e th y lp h e n y i M e th y l A c e ta l

f(CH5)3CCOOHj = [(CH5)3CC00“]; pH25 = 4.91
[HA] M Kobs 104 sec_1 Kcalc lo4
0.025 9.155 9.178
0.020 8.864 8.903
0.01-5 3.797 8.629
0.010 8.530; 8.174 8.354
0.005 8.182; 7.907 8.079

= 5.493 x 10“3 M_1 sec 4.05$ error
kirit = 7.805 x 10“ sec 0.42$ error

TABLE 47
The Deuteroacetic Acid Catalysed of Benzaldehyde 
p-Methylphenyl Methyl Acetal
[ch C00D] = [CH coo]; pD = 5.14 3 3 do

[DA 1 M ' K 10? sec-1 K _ 10^ sec"1— obs calc__________

0.025 1.693; 1.703; 1.718 1.735
0.020 1.658; 1.649; 1.622 1.633
0.015 1.555; 1.533; 1.519 1.532
0.010 1.417; 1.459; 1.479 1.430
0.005 1.309; 1.282; 1.327 1.328

kDA “

2.033 x 10~2 IJT1 sec-1 1.75$ error
k. = m t 1.227 x 10"-’ sec" 0.41$ error
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TABLE 48

The H y d ro c h lo r ic  A c id  C a ta ly s e d  H y d ro ly s is  ox Benza lde
hyde p - I Ie th y lp h e n y l M e th y l A c e ta l ’

PH 25 = 3 • H 
|

o 
| • 1 j

'[ H + ] M K , 10^ see*’*’*' obs K - 102 sec"1 calc

0.001 5.650; 5.539 5.530
0.0008 4.467; 4.350 4.427 '•
0.0006 3.272; 3.237 3.274
0.0004 2.119; 2.134 2.121
0.0002 0.9681; 0.9639 0.9682
kH+= 5.765 1 -I -l x 10 M sec 0.64^ error

h a t " 1 ’346 ia-3 -1x 10  ̂sec

TABLE 49
The Deuterochloric Acid Catalysed Efydrolysis of
Benzaldehyde P-ITe thylphenyl Me thyl Acetal

pX>25=3.13

[B+] M K . „ 102 secODS
2 -1 Kcalc 10 sec

0.001 3.322; 9.005 8.650
0.0008 6.720; 6.734 6.595
0.0006 4.414; 4.512 4.539
0.0004 2.480; 2.373 2.484
0.0002 0.4493; 0.4286 0.4280

< II H • O ro CO x 10^ M--*- sec“4 O.63fo error
—^ —1kin^-1 .62S x 10 see

151.



TABLE 50

The Chloroacetic Acid Catalysed Hydrolysis of Benzalde* 
hyde ~p-?.t ethoxy Phenyl Methyl Ape tal
[CICEpCOOH] = [ciCH?C00“]/2; pH = 3.10

[HA] H 
0.025 
0.020 
0.015 
0.010 
0.005

1 ~*1Kpbs 10 seo
8.903; 9.118 
8.313
7.539; 7.684 
7.103; 7.010
6.391; 6.413

= 1.291 x 10 M sec 
5.752 x 10"2 sec"1

-> ~2 -1 Kcalc 10 sec
8.979
8.334
7^683
7.043
6.398
1.48^ error 
0.39j» error

TA31B 31
gbe Formic Acid Catalysed Hydrolysis of .Benzaldehyde 
P-Hethoxypheayl Methyl Ace fcaT
[H000H] =[HCOO"]; PH25 = 3.565

2 - 1  _ ..2 - 1[h a ] m 
0.0180 
0.0135 
0.0090 
0.0045

Kpbs 10 sec 
2.326; 2.296 
2.253; 2.252 
2.167; 2.197 
2.031; 2.043

kHA = 1*989 x 10"1 »r1sec"1 
1.971 x 10"2 sec"1

Kpalc 10 sec 
2.329 
2.239 
2.149 
2.060 ,
3#35^error 
0.4-1̂  error
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TABLE

The 8-Q h lo ro p ro p io n ic  A c id  C a ta ly s e d  H y d ro ly s is  o f  Benz­
a ld ehyd e  p.-Me tlio xyp h e  n y l  1,1 e th y  I  Ac e t a l

[C1CH2CE2C00H] = [ClCH2CH2COa ]; pH25 = 4.00
[HA] M Kobs 1C)2 sec-1 Kcalo 1q2 seo_1
0.025 2.205; 2.148 2.178
0.020 2.094; 2.144 2.108
0.015 2.088 2.036
0.010 1.9.72; 1.959 1.965
0.005 1.953; 1.843 1.894

% A  = 1 *
-1 -1 -1422 x 10 M sec 2.3 3 error

kint= 1 *823 x 10~^ sec"*'1’ 0.2 7 error

TABLE 55
The Acetic Acid Catalysed Hydrolysis of Benzaldehyde
p-Metlioxyphenyl Methyl Acetal
[CH3C00H ] = [CH5C00“]; PH25 = 4.675; Electrolyte KC1

[HA ] M Kobs 1q3 sec_1 Kcalc 1q3 sec_1

0.025 2.231; 2.192 2.219
0.020 2.154; 2.149 2.137
0.015 2.042; 2.055 2.055
0.010 2.006; 1.931 1.973
0.005 1.911; 1.897 1.890

^HA = .648 x 10-  ̂M ^ see 3.11^ error

kint= .808 x 10-5 gee-1 0.46?o error

15 3 .



TABLE 54

The A c e t ic  A c id  C a ta lyse d  H y d ro ly s is  o f  Benza ldehyde
p -IIe th o x y p h e n y l M e th y l A c e ta l

[CHjCOOH] =[CH5COCT|; pH25 = 4.635; Electrolyte NaNO,
[h a ] m Koha 103 sec-1 Kcalc lo5 seo_1
0.025 2.346; 2.243 2.306
0.020 2.207; 2.209 2.224
0.015 2.161; 2.152 2.143
0.010 2.034; 2.094 2.061
0.005 1.969; 1.968 1.979

%!A ’ = I .630 x 10“2 IT1 sec 3.53/6 error
^int

-3 -11.898 x 10 sec 0.42$ error

TABLE 55
The Acetie Acid Catalysed Hydrolysis of Benzaldehyde 
p~?,tethoxyphenyl Methyl AcetaT"
[ CH^COOIl] = [CH^C00"lpH25 =4.695; Electrolyte NaC104
[HA] H K0bs 103 sec"1 Kcalc 1q3 860-1
0.025 2.307; 2.290 2.310
0.020 2.223 2.226
0.015 2.135; 2.165 2.142
0.010 2.081;’. 2.076 2.059
0.005 1.902; 2.008 1.975
l W  = 1.677 x K r V 0- sec-1 3.08jS error
k ^ .  = 1.891 x lo“3sec 0.385$ error
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TABLE 56

The P iv a l i c  A c id  Cat a ly s e d  H y d ro ly s is  o f  Benzaldehyde
p -H e th o x y p h e n y l I le th y l  A c e ta l

[(CH3)5O.COOH] = [(CH3)3C.OOO~); pH = 4.91
[HA] K 5 -1 Kobs 10 sec Kcalc 103 -1sec
0.025 1.265; 1.254 1.277
0.020 1.219; 1.223 1.215
0.015 1.144; 1.135 1.154
0.010 1.121; 1.092 1.092
0.005 1.046; 1.003 1.031

kHA =
k. = m t

-2 -1 -1 1.229 x 10 M sec
-4 ~9.693 x 10 Sec

1.549*
0.26$

error
error

TABLE 57
The Deuteroacetic Acid Catalysed Hydrolysis of Benzalde­
hyde p-Heth'oxyphen7/l Methyl Acetal

[CH,COOD] = [CH-COO-]; PD25= 5’14 
[ H A  ] M  g nT>g IQ5 s e c " 1  K . a 1 . 1 0 3  s e c " 1

0.025 1.209; 1.224 1.229
0.015 1.147; 1.118 1.121
0.010 1.074; 1.039 1.067
0.005 1.009; 0.9963 1.013

-2 -1 -1 kg* = 1.073 x 10 K sec error
. = 9.594 x 10~4 sec 0.38f, error

15 5 .



TABLE 38 156.

The Hydrochloric Acid Catalysed Hydrolysis of Benzalde- 
hyde p~I [ethoxyphenyl' Methyl Acetal

pH25 = 3*10
[H+] M 2 -1 

Kobs 10 sec
2 -1 

Kcalc 10 sec
0.001 9.090; 7.733 8.511
o;ooo8 7.292; 5.952 6.723
0.0006 4.833; 4.906 4.945
0.0004 3.089; 3.223; 3.619 3.162
0.0002 1.417; 1.468; 1.198 1.379

kH+=
1 -1 -13.914 x 10 M sec 0.61^ error

k. = m t
-5 ~ -1 -4.04 x 10 sec

TABLE 59
The Leuterochloric Acid Catalysed Ilydrolysis of Benzalde-
hyde p-Ilethoxyphenyl Methyl Ac e tal

[D+]M
PDpR = 3.13

1 - 1
Kohs 10 sec W e  10 sec

0.001 1.356; 1.354 1.344
0^0008 1.034; 1.043 1.038
0.0006 0.7407; 0.7256 0.7313
0:0004 0.3874;. 0.4478 0U249
0.0002 0.1210 o:il85

V s
2 -1 -1 1.532 x 10 M sec 0.72$ error
-2-1.879 x 10 sec



TABLE 60
The Chloroacetic Acid Catalysed Hydrolysis of m-Nitro- 
benzaldehyde BhenyriieWl Acetal -------------- ----
[ Cl CH2COOE]=[ClCH2COO“ ]/2; pH25 = 3.10

[HA] M Kol3S 105 sec 1 Kcalo 105 sec-1

0.025 1.919 1.952; 1.885 1.919
0.020 1.810 1.319 1.821
0.015 1.726 1.747 1.725
0.010 1.621 1.659 1.624
0.005 1.492 1.515; 1.542; 1.475 

-2 -1 -1
1.526

=1.968 x 10 M sec 2.57^ error
k. ,=1.428 x 10~*̂  sec*”1 in,!- 0.59io error

TABItE 61
The Formic Acid Catalysed Hydrolysis of m-Hitro- 
benzaldehyde Phenyl- llethyl Acetal

[HCOOH] = [HOOO-]; PH25 = "3*565

[HA] M 4 -1
Kobs ^ec

0.027 4.504; 4.464; 4.464
0.018 4.556; 4.575
0.009 4.222; 4.210

-•3 -1 -1k = 1.476 x 10 M secHA
^ i n f  4 .0 6 8  x  10” ^ sec” '1'

Kcalc ^  sec 
4.467 
4.554 
4.201

4.76$ error 

Omllfo error
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TABLE 62

The P -C h lo ro p ro p io n ic  Acicl C a ta ly s e d  H y d ro ly s is  o f
m -N itro b e n z a X d ih y d e  P heny l M e thy l' A c e ta l' '

[c1CH2CH2C00H] = [C1CH2CH2C00“]; pH2- = 4.00
r n 4 4 —1[HA] M Kobs 10 sec ICcaic 10 sec
0.025 2.007; 1.850 1.927
0.020 1.907; 1.879 1.872
0.015 1.752 1.817
0.010 1.791 1.762*

-3 -l -1 ’= 1.105 x 10 H sec 7.47^ error
—4 —11.651 x 10 sec 0.95^ error

TABLE 65
The Acetic Acid Catalysed H:fdrolysis of m-Bitrobenz- 
aldehyde Piienyl 1,1 ethyl Acetal
[CH,C00H] = [CH-zCOO-]; pH25 = 4.675

5 - 1  5 -1[HA] H Kobs 10 sec Kcalc 10 sec
0.025 4.556; 4.274 4.396
0.020 4.298; 4.269 4:263
0;015 4.087; 4.112 4:130
0.010 3.942; 3.939 3.997
0.005 3.930 3.865

-4 -1 -1 k =2.656 x 10 II sec 4.09?? error
nA -5 “ -1k̂ n£3.732 x IQ" sec 0.49?? error
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TABLE 64
The Pivalic Acid Catalysed Hydrolysis of m-Nitrobenz- 
al'delaycie Phenyl' HethyiAeelal
[ (CH'j) jC.COOH] = [(CE^C.COO"]; pE25 = 4-.91 
faA] M K obs IQ5 Bee"1 gCalc lp5 560-1

0.025 
0.020 
0.015 
0.010 
'0.005

2.281; 2.254 2.261
2.237; 2.215 2.225
2.179; 2.175 2.183
2.144 2.151
2.127 2.114

-5 -1 -1 .387 x 10 M sec 5.00$ error
.077 x -5 - -1 10 sec 0.88^ error

TABLE 65
The Beuterpacetic Acid Catalysed Hydrolysis of m-Nitro- 
phenyl Methyl Apetal
[ch,C00D] = [ CE^OOO-]; pD25 = 5.14 

M  M. Kobs X°5 sec_1 Kcalc105 sec_1

0.025
0.020
0.015
0.010
0.005

4.504; 4.559 4.299
4.115; 4.151 4.174
4.085 4.049
5.866; 5.926 5.923
3.856; 5.799 5.798
:.504 x -4 -1 -110 K sec 5.57/3 error

-5 -1 .673 x 10 sec 0.72fo error
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TABLE 66
The Hydrochloric Acid Catalysed Hydrol~/sis of m~I:Titro- 
oenzaldehycle Phenyl he thy 1 ace tal

[H+ ] K K 105 sec-1obs

0.001 1.413; 1.433

TABIiE 67
The Cliloroacetic Acid Catalysed Hydrolysis of m-Fluoro-
benzaldeaycie Phenyl "ethyl Acetal

[C1CH COOH] = [CICH^COO- ] /2; p H ^  = 3.10

[HA 1 & Lbs 1C)2 BeC_1 Laic 1C)2 Se° 1
0.024 10.65; 11.14; 10.76 10.87
0.020 10.00; 9.351 10.14
0.015 9.432; 10.07 9.415
0.010 8.827; 3.912 8.635
0.005 7.734; 7.332 7.957

k; 7.229 x 10 sec m t

“1 if1 sec-1

sec 0.59/3 error

k = 1.456 x 10-1 H-1 sec-1 1.51# error
HA



TABIiE 68
The Formic Acid Catalysed Hydrolysis of m-Fluoro-
“benzaldehyde Phenyl Methyl AcYtal
[h c o o e] = [hcoo-]; PH25 = 3.565
[h a ] m K , 103 sec-1 obs K 103calc

0.0225 2.605; 2.662; 2.633; 
2.669

2.641

0.0180 2.491; 2.576 2.552
0.0135 2.540; 2.472; 2.469 2.462
0.0090 2.36I; 2.3II; 2.373 2.372
0.0045 2.254; 2.349 2.282

kĝ .- ~ 1.994 x 10*“̂  M 1 sec
-■3 -1k . = 2*193 x 10 sec m t

TABLE 69
The g-Ohlorocropionic Acid Catalysed Hydrolysis of 
m~Eluoro0enzaldeliyde Phenyl Methyl AcetajT

[C1CH2CH2COOH]=[C1CH2OH2COO“]; p % 5 = 4.00

[HA] 11 KobS 103 sec~X Kcalc 103 860-1

0.020 1.241; 1.203 1.212
0.015 1.145; 1.173 I.I63
0.010 1.129; 1.116 1^114
0.005 1.057; 1.061 li.065

kHA= 9,816 x 10~5 If1 sec_1 4.491? error
kj^l.016 x 10-3 sec 0.54?? error

161.
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TABLE 70
The Acetic Acid Catalysed I-Iydrolysis of m-Eluorobenzalfle- 
hyde Phenyl Hethy1 Acetal

[c h^COOH] =[c h5COO“]; pH25= 4.675 

M  I gobs 1q4 860-1 Kcalc 104 sec~X

0.025 2.617; 2.589 2.614
0.020 2.546 2.504
0.015 2.23S 2.395
0.010 2.343; 2^167 2.286
0.005 2.185; 2.196 2.177

lCj,=2.185 x ICT^h -1 sec-1 4.24?? error
ki ^2.067 x 10-A sec 0.79?? error

TAHOE 71
The Pivalic Aoid Catalysed Hydrolysis of m-Eluorobenzalde. 
hyde Phenyl Methyl Acetal
[(c e^),c .cooh] = [(c h5)5c .coo-]} pH25 = 4.91

[HA] i Kohs 104 860-1 Koalc 104 sec~X
0.025 1 • 609; 1.479 1.537
0.020 1.445 1.459
0.015 1.369 1.381
0.010 1.286; 1.409; 1.283 1.303
0.005 1.235 1.224

k =1.563 x 10-3 M-1 sec 2.45;? errorHA ~ ,
k =1.146 x 10 sec" 0.66$ errorint



TABLE 72
The Hydrochloric Acid Catalysed Hydrolysis of ni-EIuoro-
benzaldehyde'^Phenyl Liethyl Acetal j

P^25 — 3*10
[H+] » Kobs 10^ sec~1 Kcalc 1q3 560-1

.001 3.676; 9.159 9.182

.0003 7.649; 6,853 7.219

.0006 6.067; 5.341 5.256

.0004 3.209; 3.225 3.293

.0002 1.522; 1.199; 1.272 1.330
k„+ = 9.315 x 10° M-1 sec 0.63?? error

-4~ -1k. , = -6.33 x 10 sec inrfc

TABhE 73 .
The Beu'beroohloric Acid Catalysed Hydrolysis of m-Pluoro- 
benzaldehyde Phenyl "ethyl Acetal

pH25 = 3.13

y +] B Kohs 1q2 360-1 Kcalc 10? sec_1

0.001 1.329; 1.370 1.397
0.0008 1.030; 1.115 1.083
0.0006 0.7826; 0.3395 0.7693
0.0004 0.4230; 0.4485 0.4564
0.0002 0.1499; 0.1376 0.1429

k n+ = 1.567 x 10 K. sec 0.63# error'D
-3 -1k. = -1.706 x 10 sec int

I63.



TABLE 74 164.

The Chloroacetic Acid Catalysed Hydrolysis of n-Hethoxy- 
benzaldehyde Phenyl Methyl Acetal

[CH3C00H]= [CH5COO-]/2; pH25 = 3.10
[HA] II K , 10? sec-1 102 sec-1L J —  ods calc
0.025 3.629; 3.537 3.584
0.020 3.398; 3.405 3.434
0.015 3.358; 3.342 5.284
0.010 3.106; 3.130 5.154

= 2.999 x 10"1 IT1 sec 3.63# error

kint~
-2 -12.834 x 10 sec 0.64# error

TABLE 75
The Poraic Acid Catalysed Hz^drolysis of m-Methoxybenz-
aldeh.yde Phenyl ITethyl Acetal

[h c o o h ] = [HCOO-] ; pH25 = 3.565; Electrolyte KC1
[h a ] m K , 10? sec-1obs K . 10* sec”1 calc
0.025 10.01; 10.02 10.06
0.020 9,463; 9.832 9.629
0.015 9.302; 9.101 9.195
0.010 8.917; 8.715 8.760
0.005 8.271; 8.400 8.326

kHA = 8.655 x i c f 2 IT1 sec-1 1.95# error
— ^  —1kint= 7#892 x 10 sec 0.35# error



TABLE 76
The Formic Acid Catalysed Hydrolysis of m~Methoxybenz~ 
aldehyde Phenyl ITethyl Acetal
[hCOOH] =.[hCOO-]; pH25 = 3.565; Electrolyte I\FaJJ03

W  Kobs lp3 sec~X Kcalc lp3 sec"1
0.025 10.02; 10.03 10.26
0.020 10.01; 9.951 91347
0.015 9.576; 9.309 9.435
0.010 9.206 9.018
0.005 8.166 8.603

-2 -1 -1k _ 8.295 x 10 M sec 2.97# error
HA

Unt
-3 -Ik. , = 8.189 x 10 sec 0.52# error

TABLE 77
The Formic Acid Catalysed Hydrolysis of ei-Heth oxybenz• 
aldehyde Phenyl liethyl Acetal
[HCOOH] = [HC00““]; pH25 = 3«565; Electrolyte HaC104.
[HA] M KQbs 103 sec"1 Hcalc X°3 sec~X

0.025 10.11; 10.23 10.38
0.020 10.02; 9.907 9.930
0.015 9.374; 9.594 9.484
0.010 9.289; 9.409 9.037
0.005 8.274; 8.294 8.591

k = 8.928 x 10-2 H""1 see-1 I.9O35S error
k. t = 8.144 x 10-^ sec 0.36f? error



TABLE 78
The P-Ohlorooropionlc Acid Catalysed Hydrolysis of 
m-l!ethoxybenzaldehyde Phenyl I! ethyl Acetal
tClCH2.CH2.C00E] = [C1CH2.CH2. COO-]; pH25 = 4.00
[HA] K ICQb3 103 sec"1 ^calc lp3 se(:rl
0.025 4.452; 4.432 4.477
0.020 4.263; 4.29 5 4.294
0*015 4.005; 4.171 4.111
0*010 5.999; 3.921 3.927
0.005 3.703; 3.713 3.744

= 3.667 x 10~2 If*1 sec-1 2.73^ error
fc. r  3.561 x 10-5 see"*1 O'. 46^ errorm t  7

TABLE 79
The Acetic Acid Catalysed Hydrolysis of m-Hethoxy- 
Fenzaldehyde Phenyl 1.1 ethyl Acetal
[CH5C00H]= [CH^COO-]. P“25 = 4o675 

[HA] M ICobs 104 sec-1 Kcalc 104 sec"1
0.025 IO.2I5 10.04 10.01
0.020 9.496; 9.560 9.528
0.015 8.747; 9.156 9 .046.
0.010 8.330; 8.564
0.005 8.153; 8.045 8.082

11 9.638 x 10-5 sec“*̂- 2.16$6 error
k = int 7.600 x 10~4 sec-1 0.38^ error

166.
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TABLE 79(a)
The Deuteroaoetic Acid Catalysed Hydrolysis of m-Hethoxy- 
benzalaehycle Phenyl i-letiiTx Acetal

[CH coos] = [ch coo- ];  p h 25 = 5 . 1 4

^  B- Kobs 104 see-1 K ^ Q IQ4 sec"1

0.025 5.469; 5.291 5.363

0.020 5.011; 4.923 4.934

0.015 4.383; 4 .494  4.501

= 3.667 x 10“5 M-1 sec*"1 5.29^ error
-4 ~1 ,k = 3.201 x 10 sec 2.93^ errorint



TABES 30 163»

The Blvalic Acid Catalysed Hydrolysis of nt-Methoxy- 
benza 1 deliy tie Phenyl Methyl Acetal

[(CH5)5C.C00H] = [(OH3)3C.OOO-]; pH = 4.91
fHA] M. Ko^s x°4 a e c ~ ' L  *Wln l p 4  s e c ~ X

0.025 5.734; 5.492 5.501
0.020 5.359; 5.009 5.138
0.015 4.461; 4.710 4.775
0.010 4.183; 4.508 4.412
0.005 4.263 4.049

= 7.259 x 10-5 jj-1 se0-1 1.985$ error
-4 -1^inir x 10 sec 0.62^ error

TABES 81
The Chloroaeetic Acid Catalysed Hydrolysis of p-Hethyl- 
benzaldeE.yde Phenyl Methyl Acetal

[ClCH2C00H]=[ClCH2C00-]/2; pH25 = 3.10
-1 _ 1 -11̂1—1

&1 _1 Eobs 10 sec Kcalc 10 seo
0.025 1.346 1.324
0.020 1.178; 1.204; 1.220 1.218
0.015 1.172; 1.162; 1.051 1.111
0.010 1.009; 1.009 1.004
0.005 0.9121; 0.9696 ; 0.7559; 

0.8947
0.8979

V  =
k. = m t

2.1 3 1 x 10° VT see”* 
7.914 x 10~^ see ^

1.79$ error 
0,64/6 error



TABLE 82

The Foimic Acid Catalysed Hydrolysis of p-Methylbenz-
aldehyde~The iiy 1 Lie thy 1 Acetal
[HOOOH] = [HCOO~ ] ; pH25 = 3.565

[HA] M 
0.025 
0.020 
0.0-15 
0.010 
0.005

kHA

Kcbs 102 sec-1 K . 102 sec-1calc
4.902; 3.826 4.278
3.798; 4.506; 4.149 4.096
4.171; 3.496 3.914
3.779; 3.595 3.732
3.832; 3.442 3.549

-1 -1 -1644 x 10 M sec 3.98fo error
-2367 x 10 sec 0.60^ error

TABLE 85
The 3-Chloropropionic Acid Catalysed Hydrolysis of p- 
Methylbenzaldehyde Phenyl IJethyl Aceta.1
[cioh2oh2cooh] = [C1CH2CH2C00-] . PH25= 4.00

[HA ] M Kobs 102sec-1 Ecalc 1q2 sec_1

0.025
0.020

5 .200; 5.141
2.912; 2.965; 5.005; 
5.147

0.015 . 2.851
0.010 2.819
0.005 2.729; 2.644; 2.641

kgA = 2.551 x lO"1 h"1 sec

wint"
—2 -1 k. .= 2.549 x 10 sec

5.137
3.019

2.902
2.784
2.666
3.69^ error 
0.54fo error

169.



TABLE 84

The A c e t ic  A c id  C a ta lyse d  H y d ro ly s is  o f  p -H e th y lb e n z -
a ld e hyd e  P h e n y lH e th y l A c e ta l

[CH5COOH]=[CH3COO“j; pH25 = 4.675
[HA] M K , 105 sec-1 K „ 105 sec-1~ oos calc

0.025 3.420; 3.951 3.839
0.020 3.216; 3.345 3.293
0.015 2.535; 3.051 2.747
0.010 2.166; 2.173 2.201

-1 -1 -1= 1.092 x 10 H sec 1.82^ error
-3 -1= 1.109 x 10 sec 2.59^ error

TABLE 85
The Pivalic Acid Catalysed Hydrolysis of p-Methylhenz- 
aldehyae Phenyl Methyl Acetal

[(CH5)5C.COOH]=[(CH5)3C.COO~]. pH25 = 4.91
[HA] H Kpbs 103 sec~X Kcalc x°3 sec
0.025 2.557; 2.533 2.546
0.020 2.321; 2.333 2.322
0.015 2.063; 2.135 2.099
0.010 1.817; 1.815 1.875
0.005 1.661 1.652

It = 4.469 x 10"2 IT1 sec-1 1.345' error

h n t = 1.428  x  10“3 sec-1 0.60^5 e r r o r

170.



TABUS 86 171
The Deuteroacetlc Acid Catalysed Hydrolysis of p-Hethyl-
benzaldehyde Phenyl I!ethyl Acetal
[CH5COOD] = [CH5COO-]; pl^5= 5.14

[DA] K K ^ g  105 sec Kcalc seo
0.025 1.355 1.795
0.020 1.529; 1.697 1.639
0.015 1.423 1.484
0.010 1.404 1.329
0.005 1.178; 1.165 1.173

k =  3 . U 0 x 10-2 if1 sec-1 l.SSfo error
1.018 x 10"3 sec 0.66^ error

TABLE 87
The Hydrochloric Acid Catalysed Hydrolysis of p-Kethyl-
benzaldeliyde Phenyl Methyl Acetal

Ph 25 = 3*10
LS+ L  Xtiba 10-1 sec_1
0.001 1.083; 1.082

TABLE 83 •
The Deaterochloric Acid Catalysed Hydrolysis of p-Methyl-



TABLE 89 172,

The Ciiloroacetlc Acid Catalysed Hydrolysis of -o-Kethoxy- 
bengaldehyde Phenyl Hethyl Acetal

[CH3COOH]=[CH COCT]/2; pH25 = 3.10 

feA'̂ 11 Kobs lo1 860-1 Kcalo 1q1 sec~1
0.025 3.4-73; 3.496 3.486
0.020 3.182 3.193
0.015 2.912 2^901
0.005 2.219; 2.468 2.3I6
k,. = 5.849 x 10° see"“ 3.85?? error
kj^-lF 2.023 x 10"1 sec 1.735& error

TABLE 90
The ffozraic Acid Catalysed Hydrolysis of p~?!ethoxy~ 
benza1dehyde Phenyl Methyl Acetal

[HCOOH] = [HC00-]; PH25= 3.565
[HA ] H KqIjs 10 sec kca.lc sec
0.025 U.74 11.138
0.020 9.821 10.326
0.015 9.016 9.270
0.010 8.460; 8.495 8.214
0.005 7.082; 7.047 7.157

•I “j
kHA = 2°112 x 10 K sec". 1.7755 error
k. = 6.102 x lO"2 sec-1 0.69$5 errorm t



TABLE 91

The g -O h lo ro p ro p io n ic  A c id  C a ta ly s e d  H y d ro ly s is  o f
p -!!e tko ;qy~benza idehyde^g lien7 l  H e tn y l A c e ta l

[C10H2CH2C0OH] = [C1CH2CH2C00“]; pH25 = 4.00 
[HA] M Kobs 102 sec"1 Koalo l O ^ a e c ^
0.025 3.303; 7.847 8.217
0.020' 7.495; 7.766;, 7.463 7.601
0.015 6.797; 7.000 6.984
0.010 6.655; 6.716; 6.414 6.568
0.005 5.981; 5.248 5.751

‘h i -1.232 x 10° M sec 1.56^ error

^int“ ^.135 x 10 sec 0,51/3 error

TABLE 92
The Acetic Acid Catalysed Hydrolysis of p-Methoxy-
benzaldehyde Bhenyl Hethyl Acetal
[CH,OOOH] 

[HA] M
= [CE,C00-]; pHoc = 4.675 

5 2 -1 
Kobs 10 sec

2 -1 
^calc ^  sec

0.025 1.554; 1.583 1.587
0.020 1.420; I.36S; I.639 1.446
0.015 1.349; 1.350; 1.300 I.505
o;oio 1.165; 1.195 1,164
0.005 $.075; 1.050; 0.9403 1.024

^HA = 2.814 x 10-1 t!-1 sec-1 1.07$ error

hn t -
-3 -18.850 x 10 sec 0.46^ error

173 .



TABLE 95

The P iv a l i c  A c id  C a ta lyse d  jfr/’d ro ly s is *  o f. p - I Ie th o x y -
benza ldehyde  P hen y l I.IetIiyl~~A'cetaT

[(OH5)5C.COOa]= [(OIi5)5C.COO_]; PH25 = 4.91
2 -1 

^calc ^  S0C

174 .

[HA] M Kobs 1q2 3ec'ml
0.025 1.185; 1.226
0.020 1.080; 1.081
0.015 O.983I5 0.9554
0.010 0.8392; 0.8693
0.005 0.7196; 0.7430

kHA = 
kint=

2.342 x 10"*1 If1 sec 
6.186 x lo"5 sec~^

TABLE 94

-*1

1.204 
1.037 
0.9699 
0.8528 
0.7357 
1.05# error 
0.48# error

The Deuteroacetic Acid Catalysed Hydrolysis of p-Hethoxy- 
benzaldeliydePn'en'yl liethyl Aceta!L

[ CE^COGL^fOH^OOO ]; P^25~ 5.14
I Kobs 103 sec"1 103 sec”1

0.025 7.767; 7.738 7.736
0.020 • 7.007; 7.205 7.096
0.015 6.337; 6.423 6.456
0.010 5.827; 5.818 5.816
0.005 5.209; 5.159 5.175

fcjjA = 1.279 x 10_1 H-1 sec 1.29^ error
kint= 4.536 x 10-3 sec-1 0.50f, error



TABLE 95
The Hydrochloric Acid Catalysed Hydrolysis- of p-Methoxy-
benzaldehyde P heny l liethyl Acetal

p h 25= 3.10

[h +] m 1 -1
Kq-̂s sec

1 -1 
Kcalc 10 sec

0.001 3.042; 3.062 3.263
0.0003 2.469; 2.589 2.584
0.0006 1.875; 1.803 1.904
0.00Q4 1 .442; 1.266 1.225
0.0002 0.5113; 0.5461 0.5449

' 2 - 1  -1 = 3.398 x 10 M sec
-2 ~ -1

0.83$ error
k. = -1,35 2 x 10 sec m t

TABUS 96
The Deuterochioric Acid Catalysed Hydrolysis of p-Methoxy-
henzaldehyde Phenyl Hethyl Acetal

[ D+] M
pD25 = 3.13 

K0bs W 1 sec_1 Kcalc lo1 sec'
0.001 3.650; 3.750 3.797
0.0003 3.061; 3.059 2.950
0.0006 2,180; 2.126 2.103
0.0004 1.213; 1.213 1.25 6
0.0002 0.4143; 0.4125 0.4095

2 - 1  -1k_+ = 4.235 x 10 H sec I.OI5S error
- 2~  -1



TABLE 97
The Borraic Acid Catalysed Hydrolysis of Benzaldehyde 
Hethyl Acety 1 ~7Tcyla 1
[HOOOH] = [HCOO-] ; PH?5= 3.565

P A ] U Kobs 1q1 seo_1 Kcalc 1q1 sec_1

176,

0.025 2.109; 2.074; 2.092 2.099
0.020 1.944 1.993
0.015 1.903; 1.898 1.386
0.010 1.844; 1.793 1.780
0.005 I.636; 1.685 1.674

= 2.122 x 10° H ^ sec ^ 5.96$ error
k. = 1.563 x 10 sec ^ 1.18$ errorm t

TABLE 93
The B-Ohloropronionic Acid Catalysed Hydrolysis of 
Benzaldehyde"Hethyl Acetyl Acylal
[C1CH2CH2C00H]= [C1CH2CH2COO"*]; pH25 = 4.00 

[HA] 2 Kobs lo2 sec_1 Kcalc lo2 sec-1
0.025 7.255; 7.234 7.320
0.020 7.133; 7.060 7.071
0.015 6.946; 6.838 6.822
0.010 6.616; 6.590 6.573
0.005 6.274; 6.231 6.324

-1 -1 -1 k = 4.980 x 10 M sec 4.40$ error
^  -2 -1 kint= x 10 sec 0.58$ erroar



TABLE 99---------  i77.
The Acetio Acid Catalysed Hydrolysis of Benzaldehyde Hethyl Acetyl Acylal
[CH_COOIl]=[ CII^CO01; pH25 = 4.675
[HA] M Kobs 1 0 2 sec"1 Ucalc 102 sec"1
0.025 3.341 5.545
0.020 3.069; 5.091 5.084
0.015 2,746; 2.838 2.825
0.010 2.689; 2.465 2.566
0.005 2.286; 2.317 2.507

= 5.179 x 
^inlT 2.048 x

-1 -1 -110 M sec
nn“2 “I 10 sec

1.56^ error 
0.49^ error

TABLE 100
The Pivalic Acid Catalysed Hyd rolys:is of Benzaldehyde
Methyl Acetyl Acylal
t(CH5)5CCOOH] 
[HA] H

= [(CH3)3CC00“]; PH25 

ICohs 1Cî  sec

= 4.91

Kcalc 103 sec‘"1
0.025 1 *609; 1.601 1.599
0.020 1.444; 1.454 1.450
0.015 1.295; 1.309 1.502
0.010 1.146; 1*147 1.155
0.005 1 .010; 1.010 1.005

= 2.972 x 10**̂  M“*̂* sec~l 1.56^ error

kint= 3 -559 x 10 sec 0.79$S error



TABLE 101

The D e u te ro a c e t ic  A c id  C a ta ly s e d  H y d ro ly s is  o f  B enz-
a ld ehyd e  n e lh y l  A c e ty l A c y la l

[da ] : 2 -1 K , 0 10 sec obs Kcalc X°2 sec_1

0.025 1.355; 1.355 1.354
0.020 1.264; 1.269 1.269
0.015 1.174; 1.175 1.184
0.010 1.122 1.099'
0.005 1.002 1.015

kDA =
k = int

1.705
9.231

-1 -1 -1x 10 M sec
^-3 -1 x 10 sec

2.35^ error 
0.62fo error

.178.



179 *
TABLE 102

The Fo rm ic  A c id  C a ta lyse d  H y d ro ly s is  o f  Benza ldehyde
Lime th y 1 Ac e t a l .

[HCOOH] = [HC00-] ; pH25 = 3.565
[HA] M K , 105 sec-1ODS K , 103 sec-1calc

0.045 7.331; 7o428 7.433
O.O36 7.346; 7.444 7.387
0.027 7.448; 7.364 7.341
0.018 7.237; 7.281 7.295
0.009 7.361; 7.124 7.249
^HA = *-599

- . —1 —1 x 10 sec 38.95$ error
tint - 7.203 x 1 0 . sec 0,33$ error

TABLE 103
The Hydrochloric Acid Catalysed Hydrolysis of Benzalde­
hyde Dimethyl Acetal

PH25 = 3*3-0
F+] H ' g0b8 102 sec"1 Kcalc ^
0.001 2.964; 2.963 2.958
0.0003 2.449; 2.377; 2.406 2.347
0.0006 1.719; 1.628 1.736
0.0004 1.097; 1.115 1.125
0.0002 0.5305; 0.5159; 0.5042 0.5135

= 3.055 x 101 ?r-1 sec 0.53̂ 4 error
-4- -1

h n f  -9 *30 x 10 sec



TABLE 104

The D e u te ro c h lo r ic  A c id  C a ta ly s e d  H y d ro ly s is  o f  B enz-
a ld e hyd e  D im e th y l A c e ta l

P»25 = 3.13
a

2 -1 Kobs 10 sec -̂calc ^  sec
0.001 9i032 9.204
0.0008 7.531 7.108
0.0006 3.327; 4.332 5.013
0.0004 2.561 2.918
0.0002 0.8303; 0.8133 0.8224
kj,+ = 1.048 x 102 IB"1 sec-1 0.73?* error
k t=-1.2732z 10  ̂sec ^ int

aso.



TABLE 105 1 8 1 '

The Aniline/Anilinium. Perchlorate Catalysed Hydrolysis 
of Bensaldehycle Phenyl Hethyl Acetal
[ Aniline] = [Aniliniumi PH25 = 4.685; Ionic Strength = 0.10

[b h ] m Ko’os lo4 seo-1 Kcalc lo4 sec“X

0.050 7.635; 7.497 7.597
0.040 7.115; 7.293 7.222
0.050 6.706; 6.940 6.848.
0.020 6.607; 6.578; 6.425 6.473
0.015 6.493 6.285
0.010 5.902; 6.053 6.093
kBH = 5-749

-3 -1 -1x 10 II sec 3.60fo error

W  5-723 x 10”4 sec”"*" 0.82̂ 5 error

TABLE 106
The Formic Acid (20/5 jDioxan/80'S water; y / v )  Catalysed
r,y -y 7  " - ^ -v  --------    r~.Acetal. (I'axiinun. 0..D. Change during Hydrolysis 0.20 units)
[HCOOH] =[HC00“] ; pH25 =4.00

[HA ] M Kobs1(}3 sec"1 •̂calc sec*"'*’

0.025 7.537; 7.537; 7.520 7.550
0.020 7.34-9 7.365
0.015 7.221; 7.179; 7.217 7.199
0.010 7.054 7.054
0.005 6.969; 6.716 6.86 9

-2 -1 -1
k H A =  5.309 x 10 H sec 5.00>i error

kint= 6*705 x 10“5 sec""1 2.15^ error
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184.
Br^nsted Plots

The following tables indicate the dependence of
the catalytic coefficients (k^A for the general acid
catalysed hydrolysis of mixed aryl alkyl acetals) on
the dissociation constant of the catalysing acids (1%^)
by plotting log kg^ versus pKa according to the Br^nsted 

110equation:
log k ^  - log &A~ a pKa
Statistical corrections have not been applied because 

of the uniformity of the catalysing carboxylic acids where, 
in each case, p = 1 and q = 2 in the equation:

log (%_4/p) = log aA - a (pKa log P/q)
The following values of pKa are u s e d  :~57

Ghloroacetic acid 2.870
Formic acid 
p-Chloropropionic acid

3.752
4.100

Acetic acid 
Pivalic acid

4.756
5.050

H,0+
0

-1.74
abbreviations:
0.0 correlation coefficient

standard deviation



185 .
TABLE 103

Benzaldehyde m-!Titrophenyl Methyl Acetal
pKSa log ktT,̂ obs log IcftA calc. residual
2.370 1.9231 1.9009 -2.7239 x 10“ 2
3*752 1.3754 I.466I +9.0671 x 10~2
4.100 1.3634 1.2945 -6.8379 x 10“2
4.756 2.9469 2o9711 + 2.4239 x 10"2
5.050 2'.8450 2.3262 —1.8791 x 10-2

a = 0.493 O.C. = 9.90 x 10-1
S.d. = 0.041 (8.23^)

TABLE 109
Benzaldehyde m-Bromophenyl ITethyl Acetal.
pKa log obs log calo residual
2.870 1.3862 1.9104 + 2.4185 x 10“2
3.752 1.2902 1.5395 +4.9323 x 10“2
4.100 1.2420 .1.1143 -1.2772 x 10_1
4.756 2". 67 41 ?.6S97 +1.5593 x 10-2
5.050 2.4608 2.4994 +3.8610 x 10-2
a = 0.647 c*°. = 9.926 x 10-1

S.d. = 0.065 C7.52 )
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Btfizalclehyde m-J'-'luoroplienyl Methyl Acetal.
pKa log kH4 obs log ^  <Dale . residual

2.870 1.7599 1.6917 -6.8161 x 10~^
3.752 2.9749 1.1027 + 1.2775 x 10_1
4.100 2.9014 2.8702 -3.1173 x 10-2
4.756 2.5901 2.4321 + 4.1987 x 10-2
5.050 2.5058 2.2554 -7.0408 x 10“2
a = 0.668 O.C. = 9.89 x 10-1

S.d. = 0.057 (S.49?S).

TABLE 111
Benzaldehyde m-Methoxynhenyl Methyl Acetal
pKa log ohs !°g calc residual

2.870 1.7826 1.7228 -5.9807 x 10“2
3.752 1.0577 1.0936 + 4.0888 x 10“ 2
4.100 2.7650 2.8525 + 3.7303 x 10”2
4.756 2.4072 2.5830 -1.9153 x 10“2
5.050 2.2292 2.1800 -4.9227 x 10“2
a = 0.703 O.C. = 9.948 x 10-1

S.d. — 0.042 (5.93f°)



TABLE 112
Benzaldehyde Phenyl Hetiryl Acetal
pKa log kgA ohs log kHA calc residual
2.870 1.5764 . Io5840 +7.5807 x 10~3
3.752 2.8724 2.8995 +2.7158 x 10"2
4.100 , 2.6870 2.6295 -5.7514 x 10-2
4.756 2.1106 2.1204 +9.8216 x 10“3
5.050 3.8793 3.8923 +1.2974 x 10“2
a = 0.776 O.C, = 9.99 x 10_1

S.d. = 0.022 (2.35;0

TABLE 113
Benzaldehyde p-ITethylpheufl Methyl Acetal
pKa log k ohs & HA log k calc ^ HA residual

2*870 1.6772 1.7935 +1.1612 x 10"1
3.752 1.0820 1.0124 -6.9616 x 10“2
4.100 2.8763 2.7043 -1.7204 x 10-1
4.756 2.1212 2.1234 +2.224 x 10"3
5.050 3.7393 3.8631 +1.2531 x 10-1
a = 0.835 C.C. = 9.87 x 10_1

S.d. = 0.034 (9.51;')



TA3LS 114-
Benzaldehyde P-Hethoxyphenyl Hethyl Acetal
pKa log ^  ohs log k calc & HA residual

2.370 0.1109 0.1600 +4-.9U7 x 10“2
3.752 1.2936 1.3133 +1.4663 x 10“2
4.100 1.1529 2.9792 -1.7372 x lO"1
4.756 2.2170 2.3494 +1.3239 x 10_1
5.050 2.0896 2.0671 -2.2455 x 10“2
oc = 0.960 O.C. = 9.91 x 1CT1

S.d. = 0.076 (7.37^)
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TABTiB 115
a-Hitrobenzaldehyde Phenyl Hethyl Aee-tal
pKa log k^, ohs log k ^  calc residual
2.870 2.2940 2.2518 -4,2240 x 10“2
3.752 3.1690 3.3295 +1.6054 x 10-1
4.100 3.0434 3.9657 -7.7725 x 10“2
4.756 4.4242 4.2798 _1.4444'x 10"1
5.050 5.8685 5.7236 +1.0586 x 10"1

a = 1.046 C.C. = 9.90 x 10-1
S.d. = 0.086 (8.19s®) '

TABnS 116
'm-Pluorobenzaldehyde Phenyl Methyl Acetal,
pKa log 003

log k ^  • calc residual
2.870 1.1631 1.1205 -4.2637 x 10-2
3.752 2.2541 2.3125 +5.8356 x 10“2
4.100 3.9920 3.9937 +1.6502 x 10-5
4.756 3o3395 3.3927 +5.3184 x 10~2
5.050 3.1939 3.1233 -7.0552 x 10“2
a s 0.916 C.C. = 9.97 x 10_1

S.d. = 0.038 ( 4.18>?)
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SABLE 117
ra4!eth.0xybenzaldeliyde Bheayl Methyl Aoetal
pKa log 1̂ IA oTos log kj ̂  calc residual
2.87 1.4770 1.5237 +4.6650 x 10“2
3.752 2.9383 2*8394 -9.9415 x 10"2
4.100 2.5643 2.5694 +5.1021 x 10-5
4.756 3.9340 2.0605 +7.6470 x 10“ 2
5.050 5.3608 3.8320 -2.8807 x 10“2
a = 0.776 C.C. = 9.945 x 10_1

S.d. = 0.046 (5.92

TABIE 113
p-llethylbenzaldehyde Phenyl Methyl Acetal
pKa log obs log.kg, oalo residual

2.870 0.3286 0.2743 -5.4235 x 10“2
3.752 1.5616 I.6636 + 1.0200 x 10-1
4.100 1.3713 1.4226 +5.1333 x 10“2
4.756 1.1821 2.9684 -2.1369 x 10_1
5.050 2.6502 2.7648 +1.1464 x 10_1
a = 0.692 O.C. = 9.75 x 10-1

S.d. = 0.092 (I3.24?'
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TABLE 119
p~HetIioxybenzaldeliyde Phenyl Hethyl Acetal
pKa log obs log calc residual
2.370 0.7671 0.3402 +7.3039 x 10-2
3.752 0.3247 0.2406 -3.4072 x 10"2
4.100 0.0906 0.0041 -8.6533 x 10-2
4.756 1.4493 1.5581 + 1.0333.x 10-1
5.050 1.3696 1.3583 -1.1319 x 10~2
a = 0.679 C.C. = 9.89 x 10-1

S.d. = 0.059 (8.30̂ 5)

TABLE 120
Benzaldehyde Ifetliyl.Acetyl Acylal
pKa log obs log k calc HA residual

3.752 Oo3267 0.3333 + 6.5330 x 10“3
4.756 1.7145 1.6354 -2.9036 x 10“2
5.050 1.4732 1.4957 +2.2493 x 10“2
a = 0.645 C.O. = 9.93 x 10-1

S.d. = 0.039 (6.01?^
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Hammett Plots

The following tables indicate the dependence of the 
observed catalytic coefficients for the general acid
catalysed hydrolysis of mixed aryl alkyl acetals) on the 
substituent constant (o) of the substrate, according to

-jthe Hammett Equation.
log kH r= Pa + log k ^  (o)
The following values ofcr are used.^-* 

m - H02 0.710 H 0.000
m — Br 0.391 P M e  -0.170
el" - P O.337 £  - MeO -0.263
m - MeO 0.115

The values of kg^ corresponding to the hydrolysis of 
P-Me-, and p-MeO- substituted-phenyl, and p-MeO- substituted - 
benzaldehyde acetals are*omitted from the calculations 
because of their consistently large positive deviations 
from the slopes (p)
abbreviations; 0.Co = correlation coefficient

S.d. = standard deviation
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TABLE 121

The G h lo ro a c e tic  A c id  C a ta lyse d  H y d ro ly s is  o f  B enza ldehyde
S u b s t itu te d - ih ie n y l lie  th y  1 .a c e ta ls  u

a log kuT& obs log calc residual

0.710 1.9281 1.9533 +3.0654 x 10~2
0.391 1.3362 1.3213 -6.4913 x 10-2
0.337 1.7599 1.7930 +3.8117 x 10“2
0.115 1.7326 1.7023 -3.0250 x 10“ 2
0.000 1.5764 1.6528 +7.6393 x 10~2

P = 0.431 C.O. = 8.65 x 10-1
S.d. = 0.145 (33.5fO

TABLE 122
The Formic Acid Catalysed H5rdro lysis of Benzaldehyde
Substituted-Phenyl Methyl Acetals

CT log k obs HA log k calc HA residual

0.710 1.3754 1.3304 +4.9979 X 10“5
0.391 1.2902 1.1677 -1.2243 x 10_1
0.337 2.9749 . 1.1317 +1.5632 x 10-1
0.115 1.0577 2.9337 -7.3936 x 10-2
0.000 2.3724 2.9070 +3.4645 x 10~2

P = 0.667 C.O. = 
S.d. =

3.62 x 10-1 
0.226 (33.950
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TABLE 123

The g -C h lo ro g ro p io n ic  A c id  C a ta lyse d  H y d ro ly s is  o f  Benz­
a ld e hyd e  S u b s t itu te d -B h e n y l M e th y l A c e ta ls .

a log k obs log k calc residualHA HA
r\0.710 1.3634 1.3962 +3.2751 x

0.391 1.2420 1.0732 -1.6384 x 10-’*'
•

0.337 2.9014 1.0135 . -+I.I709 x 10 x
0.115 2.7650 2.7937 + 2.8716 x 10”2
0*000 2.6370 2.6773 -9.7211 x 10~5

P = 1.012 O.G. ;■■ / = . 9.34 x 10-1
S.d. = 0.221 (21.845?)

TABLE 124
The Acetic Acid Catalysed Hydrolysis of Benzaldehyde
Sub s t i tu te d-?Iie ny 1 Me thyl Acetals

a l°g ^  obs log k ^  calc residual
0.710 2.9469 2.9413 -5.5791 x 10-'5
0.391 2.6741 2.5935 -3.0645 x 10“2
0.337 2.3901 2.5346 +I.4447 x 10”^
0.115 2.4072 2.2925 -1.1472 x 10-1
0.000 2.1106 2.1671 +5.6474 x 10"2
P = 1.090 C.C. = 9.44 x lO-"*-

S.d. = 0.219 ( 20.17;?)
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TABLE 125

The P iv a l ic  A c id  C a ta lyse d  H y d ro ly s is  o f  Benza ldehyde
Sub s t  i  irji ie  a~3?rie n y l  lie th y  1 A c e ta ls

CT log ohs log calc residual

0.710 2.8450 2.8413 -3.7099 x 10~5
0.391 2.4608 2.4441 -1.6679 x 10"2
0.337 2.3058 2.3769 +7.1039 x 10-2
0*115 2.2292 2.1005 -1.2871 x 10_1
0.000 3.8793 3.9573 +7.8010 x 10-2

p = 1.245 C.C. = 9.71 x 10_1
S.d. = 0.176 (14.1350



The C h lo ro a c e t ic  A c id  C a ta lyse d  H y d ro ly s is  o f  S u b s t i tu te d -
Benza!Idehyde llethy1 Acetals

a loS ^  ots log K, > calcHA residual

0.710 2.2940 2.2325 -1.1501 x 10~^
0.337 1.1631 I.0733 -3.9309 x 10“2'
0.115 1.4770 1.5447 +6.7747 x 10“2
0.000 1.5764 1.7387 +2.1231 x 10-1

-0.170 0.3236 0.1494 -1.7925 x 10_1
P = -2.121 C.C. = 9.79 x 10-1

S.d. = 0.254 (11.9950

TABLE 127
The Forraic Acid Catalysed Hydrolysis of Substituted-
Benzaldehyde Phenyl Lletiiy1 Ac© 0Ell S

o log k ^  obs log calc residual
0.710 3.1690 3.2148 +4.5323 x 10“2
0.337 2.2541 2.1950 -5.9125 x 10“2
0.115 2.9388 2.7783 -1.6047 x 10"1
0.000 2.8724 1.0805 +2.0812 x 10"1

-0.170 1.5616 1.5272 -3.4360 x 10-2
P = -2.628 C.C. = 9.88 x 10_1

S.d. = 0.234 ( 3.39f5)
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The P--Chlorooro/pionic Acid Catalysed Hydrolysis of Substituted-Benzalaehyde Buenyl Helhyl.Acetals.
0 log k obs log k calc residualHA HA

0.710 3.0434 3.0287 -1.4571 x 10"?
0.337 3.9920 3.9736 -1.3367 x 10"2
0.115 2.5643 2.5440 -2.0309 x 10"2
0.000 2.6370 2.3369 +1.4936 x 10-1

-0,170 1.3713 1.2693 -1.0151 x 10"1
P = -2.547 C.C. = 9.94 x 10"1

S.d. = 0.155 (6.10,0

TABLE 129
The Acetic Acid Catalysed hydrolysis of Substituted-
Benzaldehyde Phenyl Hethyl Acetals
a log k obs log k calc residualb HA HA

0.710 4.4242 4.3419 -8.2307 X 10"2
0.337 3.3395 3.3399 +5.0385 x 10"2
0,115 3.9340 2.0136 + 2.9623 x 10"2
0.000 2.1106 2.3367 + 2.2613 x 10"1

-0.170 1.0382 2.3144 -2.2333 x 10-1
P = -2.309 C.O. = 9.35 x H T 1

S.d. = 0.083 (10.03^)
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TABLE 130
The Pivalic Acid Catalysed Hydrolysis of Substituted-
Benzaldehyde Pheayl ifetliyl Acetals

a log k obs 
EA

log k calc residual 
HA

0*710 5.8635 • 5.9367 +6.8195 x 10“2
0.337 3.1939 3.0696 -1.2432 x 10"1
O.H5 3*3608 3*7438 -1.1696 x 10_1
0.000 3.8793 2.0931 +2.1333 x 10-1
-0.170 2.6502 2.6095 -4.0746 x 10“2

P = -3*037 C.C.' = 9.91 x 10“’*'
S.d. = 0.242 (7.96;$)



Legend for Graphs 7, 3 and 10.
Hydrolysis by:

Ohloroacetic Acid  ...... 0
Formic Acid  X
f3~0hloropropiomic Acid ..... A
Acetic Acid     ».o
Pivalic Acid    • • •
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TABLE 1^1

Substitu ted-Phenyl He bhyl Acetal (0.001 _ Heir .

a log k obs log k ^  calc residual
0.710 2.3094 2.2353 -2.3531 x icr2
0.337 2.3941 2.4433 +4.9632 x 10“2
0.000 2.6126 2.5365 -2.6101 x 10”^

P - -0.423 C.C. = 9.61 x 10-1
S.d. = 0.12 (28.6#)

:tfxien Hammett plot ' is inclu sive of p- Me3 and p~MeO sub-
stituted compounds (see graph 9)

P -0.602 C.C. = 9.55 X  10_1
S.d. = 0.103 (17.975$)

TABLE I32

CD h! 'drochloric Acid Catalysed T-iydrolvsis of Substituted-
Benzaldehyde Phenyl Hethy1 Acetal (0.001 H HOI)

a log k obs log k calc residual
0.710 3.1617 3.1162 -4.5503 x 10“2
0.337 3.9503 3.9620 +1.1743 x 10“2
0.000 2.6126 2.7263 +I.I567 x 10_1

-0.170 1.0410 1.1113 +7.0773 x 10“ 2
-0.263 1.4347 1.3340 -1.5069 x 10_1

P -2.263 C.C. = 9 .94 x 10_1
S.d, = 0.149 (6.5#)
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Yu i:a wa - T su n o 1.2.3 .R.
The following tables indicate the dependence of kr,.,Ha*

for the general acid catalysed hydrolysis of substituted- 
beiizaldehyde phenyl methyl acetals, on the compound sub­
stituent constant [ cr + r(c+— or) ] of the substrate, according’
to the Yulia wa~Tsuno Jj.r.u. ru"i? T? "P 127

log k/k0 _ P[ct +r(o+-o )]
155The values for o are those described earlier, . and

+ 166 the following values of a were used:
m -  1T02 0.662 M 0.000

m - f 0.337 2.-He -0.306
m - HeO 0.047 £-11 eO -0.764

The value of 0.50 has been used for r in the above 
equation, re si 1 ting in the following [o + 0.5 ( -  a)] 
constants s
m — YO^ 0.636 H 0.000
m - 5* 0.357 E.-He -0.236
m - HeO 0.031 p-HeO -0.516



TABLE 142
The Ch.loror.eelie Acid Catalysed PIydrolySis of

213.

Substituted-Benzaldehyde .Phenyl Ilethyl Acetals .

[<J + 0.5 (ff+ - cr) 1 log k obs log k calc residualHA HA
0.636 2.2940 2.3076 + 1.3632 x 10-2
0.357 I0I63I 1.0331 -1.2501 x lO-1
0.031 1.4770 1.5590 + 3<,1933.x 10
0.000 1.5764 1.7233 +1.4739 x 10_1

-0.236 0.3236 0.2040 -1.2461 x 10-3
-0,516. 0.7671 0.7737 + 6.6035 x 10“ 3
P = -2.035 C.0. = 9.92 :x 10-1

s0d. = 0.129 (6.320)

TA3IS 143
The Formic Ac:id Catalysed Hydrolysis of Substituted-Benzalde-
hyde Phenyl II<ethyl Acetals

[ct + 0.5 ( cx+ - ct)] log ohs log calc residual
0.636 3.1690 3.2522 +3.3177 x 10~2

-1
0.337 2.2541 2.1430 -1.1111 x 10
0.031 2.9333 2.7964 -1.4237 x 10"1
0.000 2.3724 I.OO32 +1.3073 x 10"1

-0.236 1.5616. 1.6056 +4.3964 x 10~2

-0.516 0.3?47 0.3203 -4.4409 x 10“^
P = -2.552 0.Co = 9.95 :z lO"1

sod. = 0.123 (5.02;:)



TABLE 
The (3-

I4.4.
-Chloro'oro'oi onic Ac id

219.

Catalysed Hydrolysis of Sub-
stituted Benz aldehyde Pheny1 Llethyl Acetais

[<?- + * 0.5 (ct+ - ct )] log kj.y,.obs log fcpĵ calc residuals
0,636. 3.0454 3.0526 +9.2067 x 10“3
0.337 3.9920 3.9272 -6.4764 x 10-2
0.031 2.5643 2.5633 + 4.4971 x 10-5_ J O0.000 2.6370 2.7713 +3.4791 X 10 *

—0.236 1.3713 • I.3632 -3.0692 x,10~3
—01516 0.0906 0.0649 -2.5661 x 10~2 '

, -1p = -2.506 0*0. = 9.99 x 10
Sid. = 0.059 (2.33^)

TABLE I45
The Acetic Acid Catalysed Hydrolysis of Substituted-Benzalde-
hyde jAienyl ileliiyl Acetais

[? t 0.5 ( cr+ -crj log kHi,obs log k^cadc residual
0.686 4.4242 4.4274 +3.2435 x 10~3
0.337 3.3395 3.3344 -5.I443 x 10“ 3
0.031 3.9340 3.9996 +1.5593 x H T 2
0.000 2.1106 2.2101 +9 0 9 435 x 10 *“

-0.236 1.0332 2.3234 -2.1435 x 10~L
-0.516 1.4493 1.5510 +1.0166 x 10
P. = -2.599 0.0. = 9o35 :x 10"1

S.do = 0.137 (5.26-5)
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TABLE 14-6

The P iv a l i c  A c id  C a ta lyse d  i - I y f l r o ^ s is  o f  S u b s t itu te d —
B e iiza ldehyde  P heny l I 'e t i iT l  A c e ta is

[cf + 0.5 ( a+-a ) ] log k obs HA
0.636 5.8635
0.337 3.1939
0.081 3.3608
0.000 3.3793

-O.236 2.6502
-0.516. I.3696

P = -2.843

log k calc residual HA
4.0201 +1.5153 X H 0

I H

3.0124 -1.8154 X 1 0 - 1

3.7402 -1.2053 X 1 0 - 1

3.9705 . +9-.1213 X 1 0  *“

2.6415 -3.6331 X

to101—I

1.4376 +6.3007 X

C\J!0H

C.o. = 9.94 X  1CT1
S.d. = 0.153 (5.38f5)

/

-■ /■ / / 
/
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TABLE 147

The H y d ro c h lo r ic  Ac ic l C a ta lyse d  H y d ro ly s is  o f  S u b s t itu te d -
B enza lde liyde  P heny l H e t i i y f l c e t a l s  0 ,001 IT KOI

f? . 0 . 9  _(a+ _ a) J loy k obs log k calc residual
0,686 3.1617 3.2271 +6.5362 x 10 ^
0.337 3*9503 3.9026 -4.7666 x 10-2
0.000 2.6126 2.5550 ' -5.7623 x 10-2

-O.236 1.0410 1.0118 -2.9X90 x 10-2
-0i516 1.4847 1.5538 • +6.9116 x 10“2

P = -1,936 C.C. = 9.93 x 10-1
3.do = 0.076 (3.935S)
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TABLE 143

Bubstituted-PlienjI LieUxl J1 ia. Q e *G 8t.Ls [O.OOl I! fTGI 7. - 1 j

[cr + 0.5 (a + -.ff )] ^00s log residual
0.636 2.5094 2.2659 -4.5493 x 10-2
0*537 2.5941 2.4437 +5.4575 x 10-2
0*000 206126 2.6271 +1.4495 x io~2

v-0*256 2.7497 2.7520 +2.5424 x 10-3
-0.516 2.9262 2.9005 -2.5915 x 10“ 2

P = -0.529 C.C. = 9 .313 x 10-1 '
S.d. = 0.047 (3.39/3)
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TASKS 149

The h y d ro c h lo r ic  A c id  C a ta lyse d  H y d ro ly s is  o f  B enza ldehyde
S u b s t itu  te d -P iie n y l He i d y l  Ace t a i s  [ 0 .001 II HOI I .

The 7 substituent constants used are those described
earlier166

CT

0.662
0*337
0.000

- 0.306
-0.764

1 or txie equation; 
log k/k0 = P <7+

1QS ^qps 
2.3094 
2.3941 
2.6126 
2.7497 
2.9262

P = -0.453

loS koalc 
2.2913
2.4391
2.5920
2.7307
2.9384

residual 
-1.7626 x 10~2 
+4*5047 x 10~2 
-2.0639 x 10~2
-1.3932 x 10'-2

-2

0.0. = 
S.d. =

+1.2200 x 10

9.94 x 10"1 
0.029 (6.5710
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TABLE 15Q

log versus pKa of leaving group for the formic Acid
Catalysed Hydrolysis of Benzaldehyde Substituted-Phenyl
Me thy1 Acetais.
pKa (leaving group) log kHA ohs log kjj^.calc • residual

8.40 1.3754 1.3894 +1.4012 x 1 0 ^
9*05 1.29 02 1.1396 -1.006 x 10-1
9.28 2.9749 1.1103 +1.3541 x 10"1
9.65 1.0577 2.9930 -6.4734 x 10"2'
9.93 2.8724 2.8383 +1.5904 x 10“2'
slope. = -0.317 C;C. = 9.04

S.d. = 0.037 (27.33^)
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KIM3TIC EXH3 HE TEITTA1»
Solutions and Buffers

•AnalaR1 grade chemicals were used in the prepara­
tion of all the buffered and other solutions* Pivalic 
acid was distilled and chloroacetic and p-chloro- 
propionic acids were recrystallised from hot ligroin 
before use 0 Pormic acid was standardised against 
0olN sodium hydroxide and found to be 89.95/3 pure.,
■ The buffered, solutions ?/ere prepared using standard 
B.D.H. carbonate-free sodium hydroxide solution for 
neutralisation, except for acetate buffers, where fused 
anhydrous sodium acetate was used* The solutions were 
all made up with degassed, deionised water, and for 
buffer catalysis the stock buffer solutions were diluted 
with stock potassium chloride at the same ionic strength. 
Diluted HC1 and DG1 solutions were also maintained at 
constant ionic strength by the addition of potassium 
chloride. These solutions, 0.001H to 0.0002M HC1 and 
D01, were titrated against standardised h/10 MaOH using 
a Radiometer Copenhagen Equipment, Type SBR2/SBU1/TTA3•
All solutions contained 10~^ M E.D.T.A. which had no 
effect upon the observed rate constant but stabilised 
the products. All the stock solutions of acetais, and 
the aqueous dioxan buffers were prepared with Merck 
1spectrograde’ dioxan, which was stored in brown bottles
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in a refrigerator. 
pH Measurements

The pH of all buffer solutions was measured at the 
temperature ox the kinetic expeiament with either a 
Radiometer TTT1 titrator with expansion, scale, or a 
Radiometer Model 26 pH Meter, with an external tempera­
ture compensator. A Radiometer type 02020 glass 
electrode v/as used with a type IC401 calomel electrode.
The pH meter was standardised against commercial stand­
ard buffers complying to BS 1647, 1961.
Deuterated buffers

D 2O was obtained from Koch-Light, DC1 and d-j_-deutero- 
acetic acid from CIBA, and d^-deuterated methanol from 
CIBA and Prochem. Fused anhydrous sodium acetate was 
used to prepare deuteroacetic acid buffers, and dried 
ICC1 used to adjust ionic strengths. The purity of the 
deuterated solutions were determined by adding a known 
quantity of pure dioxan and measuring the quantity of 
H^O by n.m.r., which was always <1>3.
Spectrophotometric rate determinations

Rate constants with t-jy£< 15 minutes were deter­
mined on a Zeiss PTIQ II spectrophotometer, and those 
with minutes on a Cary Model 14 spectrophotometer.
A Unicam SP300 spectrophotometer was used only for pre­
liminary determinations. The cell block of the Zeiss



PMQII was kept constant to+0.005C° by an efficient 
electronic relay system. The Cary Model 14 was fitted 
with an automatic five cell compartment, and constant 
temperature maintained with a Lauda electronic thermo- 
statting. bath which, kept both cell block and reference 
cell holder to + O.O^C0. in each spectrophotometer 
the temperatures v/ere always checked in the cell block 
with an U.P.I. calibrated thermometer before and after 
each run.

10 mm Spectrosil quartz U.Y. cells were used, and 
2.5 mis of the buffer were added about 30 minutes before 
commencement of the run to allow temperature equili­
bration. 25 Mis of the stock dioxan solution of the 
substrate v/ere injected into the buffer so that all 
reported rate constants for aqueous solutions relate to 
1 fo dioxan. 40 mm. thick-walled Spectrosil quartz U.Y. 
cells were implemented when using Benzaldehyde m-Bromo- 
phenyl Methyl Acetal substrate since the solubility of 
this compound was considerably less than that of the 
others. A three cell thernostatted block was made in 
the Chemistry Department, University of Glasgow by 
Mr. A. Hislop to accommodate the 40 mm. cells in the Zeiss 
PMQII cell compartment. After addition of the substrate 
to buffer, the cells v/ere shaken and a nominal time lapse 
allowed, depending on the reaction rate,, to allow the 
temperature to re-equilibrate.
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The output from the spectrophotometers was fed to 
a Solartron Compact Data logger which digitised the 
absorbance or transmittance readings s,nd fed them on 
five-channel paper tape through a Creed punch at convenient 
time intervals. About three half lines were taken\ with 
about thirty values contained in the first.

The first-order rate constants were determined from
the equation

A[t] = A [“] - (A [00]—A[o] e_lrt),
where A[®] A[o] and k are adjustable parameters, using
a generalised least-squares program, written by
Dr. B. Capon, utilising the procedure of Wentworth'*'^

147and Derming, although laterally an adjustment was made . 
to the standard deviation calculation procedure of the 
former. The slopes and intercepts of plots of kobs 
against buffer concentration were also determined by 
a generalised least-squares procedure, and the Hammett 
and Breasted plots by a linear least-squares procedure. 
Evaluation was performed on. an English Electric TCDF9 
computer.
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PREPARATIVE EXPERIMENT

Nuclear Magnetic Resonance (N.M.R) spectra were 
obtained from a Varian T-60 60MHz spectrometer unless 
otherwise stated. The 100 MHz spectra were obtained 
from a Varian HA-100 spectrometer. Chemical shifts 
were measured downfield from internal T.M.S. and are 
quoted in Hz, The integration value of each peak is 
given in brackets.

Infrared (I.R.) spectra were performed either on 
a Unicam SP200, SP1000 or a PerlcLn-Elmer 257 Grating 
Infrared Spectrometer. The following abbreviations 
are used:

sh = sharp; st = strong; m= medium; w = weak; 
def = deformation; str = stretch; skel = skeletal.

Gas Liquid Chromatographs (G.L.C) were obtained from 
a Pye Argon Chromatograph.
abbreviations; sens = sensitivity; P.R = argon gas flow- 

rate; C.S = chart speed; 3 =̂ retention time.
Mass Spectral(M.S*) analysis were performed on an A.E.I.
MS.12 Mass Spectrometer. Abbreviations: R.A = relative 
abundance; M/e = mass charge.
Elemental analysis were determined by Mr. J. Cameron of 
the University of Glasgow, except for fluorine-
containing compounds which were determined by;
Mikroanalytisches Laboratorium, Beller, Gottingen, Y1, Germany
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Preparative Experimental .
The preparation ox the mixed aromatic methyl aryl 

acetais and S-Aryl Thioacetals cited in. this work 
employed the general procedures described below* In 
most cases certain modifications were adopted and these 
will be described in detail in the appropriate parts of 
this section.
Preparation of Dialkyl Acetais by the 11 Trialkyl Ortho­
formate" method

Ar CEO + HC(OR)5 -52^— ) Ar CH(OR)2 + HCOpE
H+

68This procedure is described by Fife and lao.
Preparation of -Chloro Aryl Methyl Ethers.

CF CO.Cl ^-OR CE~C09RAr CH(OR) ------->Ar CE + 3 2
or S0Glo X C1 EOl S09

148This procedure is described by Strausy Anderson and
94 149Capon and reviewed by Summers.

Preparation of mixed Aromatic Hethyl Aryl Acetais
^ O R  ~OAr /OLle

Ar CH.  > Ar CH
X C1 PI IF N O Ar

94This procedure is described by Anderson and Capon. 
Preparation of mixed Aromatic Hethyl S-Aryl Thioacetals.

^OR SAr ^OMeAr CH — :—  ------> Ar CH
X C1 p hF SAr’

95This procedure is described by Fife and Anderson.



An a l t e r n a t iv e  ro u te  to  th e  s y n th e s is  o f  d im e th y l

acetais is the method of Hassner, Yfiedferkehr. and
Kascheves, ̂ 0  an<̂  ^Q syndesis of a-methoxy

151carhonium ions by Davis and Williams.

PREPARATION Of SUBSTITUTED BINZALDEHYDE DP.IETHYh AGE TADS 
Equimolar quantities of substituted, benzaldehyde 

and trimethyl orthoformate were mixed in. an excess 
of absolute methanol., A drop of methane sulphonic acid 
was added as catalyst. The reaction mixture, was then 
allowed to stand for 24 hours at room temperature, after 
which time anhydrous potassium carbonate was added to 
neutralise the acid. After suction filtration the 
solution, was fractionally distilled to yield the desired 
dimethyl acetal.

Although commercially obtained aldehydes were used 
in. the reactions they were rigorously tested for isomeric 
impurity, usually by G.L.C.

The following substituted benzaldehyde dimethyl 
acetais v/ere synthesised by this procedure.



r-) <~2oo.
m-Hitrobenzaldehyde Bimethyl Acetal
B.Pt* 107-109°0 (36 mm.) Fluorescent yellow/green oil
yield 8($.
FJ.UR.(0^01-3); 202Hz,singlet (6).. .methoxyl protons

329Hz,singlet (1)...acetal proton 
428-0O3Hz.multiplet(4). .aromatic protons 

I*R*(neat)>)cm"-L;3030 w(aromatic CH str); 2940 mCCE^str);:
2830m*sh(acetal CH str); 1610 (aromatic-
C=C str); 1580w.sh(N=0 str); 1400n 1520st 
(assymetric CH def); I340st (symmetric 
CH^def) 1105, 1070, 1050, 980 (acetal 
C-O-C-O-C str); 830, 335, 830m*, 740,
715 st.sh. 670,(arometic skel)

T.h*Cs Neutral alumina with tertiary solvent
20̂ o ether; 40$£ benzene: 4Oft (40-60)
Pet® Ether, RyO.45* Iodine stain*

U*V0 The compound absorbed at 700 nanometers
which indicated, as did the fluorescence, 
that the nitro group had been at least
partially reduced to the nitroso.

Analysis: Theoretical: C- 54*32^; H- 5*62^; IT- 7.IC£j
Pound: C- 54.75^; H- 5.5956; N- 6.86*$
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m-Bromobenzaldehyde Dimethyl Acetai.
B.Pt. 128-132°C (76Qmn) Clear Oil.
Yield 76$.
F.R.R.(CDGl^) « 200Hz.singlet(6)...methoxyl protons 

322Hz,singlet(l)...acetai proton 
424-462Hz,multiple!(4).aromatic protons 

I. R . (Neat)>0cm~^: 3050 w(aromatic CH str); 2950 m.sh. (CH^str);
2820 m.sh(acetal CH str); 1590 w, 1570 m.sh 
(aromatic 0=0 str); 1470m (assymmetric 
CH^def); 1350 st.sh.(symmetric CH-^def); 
1105, 1090, 1060, 1005, 990 st (acetai 
C-O-C-O-O Str);: 330, 790, 730, 685, 665 
(aromatic skel)

S.L.C. If, 07-17 (100°C); sens xlO; volts xl500;
P0R.= 44 mls/min; C.S=15 inch/hr; Tg=6.4mins 

T.h^C. Silica withbinary solvent 95/5 (60-80)
Pet. Ether: 5$ methanol; Rj\=0.65'.
Iodine stain.

Analysis; Theoretical* C- 46.75/j; H- 4.72$
Pound: C- '46.03f>; H- 4.5995

Although this compound did not analyse well there were 
no traces of aldehydic impurity.



m-Qhlorobenzaldehyde Dimethyl Ac etal.
B.Pt. 126-123°C (760 mm) Clear Oil 
Yield ST.5$.

If.M.R. (CDQI5 ): 200Hz, singlet (6).. .methoxyl protons
321Hz, singlet (1)...acetai proton

434-450Hz, multiplet(4)..aromatic protons 
I.E.(neat)Vcm~^: 3050 w(aromatic OH str); 2950 m.(CH^str);

2850 w(acetal CH str);, 1600 st. 1580m.sh. 
(aromatic C=G str); 1480 m.sh(assymmetric 
■CH^def );1360 st .sh( symmetric CH^def); 
1110, IO90, 1070, 1060, 995 sh (acetai 
C-O-C-O-C str); 835m, 800, 750, 695 
st.sh (aromatic skel)

G-.I1.O3 S.E.-30 (135°0); sens x 3; volts xl500
P.R,=60 mls/min; C.S.=12 inch/hr;
0?K =6.5 mins.

T.h.C; Silica with binary solvent 95?' (60-80)
Pet. Ether: 5?5 methanol; Rjr=70;- 
Iodine stain.



239.
m-gluorobenald.eh.yde Dimethyl Acetai 
B.Pt. 130-132°C (760 mm.) Clear oil 
Yield 84$
H.H.R. (QPOl^): 200Hz, singlet (6)...methoxyl protons

323Hz, singlet (1)...acetai proton 
410-460Hz, multiplet (4).aromatic protons

I.R.(near)>?cnr"^ 3050 w/aromatic CH str); 2950 m(CH^str);
2850m.sh(acetai CH str); 1600, 1495st.sh 
(aromatic C=C str); 1460 st.sh(asymmetric 
CH^def);. I36O m(symmetric CH^def);
1140m, 1100, 1030, 1060 st, 1000 m.sh 
(acetai C-O-C-O-C str); 890, 830m, 790 st, 
700 m, 680 w.sh(aromatic skel)

T.h.C. _ Silica with binary solvent 95fo Pet.
Ether (60-80), 5f' methanol; Rjf=0.60;
Iodine stain



m~Anisaldehyde Dimethyl Acetai 
B.Pt. 74-76 mm(0.2mm) Clear Oil 
Yield 70#'

N.M.3. (CBCl^): 200 Hz, singlet (6)....acetalmethoxyl
protons

228 Hz, singlet (3)....aromatic methoxyl
protons

320 Hz, singlet (1)....acetai proton 
403-424 Hz, multiplet (4)..aromatic protons

I. R. ( neat )tf cm"*’1':

Analysis:

3050 w(aromatic CH str); 2940 st.(CH^str) 
2825 st(acetal CH str); 1605, 1535 st. 
(aromatic C=C str); 1435, 1450 st. 
(assymmetric CH^dei); 1350 st(symmetric 
CH^def); 1100, 1075, 1045, 930(acetal 
C-.0-C-0-C str); 360, 800 m, 770, 695 m 
(aromatic skel)
Theoretical: C- 65.91#; H- 7.74#
Pound: C- 65.77#; H- 7.71#'..



Benzaldehyfle Dimethyl Acetai.
B.Pt. 102-104°C(40 on) Clear Oil 
Yield 60f.

H.rJ.R.(CICl^): 201 Hz, singlet (6).. .methoxyl protons
324 Hz, singlet (1)...acetai proton

435-455 Hz, multiple t- (5).aromatic protons 
F.M*R.(M/2 solution
in CD^QD); 100 MHz. 328HZ, singlet (6)...methoxy protons

I.R(neat)^cm 1

G.L.C.

T.L.C.

Analysis:

534Hz, singlet (1)...acetai proton 
725-750Hz, multiplet(5)..aromatic protons 

3050 w(aromatic CH str); 2950 m 
(CH-str); 2850 w.sh. (acetai CH str); 
1465m (assymmetric CH def); 1355 m 
(symmetric CH^def); 1115 st, 1075 m,
1055 st, 1040 m.sh (acetai C-O-C-O-C 
str); 770; 730 m.sh (aromatic skel)
1# S.E -30 (110°C); sens x3; volts xl500 
P.R=48 mls/min; C.S=12 inch/hr.

♦

TR =7.5 mins.
Silica with binary solvent 30# ether:
70# (60-30) Pet. Ether; Rp=0.70;;
Iodine Stain.
Theoretical: C- 71.02#; H- 7.95#
Pound: C- 70.84#; H- 7.79#



242,
p-Tolualdehyde Dimethyl Acetai 
B.Pt. 128-130°C (760mm) Clear Oil 
Yield 55#

H.M.R. (CBCl^): 142 Hz, singlet (3 )••.aromatic methyl
--------- :— ;—  group protons

200. Hz>- singlet (6).. .methoxyl protons
323 Hz, singlet (1)...acetai proton

424-447 Hz, multiplet(4)..aromatic protons
I.E. (neatH ceT*^: 3050 w(aromatic CH str); 2950 st(CH^str);

2840 m(acetal CH str); 1905 m(mono-' 
suhstd. aromatic str); 1620, 1520 m.sh. 
(aromatic C=C str); 1450 m.b(assymmetric 
CH^def); I36O st.h(symmetric CH^def);
1105, 1090, 1060 st, 1015 m, 930 st.sh. 
(acetai C-O-C-O-C str); 920, 820, 790 st 
.770, 720 m.sh (aromatic skel)

G-.b.C;: 5# carbowax (100°C); sens xlO; volts xl500:
P.R=45 mls/min; C.S = 15 inch/hour 
Rj = 8 mins.

T.h.C: Silica with binary system 40# ether:
60# (60-80) Pet. Ether; %=0.35;
Iodine stain.

Analysis: Theoretical: C- 72.26#; H- 8.49#
Pound; C- 72.02#; H- 8.33#



p-Anisaldehyde 
B.Pt. 134-138' 
Yield 4Sj5

W.M.R. (CPCip 

I.R. (neat)^em’

Analysis;

243..
Dimethyl Acetai 
C Clear Oil

/

200 Hz, singlet (6) ....acetai methoxyl
protons

229 Hz, singlet (3).... aromatic methoxyl
protons

321 Hz, singlet (1).... acetai proton
407-447 Hz, multiplet(4)..• aromatic protons

showing very strong para splitting
3050 w(aromatic CH str); 2930 m (CH^ str);
2825 (acetai CH str); 1603 st, 1510 m.sh
(aromatic C=C str); 1430, 1450 m.sh.
(asymmetric CH^ dei); I36O m.sh
(symmetric CH^ def); 1105, 1075? 1055
1040, 990 st (acetai C-O-C-O-C str);
835, 790 st, 7SO w(aromatic skel)
Silica with binary solvent 95$ Pet.Ether
(60-80): 5$ methanol; RpFO.5; Iodine stain.
Theoretical: C- 65.91$; H- 7.74$.
Pound: C- 65.93$;: H- 7.57$.



244.
PREPARATION OF SUBSTITUTED a-CHLORO BENZYL METHYL ETHERS.

Substituted Benzaldehyde Dimethyl Acetai (0.5m) was
mixed with an excess of.freshly distilled acetyl chloride
(0.8m) and thionyl chloride (0.1m) in a flask equipped.
with a nitrogen inlet and reflux condenser. The reaction
evolved heat for several minutes, after which it was

oallowed to stand in. a water hath at 65 C. for up to 1 hour 
depending on the acetai. The excess acetyl and thionyl 
chlorides were removed in vacuo at room temperature and 
the residue used directly into the next stage of the 
reaction.

With one exception, viz.a-chloro benzylmethyl
ether, the residue was not distilled since frequently this
was found to reduce the overall yield of the extremely
reactiveol-chloro ether by breaking it down to aldehyde.
a -Chloro benzylmethylether. .B.Pt. 71-72°C(0.1mm)
This boiling point compares favourably with that of

14-3Straus and Heinz (71-72°C 0.1mm.) but not. that of Ander­
son and Capon (63~70°C l.Gmm)^ although the N.M.R. spec­
trum of this compound compared favourably with that of 
the latter. A proton attached to carbon bearing one 
phenyl group, one methoxyl and one chlorine should have, 
according to Shodery’s rules, a value of 375 Hz. The



value found by Anderson and Capon was 382 Hz, and by 
the author 378 Hz.

Identification of the a-Cl-ethers was then by H.M.R. 
and I.R.spectra. The significant feature in the N.M.R. 
spectrum was the downfield shift of the acetai proton 
from around Hz.322 to Hz.373, which also served to indicate 
quantitatively the amount of unreacted dimethyl acetai.

The following substituted a-Chloro Benzyl Methyl 
Ethers we re prepared by this general procedure. All 
were yellow liquids.



?4-6 o

a -Chi oro-m ~H i t rob e nzylH e thy 1 Bther.
H.H.R. (neat); 225 Hz, singlet (5)....methoxyl protons

401 Hz, singlet (1)....a-chloroether
proton

444-501 Hz, multiple! (4)•.aromatic protons

q-Chloro-m-Bromobenzyl Methyl Ether

I.R. (neat)-)cm""1 : 3050 v/(aromatic Ch str); 2950 w(CH^str);
1530 m.sh.(aromatic C=C str); 1410 m.sh 
(asymmetric CH3 def); I36O w(symmetric 
CH^ def); 1300 m 0 960 st, 800 m, 710st.sh.

q-Chlo ro-m-Blu orobenzyHie thyl Bther
H.I.I.R. (neat): 217 Hz, singlet (3)... .methoxyl protons

390 Hz, singlet (1)....a-Chloro ether
proton.

403-450 Hz, multiple! (4)•.aromatic protons
I.R. (neat)-? cm"1 : 3050 v/(aromatic CH str); 2950 v/(CĤ  str);

1590 st.sh(aromatic 0=0 str); 1450 m 
(asymmetric CH^ def); 1390 v.w.
(symmetric CH^ def); 930 st. 800 m,
710 st.sh.



247.
g-Chloro-Benzyl Methyl Ether 
B.Pt. 71-72° 0.1 mm

If .IT. R( neat) > 209 Hz, singlet (3).. .'.methoxyl protons
378 Hz, singlet (1)... .&c-Chloro-ether

proton
423-456 Hz, multiplet(5)...aromatic protons 

I.R.(neatHcm""^; 3050 v.w (aromatic CH str); 2950 v.w.
(CH^str); 1590, 1530 w.sh (aromatic 
C=C str); 1450m(asymmetric CH5 def);
1245 m, 1200 1110s, 930 m, 330, 750 m, 
700 st.sh.

%-Ghloro-p~J!e thylbenzyl Methyl Ethe r
N.M.R.(neat); I30 Hz, singlet (3J*...aromatic methyl

group protons
206 Hz, singlet (3)....methoxyl protons
383 Hz, singlet (1)....a-Chloro-ether

proton
414-462 Hz, multiplet(4)...aromatic protons 

I. R. ( neat) j cm""1 : 305 0 v.w( aroma tic CH str); 2950 w
(CH^ str); 1600 st. sh.(aromatic 0=0 str) 
1450 w.b(asymmetric CH5 def); 1390m.sh 
(symmetric GH3 def); 1300 m. 1200,
1170 st.sh, 360, 320, 770 st.sh.



248.

g -C h lo ro -m -M e th o xyb e n zy l M e th y l E th e r

N.H.R (01)01^); 218 Hz, singlet (3) ••• .acetai methoxyl-----------  group protons
228 Hz, singlet (3)....aromatic methoxyl

group protons
333 Hz, singlet (1)....a-chloro ether

proton
412-443Hz, multiplet(4)...aromatic protons

I.R.(neat)^cnfS 3050 w(aromatic Oh str); 2930 m(CE^s'tr);
1593,, 1535 (aromatic C=G str); 1485,
1450 m(asymmetric CH^ def); 1350 m 
(symmetric CH^ def); 1269, 1150, 1040, 
360, 770, 695. 

q-Chloro-p-lethoxybenzyl Methyl Ether
I.R (neat^cm""^: 3050 w(aromatic CH str); 2960 v^CE^str);

1600, 1520 st.sh(aromatic C=C str);
I46O w(asymmetric CH^ def); I36O v.w. 
(symraetric CH^ def); 1269, 1170 st.sh. 
1040, 960, 360, 340 m, 750 st.sh.



249.

PKBPARATIPIT OP MIXED AROHATIC METHYL ARYL APETALS 
Benz aldehyde phenyl Methyl Acetai

Phenol (0,1 mole) in dried Bimethyl formamide 
(10 mis) was added slowly to a cooled stirred suspension 
of sodium, hydride (0.1 mole) in dried dimethyl formamide 
contained in. a flask equipped with an efficient reflux 
condenser. It was important to remove the hydrocarbon 
suspension from the sodium hydride as it proved a difficult 
contaminant to remove at a later stage. Then the evolution 
of hydrogen had ceased, a-chloro-benzyl methyl ether was 
added dropwise to the solution, which was then allowed 
to warm to room temperature and left for 40 minutes.

After this period the reaction mixture was poured 
into 2/ sodium carbonate and extracted with ether. Sub­
sequent washings we re with IT/10 sodium hydroxide (to 
remove unreacted phenol), water (to remove residual 
dimethyl formamide), and sodium bisulphite (to remove any 
aldehyde). After drying over anhydrous potassium car­
bonate and evaporating the solvent in vacuo, a viscous 
oil remained containing about 70-80/ of the mixed acetai.

The crude material was distilled in a molecular dis­
tillation apparatus under high vacuum using a mercury 
difussion pump„ An analytically pure sample was obtained 
by repeated distillation, taking, in each case, about 
four centre cuts, therefore reducing- drastically the 
yield.



?50,

The pure santple had no dimethyl acetai impurity 
(ft.M.B., and G.B.C.) and had B.Pt. 11S-120°C 0.1 mm.
Clear Oil.
H.M.R.fCBCl-g): 201 Hz, singlet (3)....methoxyl protons

• 366 Hz, singlet (1 )....acetai proton
400-460 Hz, multiplet(9)••.aromatic protons

N.M.R (M/2 Solution in CB^OB) 100 MHz.
332 Hz, singlet (3)....methoxyl group

protons
609 Hz, singlet (1)....acetai proton. 

684-760 Hz, multiplet(9)...aromatic protons
I.R.(neat)^ cnr^s 3100 w(aromatic CH str); 2930 m(CH-str)

2830 m(acetal CH str); 1600s, 1592s 
(aromatic C=C str) 1475 m(asymmetric 
CH^ def); I36OS (symmetric CH^ def);
1110m, 1095s, 1050, 1040, 1020 st.sh, 
990m(acetal C-O-C-O-C str), 730 st.sh,
720 st.sh (aromatic skel)

0.1.0: 1/ S.E-30 (110°C); sens x 3; volts x 1500
P.B.= 48 mls/min; C.S.=12 inches/hour 
Rp= llmins
Impurities in the other fractions were 
at R^=7.5 mins (coincidental with 
authentic dimethyl acetai sample), and 
Rrp= 17.25 mins (thought to be the benz- 
aldehyde diphenyl acetai).



Mass Spectrum:- r — i -*** - - - — —

Analysis:

Silica with tertiary solvent system 
20^'ether5 40$ benzene; 40$ (40-60) 
Pet. Ether. Rj» 0.85*
K/e H.A ($) ion type
214 8.5 molecular ion
185 22.1 M+ minus OOH^
121 100 1.1+ minus OPh
91 75.1
65 58.0
Theoretical: C- 73.48$; H- 6.59 
Pound: C- 73.51$;. H- 6.72



The following benzaldehyde substituted phenyl 
methyl and substituted benzaldehyde phenyl methyl acetals 
were prepared by this general procedure.

It should be noted that the molecular distillation 
apparatus used could not accommodate an internal thermo­
meter, and consequently all temperatures quoted from 
this apparatus are related to oil bath temperatures.
These distillations which employed a short path semi­
micro apparatus were measured by an internal thermometer 
and this will be registered beside the quoted boiling point 
1% general, preparative chromatography was applied unsucces 
fully to the acetals quoted below. All but the more 
unreactive were consistently broken down either in G-.L.C. 
column packings or neutral alumina and silica media.



253.
B enza ldehyde m -!T itro p h e n y l H e th y1 A c e ta i

B.Pt. 170° 174°C 4 x 10  ̂torr. -Clear oil (internal
thermometer)

if.H.R. (CHCl^): 202 Hz, singlet (3)... .methoxyl protons
366 Hz, singlet (1)....acetai proton 

400-470 Hz, multiplet(9)...aromatic protons
I.R. (neat)>) c a ^ ; 3050 w(aromatic CH str); 2950 m

(CH^ str) ; 2850 m. (acetai CPI str);
1595 st (aromatic C=C str); 1550 
shoulder (H=0 str); 1470 st.sh 
(asymmetric CH^ def); I36O m 
(symmetric CH- def); 1110, 1090,
1085, 1010, 1000, 940 (acetai 
C-O-iC-O-C str); 880 m(C-PP str);
790,730, 710, 690 (aromatic skel).



B enza ldehyde r.i-"

B .P t .  114 -  U 3 (

II.H.R. (CDClr,): 

I. R. ( neat ̂ cnT1

Analysis:

254.
ronophenyl Hethyl Acetai 
C 9 -X 10“2 torr. Clean Oil.

201 Hz, singlet (5)....methoxyl protons 
56I Hz, singlet (1)....acetai proton 

410-470 Hz, multiplet (9)..aromatic protons 
3100 w(aromatic CH str); 2950 .m*
(CH^ str); 2350 m (acetai CH str);
1590 st(aromatic 0=C str); 1470 st.sh 
(asymmetric CH^ def); 1350 m(symmetric 
CH^ def); 1120, 1100, 1070, 1020,
1000, 940 (acetalC-O-C-O-C str);
900, 370, 790, 710 st.sh.(aromatic skel). 
Theoretical: C- 57.34/^jH- 4.44$
Pound;- C- 57 . 67/?;H~ 4.65^



255.
Benzaldehyde m-Pluorophenyl Methyl Acetai
B.Pt. 82-38°C (O.l mm) Clear Oil (internal thermometer)
M.H.R. (CBCl^): 205 Hz, singlet (5).... methoxy protons

366 Hz, singlet (1).... acetai proton 
336-460 Hz, multiple!(9)... aromatic protons

N.M.R.(I,i/2 solution in CD~0D)100 MHz., .r       ̂ .    -
334 Hz, singlet (3).... methoxy protons 
614 Hz, singlet (l).... acetai proton 

652-770 Hz, multiplet(9)*.. aromatic protons
I.R. (neat )>) cm~-*-: 3020 w(aromatic CH str); 2950 v/(CÎ  str)

2850 w.sh(acetal CH str);, 1610, 1590 st.sh. 
(aromatic C=C str); 1490, 1450 sh. 
(asymmetric CH^ def). I36O (symmetric 
CH^ def); 1130, 1090, 1070, 1020, 1000 
(acetai C-O-C-O-C str); 920, 960, 730,
700 (aromatic skel.)

Gr.L.C',: If 07-17 (235°C); sens x 10; volts xl500;
P.R= 40 mls/min; C.S=12 inches/hour;
TR =13 mins.

Analysis: Theoretical: C-72•41^; H-5.44$; P - 7.95$
Pound: C-72.22$;H-5.45$; P - 3.20$



25 6 .

Benzaldehyde m-?rethoxyghenyl Methyl Acetai 

B.Pt. 140-145°C (1 x lO"4 torr) Clear Oil

N.K.R (CDCl^)s 203 Hz, singlet(3)....acetai methoxy protons
216 Hz, singlet(3)....aromatic methoxy

protons
3^5 Hz, singlet(l)....acetai proton 

.385-460 Hz, multiplet(9)..aromatic protons 
I»R.(neat)>) enT*^: 3050 (aromatic CH str);2930m(CH str);

2330 (acetai CH str); 1535 st(aromatic 
C=C str); 1430, 1445 m (asymmetric CH^def); 
1340 m (symmetric CH def); 1070? 1040, 1010, 
980 st (acetai C-O-C-O-C str); 330 m, 750, 
695 st (aromatic skel).

Analysis: Theoretical: 0-73*75$; H-6.60$
Pound-: C-73o94$'; H-6.66$e



257-
Benzaldehyde p-!.Tethylohenyl Bethyl Acetai
B.Pt. 100-106°G 1.5 x 10 torr. Clear oil (internal

thermometer)
If.IvI.R. (CDCl^): I37 Hz, singlet (3)... .aromatic methyl
-----------  group protons

203 Hz, singlet (3)... .methoxy protons
364 Hz, singlet (1)....acetai proton

410-460 Hz, multiplet(9)••.aromatic protons
I.R.(neat)^cm"^-; 3050 w(a,romatic CH str); 2950 w(CH^str);

2820 w.sh.(acetai CH str); 1610, 1590 m.sh.
(aromatic C=C str); 1510, I46O st.sh.
(asymmetric CE^ def); I36O sh.
(symmetric CH^ def); 1100, 1035, 1030

1010, 1000, 940 (acetai C-O-C-O-C sir);
83O, 760, 710 str. sh. (aromatic skel).

T.I.C. The crude mixed acetai was distilled
after work up to produce four fractions
of which the highest boiling
(120-130°C 0.3 mm) was plated on neutral
alumina (0.5 mm) with 100^ Petroleum
Kther (40-60) as solvent. Iodine spra,y
stained the plate as shown below:-



Layer ITq .

......im m m m  iiiri

l l l l l r n 2

'WJlLUUlIiillllh 3

Layer Ho. 2 was collected and distilled to give two 
fractions.

Fraction No.l) 97 - 100°C 1.5 x 10-1 torr.
2)100 - 106°C 1.5 x 10-2 torr. 

Fraction No. 2 was found to be analytically pure.
Analysis!; Theoretical: C- 73.92^; H- 7.06fo.

- Found: . C- 78.74^$ H- 7.1^-



259.
Benzaldehyde p-H ethoxy phenyl Methyl Acetai
B.Pt. 160°0 1 x 1CT4 torr. Clear Oil.
N.H.R.(CDC1-): 204 Hz, singlet (3). .acetai: methoxy
-----------  group protons

224 Hz, singlet (3 )..aromatic methoxy
group protons - ■

36O Hz, singlet (1)..acetai proton
402-450 Hz, multiplet(9)•aromatic protons

N.M.R.(M/2 solution in CD^OD); 100 MHz.

334 Hz, singlet (3 ). .acetai:' methoxy
group protons

594 Hz, singlet (1)..acetai proton
670-757 Hz, multiplet(9).aromatic protons

I.R.(neat)>?cm"1 : 3050 w(aromatic CH str); 2950 m.sh
(CH^ str); 2350 m.sh. (acetai CH str)
1595, 1575 st.sh. (aromatic C=C str.)
1460 m(asymmetric CH^ def); 1360 m
(symmetric CH^ def); 1100, 1095, 1040
1010, 930 (acetai C-O-C-O-C str); 900w
840, 770, 710 st.sh.(aromatic skel)

Analysiss Theoretical: C-73*75$'; H- 6.60?$
Found: . C-73.54£? E- 6.63?$



ra-Hitrob e nz a Id e hyde
B.Pt. 95-100°C 1 :

I.K.R. (ODCI3):

410-

I.R. (neat)Q cb~^:

Gr.L.C;

T.h.C:

260.
Phenyl Methyl Acetai
ic 102 torr Yellow oil (internal

thermometer)

204 Hz, singlet (3)....methoxy protons 
372 Hz, singlet (1)....acetai proton 
-510 Hz, multiplet (9)..aromatic protons

3050 w(aromatic CH str); 2930 w(CH^ str); 
2850 (acetai CH str); 1600 m, 1530 st.sh. 
(aromatic C=C str); 1490 m.sh (asymmetric 
CH^ def); I350d (symmetric CH^ def. 
and C-!'T02 str); 1100, 1030, 1040, 1000, 
990 m.sh. (acetai C-O-C-O-C str); 900, 
820, 760, 740,- 720, 700 (aromatic skel.) 
1/ C.E.-301 (165.4°C); sens x 10; 
volts xl250; F.R.= 51 mls/min;
C.S.=10 mm/hour; R ^ = 12.5 mins 
Preparative chromatography was possible 
with this compound because of its 
relative stability. 200 mgs. of impure 
material was plated on 0.5 mm silica

using the tertiary solvent system 10/ 
ether: 20;$ benzene: 70/ (40-60) Pet.Ether 
U.V.and iodine spray stained the plate 
as shorn below;



analytical preparative
261. 

layer Ho*

22zzrZZZ/iI /A7/7 7 
t -!— rr^'T'TiAw -w w v

: 1
' 2

: 3 
*• 4

Analytical plate; I = authentic dimethyl acetalintermediate
M =  mixture of I and P to test separation
P = product (crude reaction mixture)

Solvent system; 2Op ether; 4-Op benzene; 40fo'. (40-60) ‘
Pet. ether.

For better resolution the preparative plate was run twice 
in a solvent system the polarity of which was half that 
of the analytical plate.
Preparative plate; layer Ho. 1 ....9 mgs unidentifiable

product
2 ....109 mgs mixed acetai
3 ....dimethyl acetai
4 ....unidentifiable material 

Analysis; analysis of layer Ho. 2
Theoretical: G- 64.91^5 5.25f>; H- 5.36$
Found: C- 64.36$; H- 5.05$; H- 5•40$
analysis of distilled product 
(90-100 C 1 x 10 torr)
Found; C- 6 4 .7 3 $ ; H - 5 .0 0 $ . H - 5 .55^



262*
Hass Spectrum: For line diagram see end of this

Section.
M/e. R.A.(^) ion. type
259 10.5 Molecular ion (M+)
228 14 oO M + minus OCH^
166 • 100 M + minus OPh
120 97.0 M +..minus (0Ph+ If02)
91 66.5 CyHy"1*
65 81.5 °5h 5+



263 •

m-3romobenzaldehyde Phenyl Methyl Acetal
B.Pt. 135 ~ 140°C (2 x 10~^ torr) Yellow oil

ff.K.R.(ODOl^): 202 Hz, singlet (3) ....methoxy protons
364 Hz, singlet (1) ....acetal proton 

412-468 Hz, multiple! (9)...aromatic protons
I.R. (neat)^cm~*'L: 3050 w(aromatic CH str) ; 2950 m

(CH^ str); 2850 (acetal CH str);; 1600 st.sh 
(aromatic C=C str); 1495 st.sh.
(asymmetric CH^ def); I36O mCsymmetric 
CH^ def); 1100, 1080, 1040, 1020, 1000 st. 
(acetal C-O-C-O-C str); 900, 840m, 800,
760, 700 st.sh. (aromatic skel.)

G.I.C: 1fo 07-17 (100°0); volts xl500; sens xlO;
• P.R=44 mls/min; C.S.=15 inches/hour;
TR = 8.2minS.

T.B.C: Silica plate using binary solvent
system 5$ methanol: 97;' (60-80) Pet.Ether 
Rp 0.5. Iodine stain.

Analysis: Theoretical: C- 57.35;* 5 H- 4.47$.
Found: C- 57• 4Sf55 H- 4.59c/.



264.m-Fluorouenzaldehyde Phenyl Methyl Acetal 
B.Pt. 160-165 5 x 10'5 torr. Yellow all.

N.M*R (CDCl^): 203 Hz, singlet (3)...methoxy protons
365 Hz, singlet (1)...acetal proton

404-443 Hz, multiplet(9)•.aromatic protons 
I . R. (neatW cel*-*-: 3030 m(aromatic CH str); 2950 m

(CH^ str); 2350 m(acetal CH str); 1610 
1590 st.(aromatic 0=0 str); 1495? 1450 st. 
(asymmetric CH^ def); I36O m 
(symmetric CH^ def); 1110, 1100, 1030, 
1040, 1020, 995 (acetal C-O-C-O-C str); 
890, 800, 730, 700 st. (aromatic skel) 

Analysis: Theoretical: C- 72.4153; H- 5.44$; R- 7.95
Round: C- 70.03^? H- 5.32^; R- 8.8$

Although the analysis figures were poor, there was no 
trace of either dimethyl or diphenyl acetal contaminant.



265.
m-hethoxybenzaldehycle Phenyl i'ethyl Acetal 
B.P-b. 140-145°C (1 x 10~4 torr)
H.!;.R(CDC1^); 204 Hz, singlet (3)... .acetal. methoxy

protons
226 Hz, singlet (.3) ••• .aromatic methoxy

protons
363 Hz, singlet (1)... .acetal proton

405-450 Hz, multiplet (9 )• .aromatic protons
I.R.(neat)^ cm~^: 3040 (aromatic CH str); 2933 m

(CH^ str); 2830 sh(acetal CH str);
1533 st.(aromatic C=C str); 1430, 1450m 
(asymmetric CH^ def); 1345 m 
(symmetric CH^ str); 1070, 1025; 1008 
990m (acetal C-O-C-O-C str); 860m,
750, 690 st(aromatic skel).

Analysis: Theoretical: C- 73.75?$; H- 6.60?3
Pound : C- 72.7553; H- 6.61?$.

Although slightly impure there were no traces of either 
dimethyl or diphenyl acetals.



266.
p-Tolualdehyde Phenyl Hethy1 Acetal

o - 5  B.Pt. 90-95 C 5 x 10 torr. Clear oil.
H.II.R. (CBCl^) r 140 Hz, singlet (3)... .aromatic methyl 
------------------------------------------- group proton

202 Hz, singlet (3)....methoxy protons
365 Hz, singlet (1)....acetal proton

416-456 Hz, multiplet(9)...aromatic protons
I.R.(neat)^ceT“̂ : 3040 (aromatic CH str); 2940 m

(CH^ str); 2340 m.sh.(acetal CH str);'
1600 (aromatic C=C str); 1495 st. 1460w
(asymmetric Ch^ def);. 1355 m.(symmetric
CH^ def); 1090, IO35, 1013, 990 st.
(acetal C-O-C-O-C str); 310, 755st,
.695 (aromatic skel)

G.1,.0: If OV-17 (125°c); volts X1500; sens xlO
P . R = 29 mls/min; C.S .=12 inche s/hour;
T = 3lmins.K
Preparative chromatography ?;as attempted 
since there was good separation of the 
mixed and dimethyl acetals on the column 
(ARrp = 4 mins)

50 mgs. of an impure distillate produced two fractions, 
the first having the same composition as the distillate, 
the second about 90/ pure in mixed acetal. further puri­
fication by this technique was unsuccessful.



267.
<
T.L.C; Grade I Neutral Alumina with the tertiary

solvent system 10/ ether; 20/ benzene,
70/ (40_60) Pet. Ether, R1?=0.35 
Iodine stain.

Analysis: Theoretical: C- 73.92=3; H-7.06/.
Pound: C- 78.62/; H-7.14/.

i

An analytically pure sample which gave only one peak on
Gr.I»*C. was obtained from repeated molecular distillations.
Hass Spectrum: M/e R.A(/) ion type

no molecular ion apparent
197 , 0.4 M + minus OCH-̂
135 100.0 M + minus OPh
91 98.5 C?H7+
65 97.9 C H +5 o



p-Anlsaldehyde 
B.Pt. 125-130° 
H.H.R. (CDCt*)

I.R.(neat)9cm •

Analysis:

263.
Phenyl Hethyl Acetal 

-53 x 10 torr. Pale yellov/ oil
202 Hz, singlet (3)....acetal methoxy

protons
223 Hz, singlet (3)....aromatic methoxy

protons
36I Hz, singlet (1)....acetal proton 

402-456 Hz, multiplet (9)..aromatic protons 
3050 w(aromatic OH str); 2950 st.
(CH^ str); 2860 m(acetal CH str); 1600 w 
(aromatic C=C str); 1460 st.sh. 
(asymmetric CH^ def); 1375 m.sh. 
(symmetric CH^ def); 1190, 1160, 1135? 
1105, 1090, 1000 (acetalC-O-C-O-C str); 
840 w, 725 m(aromatic skel).
Theoretical: C- 75.75/; H- 6.60/.
Pound: C- 75.54/; H- 6.63/.



Preparation ox Benzaldehyde Methyl Acetal Acylal^3 
(a-niethoxy, g-aoetoxy toluene ).

269

CH(OCH3)2

(ch3co^o
a

/OCH3
CH

N : - c h 3
ii

Benzaldehyde dimethyl acetal (0,1 mole) and ascetic 
anhydride (0.2 moles) were heated under reflux until 
all of the dimethyl acetal appeared to have reacted 
(t.l.c on silica using 25f> ether, 75^'(40-60) pet. ether), 
which was after 24 hours. The heating was continued for 
a further 12 hours after which the excess acetic anhydride 
was distilled off at atmospheric pressure. The residue 
was fractionally distilled under reduced pressure to yield 
the product in about 90fj yield.
B.Pt. 67 - 63°C 0.3mn Clear Oil



H.If.R.(CDQI3):

I.R.(neat) cm~

Analysis;

270o

128 Hz, singlet (3)....acetoxy methyl
protons

212 Hz, singlet (3)....acetal,methoxy
protons

400 Hz, singlet(l).•.. acylal proton 
433-453 Hz, multiplet (5). aromatic protons 

3050 w(aromatic CH str); 3025; 2990 w;
2930 m.sh. (CH^ str); 2830 (methine CH str) 
1870 (acetoxy C=0 str); 1495 w (aromatic 
C=C str); 1450 (asymmetric CH^ def);
1570 st.sh, (symmetric CH^ def); 1275;
1100 st; 1140 sh, 1010, 990, 940, 390 st, 
(C-O-C-O-C str);750, 695 st.sh (aromatic 
slcel.)
Theoretical: C- 66,66yS5 H- 6.66;'.
Hound: C- 66.46^5 H- 6.55f'.



Preparation of m-?Titrobengaldehyde Phenyl Methyl Acetal via 
m-hi tfobenzalhroni.de A? To?"

An alternative route to the synthesis of substituted 
benzaldehyde phenyl methyl acetals which was attempted is 
shown by the reaction, scheme.

/OCH3 
CH 
UPh

I. 6.85 g(0.05m) of freshly distilled m-lkLtro toluene in 
800 mis. carbon tetrachloride was placed in a 500 ml. 
three-necked flask filled with reflux condenser and 
nitrogen inlet. The solution, was stirred continuously 
with a 500 vratt tungsten/mercury lamp approximately 2 cms 
from the flask, which was enveloped in tin foil.

The solution, gently refluxed while 15g(0.10m) of 
Bromine in 80 mis carbon tetrachloride was added over 
three hours, such that a red colour persisted in the 
solution. After this period the flask was allowed to 
cool to 45°C. and immersed in a dry ice-acetone bath. 
Before immersion the solution was turbid and therefore

•CHBr



2-72.

made the addition of petroleum ether unnecessary.
The solution was suction filtered to produce 2.64g 

(O.Og moles; 18;' yield) of a cream coloured solid, and 
a residual yellow oil containing none'of the desired' 
product.

Solid (needles) M.Pt. 94-95°C. (crude).
The solid was extremely insoluble in all organic sol­

vents tried. Hot acetone fractionally dissolved the 
solid 144 mgs.into three fractions, of which the major 
one (122 mgs) was not soluble IT.Pt. 96-97°C.
I.R.(nujol mull) obT"^; 1613 m(aromatic C 0 str) 5 1530 st.sh.

(asymmetric ITO2 def); 1350 st.sh. 
(symmetric H0£ def); 1105, 918,
830, 724w; 705 m.sh.

G.L.C: (an extremely dilute solution in
“ acetone.)

1 fo C.E-301 (165.4°0); volts x!250;
sens xlO; P.R*= 51 mls/min;
C.S.= lOmm/min; Tg =25.5 mins with
slight impurity at TR=7 mins.
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II. Sodium (0.3 g; 0.017 moles) was added to dry methanol 
in a 10Oral round bottomed flask with efficient reflux 
condenser and nitrogen inlet. Phenol (l*39g; 0.017 moles) 
in dried methanol (5 mis) was added dropwise, followed by 
the m-Nitrobenzalbromide (0.017 moles). The solution 
refluxed violently of its own accord for about one hour.
The reaction was warned gently and followed by t.l.c.
(silica with 50$ ether: 50$ (40-60) pet. ether, with 
iodine stain). After 12 hours the reaction mixture was 
worked up in the same manner as the other mixed acetals.

After vacuum evaporation of the solid solvent, a 
yellow viscous oil (0.56g) was left which was partially 
dissolved in lOmls. ethyl acetate and the most soluble 
fraction (247 mgs) plated on silica with 20$ ether5 
40$ benzene; 40$ (40-60) petroleum ether. Although the 
oil contained a high percentage of m-nitrobenzaldehyde 
dimethyl acetal, distillation produced 10 mgs of m-nitro­
benzaldehyde phenyl methyl acetal.

B.Pt. 90-100°C (1 x lO^torr)
Physical constants as before.

The dependence of this type of reaction on earbonium 
ion stability and nucleophilic concentration has been

rf p Qladequately d i s c u s s e d . B e c a u s e  of these considerations 
and the low yield obtained this general procedure was not 
adopted.



Preparation of substituted Benzalclehyde S-Phenyl Methyl 
Thioacetal.

The preparative method is very similar to that of
the mixed alkyl aryl acetals and is fully described by
Pife and Anderson benzene thiol is condensed with the 
appropriate substituted a-chloro benzyl methyl ether. 
Tolu'aldehyde S-Phenyl Methyl Thioacetal
B.Pt. 103 - 110°0 0.04 mm
N.I.I.R. (0^C17): 133 Hz, singlet (3).... .aromatic methyl
------------ protons

203 Hz, singlet(3)......methoxy protons
340 Hz, singlet (1).thioacetal proton

424-456 Hz, multiplet (9)...aromatic protons
I,R. (neat) cm~^: 3060 m(aromatic CH str); 2330 m(CH^ str);

2820m.sh.(thioacetal CH str); 1615 w.
1575 m(aromatic C=C str); 1475, 1435s.
(asymmetric CH def); I33OVW, (symmetric 3
CH def); 1095, 1(30, 1060, 1020 st.sh.3
995wsh, 960 m,(thioacetal C-O-C-S-C str) 
815, 730m, 740, 720, 637, 660 (aromatic 
skel)

Analysis: Theoretical: C- 73*77$. H- 6.55$.
Pound: C- 72.39$. H- 6.26$



Mass Spectrum; ll/e E.A. ion type
No molecular ion apparent. .
213 - M+ minus OOH^
135 100 M+ minus SPh
91 ’-98.5 C?H7+
65 59.1 C5H5+



Hass Spectral' ■Analysis ox Substituted Y -Benzs.Idehyde

lie (Till
JLX2411

Ph en;> 
Y = U

r± aethyl Acetals 
- HO (259) T = H(214) Y= P - Iie( 228) T= P - 

phenyl
MZe ; ... PA M/e ..̂ .RA : M/e M/e HA
259 4.5 214 3.5 228 - 244 -
228 9.0 184 6.3 197 0.4 218 45.1
167 29.9 183 22.1 167 5.7 186 10.2
166 100 181 6.8 166 14.0 135 15.1
151 9.0 155 17.0 150. 5.9 154 13.9
150 10.4 122 47.6 136 52.0 136 27.0
120 12.7 121 100 155 100 . 155 100
119 97.1 105 20.4 121 13.2 120 35.1
105 19.4 94 40.3 120 92.8 119 64.3
94 56.0 91 75.1 119 93.5 109 62.9
91 27.9 73 54.0 105 22.1 105 20.5
73 44.3 77 71.0 91 93.5 92 14.6
66 23.2 66 25.5 79 14.7 91 93.5
65 40.3 65 53.0 75 25.0 73 21.9
51 40.3 ' 51 7 6o5 66 97.9 77 21.9
53 36.6 59 66 65 97.9 66 17.5
23 45.5 28 80 63 52 65 59.1

51 41.2 63 16.1
59 93.5 51 27.0
28 75.8 59 36.5

- 28 22.6
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