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I. Introduction

Hydrolysis of acetals, ketals, ortho esters, and related
substrates is described by the equation

R, 0—R R,
NS .
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C==0 + 2ROH (1)
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The complete reaction requires the rupture of two car-
bon-oxygen bonds, the addition of a molecule of water to
the substrate, and several proton-transfer reactions. It
follows that the hydrolytic reaction must involve formation
of a number of intermediates along the reaction pathway.
This simple realization immediately raises a large number
of questions concerning reaction mechanisms such as:
What is the structure of the intermediates involved?
Which step of the reaction sequence is rate determining?
Do changes in rate-determining step occur as a function
of pH or catalyst concentration? Since the general class
of substrates under consideration here includes a variety
of individual structures, it is clear that the answers to
these and other questions may vary from substrate to
substrate. Moreover, superimposed on each of the above
questions are those concerned with catalysis. It is well
established that hydrolysis of most acetals, ketals, and
ortho esters occurs with specific acid catalysis and that
hydrolysis of certain of these substrates occurs with gen-
eral acid catalysis as well. What is the mechanism of
such catalysis? What is the role of proton-transfer reac-
tions in determining overall reaction rates? How do these
findings relate to the observation of enzymatic catalysis
for substrates of related structure? In view of the number
of questions involved in specification of mechanism and
catalysis for hydrolysis of these simple substrates, it is
not surprising that a substantial literature exists dealing

581

with these matters. To present a current summary of this
literature is the task of this review.

The hydrolysis of acetals and related substrates has
not been reviewed in detail since 1967,' although a re-
cent brief review is available.?2 In the succeeding five
years, substantial new information, leading to new in-
sights, has been collected. Much of this is in the areas of
isotope effects, intramolecular group participation, sur-
factant catalysis, and enzyme catalysis for these reac-
tions. This review will bring the previous one up to date in
those areas previously covered and will develop others
that have become important only recently.

Acetals, ketals, and ortho esters are structurally relat-
ed to a number of other classes of compounds, the hy-
drolysis of which has received study. Frequently, we shall
have the opportunity to refer to these related reactions.
The simplest related compounds are formed by replace-
ment of one or more of the oxygen atoms by nitrogen or
sulfur; such a substitution yields thioacetals, carbinolam-
ines (important as intermediates in carbonyl addition
reactions), oxazolidines, oxathiolanes, and so forth. Also
directly related are the glycosides and N-glycosides (gly-
cosylamines). The hydrolysis of these substrates has
been recently reviewed.3:4

Certain aspects of the hydrolysis of acetals, ketals,
and ortho esters appear so well established as to not re-
quire development here. These aspects may be consid-
ered as background to the current review. Important
among them is the site of bond cleavage for these reac-
tions. In principle, carbon-oxygen bond cleavage might
occur so as to yield either a carboxonium ion or alkyl
carbonium ion intermediates (eq. 2). On the basis of the

>c=6R + ROH o
or = ™~ OH
N o \c< + ROH
7~ NoR Ho MOy 7 o
AR
OR )

relative stabilities of the two intermediates, one might ex-
pect the reaction to occur with cleavage of that bond
leading to formation of the carboxonium ion. This expec-
tation has been fully borne out. The earliest convincing
evidence for this point of view is the important work of
Lucas and his associates on the hydrolysis of acetals de-
rived from optically active alcohols. For example, hydrol-
ysis of the D-(+)-2-octanol acetal of acetaldehyde in di-
lute agqueous phosphoric acid yields 2-octanol having the
same optical rotation as the original alcohol from which
the acetal was synthesized.5 This finding excludes forma-
tion of the alkyl carbonium ion, in which case substantial
or complete racemization of the alcohol would be expect-
ed, and an A2 reaction involving nucleophilic attack of
solvent on the alcohol in which case optical inversion of
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the alcohol would be expected. Similarly, the formal, ac-
etal, and carbonate derived from D-(—)-2,3-butanediol
and the acetal derived from D-(+)-2-butanol undergo
acid-catalyzed hydrolysis with complete retention of con-
figuration at the carbinol carbon of the alcohol.®:7

Drumheller and Andrews have investigated the possi-
bility that certain acetals, prepared from alcohols capable
of forming relatively stable carbonium ions, might hydro-
lyze by the alkyl carbonium ion pathway.® The parent al-
cohols chosen for study were (—)-a-phenethyl alcohol,
methylvinylcarbinol, and phenylvinylcarbinol. Derivatives
of each of these alcohols are well known to readily un-
dergo SN1-type displacement reactions. Hydrolysis of the
acetal prepared from (—)-a-phenethyl alcohol (in dilute
sulfuric acid solution) produced alcohol with optical prop-
erties identical with those of the original alcohol, as in
the cases described above. Similarly, hydrolysis of the
methylvinylcarbinyl acetal yielded only methylvinylcarbi-
nol, and hydrolysis of the phenylvinylcarbinol acetal yield-
ed phenylvinylcarbinol as the immediate reaction prod-
uct. Thus, the latter two hydrolyses proceed without the
allylic rearrangements (yielding crotyl alcohol and cinna-
myl alcohol) characteristic of the corresponding carboni-
um ions.®:'0 Finally, the possibility that hydrolysis of
these substrates occurs via nucleophilic attack of solvent
at the carbinol carbon atom was explicitly excluded
through the observation that methanolysis of a phenethyl
alcohol derived acetal vields phenethyl alcohol and not
the corresponding methyl ether. Thus, it is safe to con-
clude that even in these cases, deliberately chosen to
accentuate the possibility of alcohol carbon-oxygen bond
cleavage, acetal hydrolysis occurs with carbonyl carbon-
oxygen bond cleavage.

Bourns, et al., strongly corroborated the above conclu-
sion in an isotope tracer study of acetal formation and
hydrolysis.'' The condensation of benzaldehyde and n-
butyraldehyde, enriched in 80, with n-butyl and allyl al-
cohols yielded acetals of normal isotopic abundance and
'80-enriched water (eq 3). In a like fashion, hydrolysis of

180 OR’
ﬁ—C{ + 2R'OH L R—C—H + H,'80 3)
H
OR’

benzaldehyde di-n-butyl acetal and n-butyraldehyde di-n-
butyl acetal in '80-enriched water yielded alcohols of
normal isotopic content (the reverse of eq 3). Thus,
these reactions clearly proceed with carbonyl carbon-
oxygen bond cleavage (or formation).

Less experimental work on the site of carbon-oxygen
bond cleavage has been reported for the case of ketal
and ortho ester hydrolysis. One would expect that these
substrates behave in a fashion similar to that of acetals.
Some very early work on hydrolysis of ketals tends to
bear out this supposition. The acetone ketals of the cis
1,2-didls of tetrahydronaphthalene, hydrindene, and 1-
phenylcyclohexane yield the cis diols almost exclusively
on hydrolysis, a result consistent only with carbonyl car-
bon-oxygen bond cleavage.'?'4 These results should not
be interpreted to indicate that cleavage of the alcohol
carbon-oxygen bond, by either a unimolecular or bimole-
cular process, never occurs in these reactions. But they
do serve to indicate that such a reaction pathway will be
restricted to substrates of unusual structure or will con-
tribute in only a minor way to the overall hydrolytic pro-
cess for substrates of ordinary structure.

A second matter which seems to be generally agreed
upon is the noninvolvement of water as a nucleophilic re-
agent in the transition state for hydrolysis of acetals, ke-
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tals, and ortho esters. This point has been explicitly as-
sumed in the formulation of eq 2 which indicates carboni-
um ion pathways only. Several lines of evidence, includ-
ing volumes of activation, entropies of activation, struc-
ture-reactivity correlations, solvent isotope effects, and
the like, suffice to indicate the involvement of carbonium
ions in the transition state for hydrolysis of most of the
substrates in this class.! Again, this is not to suggest that
A2 reactions never occur for the hydrolysis of these sub-
strates; in fact, we shall devote some effort to detecting
those cases in which such a route may be important.
Moreover, we will have the occasion to review much of
the information which has led to the conclusion that
water is not involved as a nucleophile in the transition
state for these reactions. But our discussion will be in the
context of the assumption that this is the case. For ex-
tensive documentation of the point, the reader may refer
to the earlier review.'

Finally, we may note that a great many investigations
have established that the rate law for hydrolysis of most
of the substrates under consideration has the form

Kopss = KuH?) + 2 kya (HA), @

in which the terms corresponding to general acid cataly-
sis are frequently not important.

11. The Rate-Determining Step

The considerations just cited permit us to formulate
the hydrolysis of acetals, ketals, and ortho esters accord-
ing to the multistep pathway shown in eq 5 in which pro-
ton transfer reactions have not been explicitly included.

e T e o TN T e,
+ROH * -Hy0
i oR R ?
R, OR R,
>C< + HY —> \C=O + ROH + H* ()
R, OH R,

We will consider the importance of proton transfer reac-
tions for hydrolysis of these substrates below. At the mo-
ment, let us consider which of the steps of eq 5 is the
best candidate for rate-determining step. In solutions
containing little alcohol, rate-determining reaction of the
carbonium ion with solvent is extremely unlikely since
this requires that alcohol react with the carbonium ion,
regenerating starting material, more rapidly than water
reacts with the carbonium ion, yielding products. Since
the rate constants for reaction of alcohol and water are
almost certainly about the same, the rate for the latter
reaction must be greater than that for the former. A simi-
lar argument suggests that the tetrahedral intermediate
decomposition, the final step, is not rate-determining.
Since the overall equilibrium constant for interconversion
of substrate and tetrahedral intermediate should be about
unity, the latter would be present in much greater con-

.centration than the former were equilibrium established,

owing to the high concentration of water relative to alco-
hol. Since the rate constants for decomposition of these
species should be about equal, the rate for intermediate
decomposition should be greater than the corresponding
guantity for the substrate. These conclusions are fully
corroborated in kinetic studies of ketal and ortho ester
hydrolysis conducted in the presence of deuterated alco-
hols.

A study of the kinetics and product composition for the
hydrolysis of methyl ketals and methyl ortho esters in
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methanol-ds—deuterium oxide mixtures (eq 6), employing
proton magnetic resonance spectroscopy as an analytical

Nk ~
P + D" == C*—OCH; + CH,0D
OCH,
OCH,4
>c< + D == \C*—OCH3 + CD,OD
OCD, -~
OCH,4
e
>C\ + D == >C*—OCD3 + CH,0D (6)
OCD,
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tool, has provided a simple and straightforward experi-
mental distinction between several of the possible rate-
determining steps for these reactions.'®:'® The experi-
mental quantities determined by this method in the study
of, for example, methyl orthobenzoate hydrolysis, include
the first-order rate constants for the disappearance of the
methoxy protons of the ortho ester, Kortno ester: fOr the
appearance of the methyl protons of methanol, kymeon.
and for the appearance of the methoxy protons of the
carboxylic ester, Kester- Since the proton resonance sin-
glets for each of these groups are well separated, the
rate constants can be determined simultaneously. In ad-
dition, the ratio of integrated proton intensities at infinite
time of the products to some internal, time-independent
standard provides a quantitative measure of product
composition for many substrates.

Both the product composition and the relative magni-
tudes of the various raté constants are functions of the
nature of the rate-determining step. If carbonium ion for-
mation were rapid and reversible (i.e., carbonium ion for-
mation not rate determining), the methoxy groups of the
starting material would be rapidly exchanged for deuteri-
omethoxy groups through reaction of the carbonium ion
with solvent deuteriomethanol. The ortho ester would be
converted more slowly to carboxylic ester product. Thus,
Kortho ester and kpmeon Would be considerably larger than
Kester. Furthermore, little or no carboxylic ester product
containing methoxy protons would be formed since virtu-
ally all of the ortho ester would have been converted into
the corresponding deuterated material in the preequili-
brium exchange reactions. In contrast, if carbonium ion
formation were rate determining, methanol would not be
exchanged for deuteriomethanol in a preequilibrium reac-
tion, hence, Aortho ester» KMeOH. and Kester would be
nearly identical. In addition, only protio carboxylic ester
would be produced as reaction product.

Studies of this type have been performed employing
2,2-dimethoxypropane, 6,6,6-trimethoxyhexanonitrile,
methyl orthobenzoate, and methyl orthocarbonate as
substrates.'® The course of the hydrolysis of methyl
orthobenzoate as a function of time is indicated in Figure
1. As may be judged qualitatively from this figure, the
rate of disappearance of the methoxy protons of the ortho
ester is comparable to the rate of appearance of the cor-
responding protons of methyl benzoate. Furthermore, a
rather substantial amount of methyl benzoate, as op-
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Figure 1. Initial, intermediate, and final proton magnetic reso-
nance spectra for the hydrolysis of methyl orthobenzoate in an
eguimolar mixture of deuterium oxide and methanol-ds. Methoxy
protons of ortho ester appear at 3.0 ppm, those of methyl ben-
zoate at 3.8 ppm, and those of methanol at 3.25 ppm (from ref
186).

posed to deuteriomethyl benzoate, is formed in the reac-
tion as judged from the intensity of the appropriate signal
in the infinite time spectrum. These results are just those
predicted on the basis of rate-determining carbonium ion
formation. A quantitative treatment of the kinetics of
reactions of this type reveals that the relative magnitudes
of the various rate constants and the product composition
patterns are those expected for rate-determining carboni-
um ion formation provided that deuterium oxide and deut-
eriomethanol are about equally reactive toward the car-
bonium ion. The latter. conclusion is in accord with the
relative reactivities of water and methanol toward, for ex-
ample, the tert-butyl and benzhydryl carbonium ions.17-20

These data suggest that the hydrolysis of acetals, ke-
tals, and ortho esters occurs with rate-determining for-
mation of the carbonium ion derived directly from the
substrate (we shall have to modify this conclusion some-
what to account for the importance of proton transfer
reactions for hydrolysis of some of these substrates). But
the formulation of eq 5 is certainly incomplete in the re-
spect that the possibility of ion-molecule pairs as dis-
crete intermediates has been neglected. What about the
possibility that diffusion apart of the carbonium ion-alco-
hol pairs is the rate-determining step? To examine this
possibility, the course of acetal hydrolysis is formulated
in detail in Scheme |. Let us consider each of the
mechanistically distinct pathways.

The simplest pathway is 2 — 6 — 9, this is symmetri--
cal about the free carbonium ion and does not involve
formation of ion-alcohol pairs. If this route is correct,
step 2 must be rate determining since carbonium ion for-
mation is irreversible. The reaction pathway 1 — 5 — 8
— 9 is symmetrical about structures | and Il, carbonium
ion-alcohol pairs. Reaction 5 cannot be rate determining
in this sequence since this would require that the «-deu-
terium isotope effect be maximal for all acetals, contrary
to results described below. Reaction 8 cannot be rate de-
termining either since this would require that | and Il be
in equilibrium with each other, and the latter will certainly
exist in higher concentrations than the former (due to
high concentration of water relative to alcohol in the
reaction medium). It follows that the reverse of reaction
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1 would be slower than reaction 8 in the forward direc-
tion, ruling out 8 as the rate-determining step. Reaction 1
is the remaining possibility. The reaction pathway 1 — 3
— 4 — 8 — 9 js similar to that just described except
that the free carbonium ion is considered to be an inter-
mediate along the reaction coordinate. The arguments
just developed apply to this case with equal force: reac-
tion 1 is the only reasonable rate-determining step. Final-
ly, reaction pathways such as 1 —~>7 —>9%o0r1—>3 > 8
— g appear to be unlikely on the basis of lack of symme-
try with respect to acetal and hemiacetal. That is, it
seems unlikely that one would form | as an intermediate
without also forming Il as an intermediate. In view of
these considerations, we are strongly inclined to the view
that either reaction 1 or 2 must be rate determining for
acetal and ketal hydrolysis. Inclusion of a proton transfer
process then accounts for the rate-determining step for
ortho ester and orthocarbonate hydrolysis.

To this point, we have established that the transition
state for hydrolysis of acetals, ketals, and ortho esters in-
volves carbon-oxygen bond cleavage, which may be ac-
companied by proton transfer, leading to formation of a
carbonium ion derived from the carbonyl moiety of the
substrate. In an effort to define the transition state struc-
ture more precisely, let us review several aspects of
these reactions including substrate basicities, structure-
reactivity relationships, secondary deuterium isotope ef-
fects, and solvent deuterium isotope effects. These con-
siderations will lay the foundation for a consideration of
catalytic mechanisms subsequently.

/1. Basicities for Acetals, Ketals, and Ortho
Esters

Acetals, ketals, and ortho esters are weak oxygen
bases. Since the hydrolysis of these species usually in-
volves acid catalysis, a quantitative understanding of
their basic properties is highly desirable for attainment of
a better understanding of the mechanism of these reac-
tions. The acid lability of these reactants precludes direct
measurement of their extent of protonation as a function
of the acidity of the medium, the most straightforward
means of measuring base strength. As an alternative for
cases of this type, it is possible to employ stretching
frequencies in the infrared of O-H or O-D bonds of probe
molecules dissolved in the substance of interest as a
measure of the basicity of those species to which the
probe molecule forms hydrogen bonds.?2' The magnitude
of the frequency shift for each of the compounds of inter-
est relative to a suitable nonbasic standard is a measure
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TABLE |. Basicities for Acetals, Ketals, and Ortho Esters

Substrate pKa® Log ko? Ref
A. Dialkoxymethanes¢
Dimethoxymethane —4.,57 23
Diethoxymethane —4.13 23
Diisopropoxymethane ~3.70 23
Di-tert-butoxymethane —2.85 23
Di-2-fluoroethoxymethane —4.99 23
Di-2-chloroethoxymethane ~5.32 23
Di-2,2,2-trifluoroethoxymethane —8.40 23
Di-2,2,2-trichloroethoxymethane —7.85 3.38 23
Diphenoxymethane —6.53 23
B. Other Acetals and Ketals
2,2-Dimethoxypropane —5.2 24
Benzaldehyde diethyl acetald —5.7 24
Acetaldehyde ethyl 2,2,2-tri-
chloroethyl acetal —~7.53 7.16
2-Methyl-1,3-dioxolane —4.,60 2.71 f
C. Ortho Esters

Methyl orthoformate —5.69 8.00 g
Ethyl orthoformate —5.18 8.05 g
Isopropyl orthoformate —4.38 7.62 g
2-Chloroethyl orthoformate —6.57 7.10 g
Methyl orthoacetate —6.4 24
Ethyl orthoacetate —4.72 10.45 g
Methyl orthocarbonate —8.5 24
Ethyl orthocarbonate ~6.31 9.27 h

a For the conjugate acid of the indicated substrates. ? Logarithms
of the calculated first-order rate constants, in sec ™!, for the de-
composition of the protonated substrates (see text). ¢ Values of pK,
for the conjugate acids of a number of unsymmetrical dialkoxymeth-
anes have been measured as well; see ref 23. ¢ Values of pK, for sev-
era| para-substituted derivatives have also been measured but are
not detectably different from that for the parent compound; see ref
24. ¢A. Kankaanpera, Svomen Kemistilehti B, 42, 460 (1969). 7A.
Kankaanpera, Acta Chem. Scand., 23, 2211 (1969). 7 A. Kankaanpera
and M. Lahti, Svomen Kemistilehti B, 42, 427 (1969). * A. Kankaanpera
and M. Lahti, Acta Chem. Scand., 23, 2465 (1969).

of the relative basicity of these compounds. In addition, it
is possible to calculate approximate values of pK, by use
of a linear relationship which has been established be-
tween Au and pK, developed for a series of compounds,
the values of pKy of which may also be measured by
conventional means.2’ The most commonly used probe
molecule for such studies is deuteriomethanol.

The first measurements of the basicity of acetals, ke-
tals, and ortho esters were obtained using this technique
with phenol as the probe molecule.?? These early studies
indicated that the following order of basicity obtains:
ethers > ketals > ortho esters > orthocarbonates.?? The
fact that increasing substitution of alkoxy for alkyl func-
tions lowers basicity is the expected result on the basis
that the alkoxy function has the greater inductive elec-
tron-withdrawing capacity. Subsequently, there have
been a number of systematic studies of the basicity of
these substrates, notably in the laboratories of Kank-
annpera. Results of these studies are collected in Table
.

The values of pK, collected in Table | should be
viewed with some reservations since some oxygen bases
are known to deviate substantially from the linear Au
against pK, plot. Nevertheless, these substances are
structurally related, and differences in values of pKj,
within a given study at least, are real and the absolute
values may be regarded as reasonable approximations.
There are two instances in these data in which indicated
differences cannot be as large as indicated: those be-
tween methyl and ethyl orthoacetates and between meth-
yl and ethyl orthocarbonates. The large differences ob-
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tained in different laboratories cannot be accounted for
on the basis of the difference in electron-withdrawing ca-
pacity of the methyl and ethyl functions.

Note that a direct comparison between the basicity of
acetals and ketals, on the one hand, and ortho esters, on
the other, actually requires a statistical correction. The
former substrates have two sites for protonation and the
latter three (in the case of orthocarbonates, there are
four). The result is that ortho esters and orthocarbonates
appear to be somewhat more basic compared to acetals
and ketals than they really are. The indicated statistical
corrections have not been applied to the data in Table |
since these corrections may not be larger than the errors
in the measurements themselves.

The effects of structure on basicity of acetals, ketals,
and ortho esters are accounted for quite nicely on the
basis of polar effects of the various substituents in-
volved.23:2% |n fact, for those cases in which comparison
is possible, the measured values of pK, agree quite well
with values calculated prior to these measurements on
the basis of a linear free-energy relationship and effects
of polar substituents.?® This result strongly suggests that
double bond-no bond resonance, which should dramati-
cally reduce the basicity of ortho esters and orthocarbo-
nates relative to acetals and ketals, is not important for
these compounds.28

Values of pK, for the conjugate acids of acetals, ke-
tals, and ortho esters may yield direct information con-
cerning the mechanism of hydrolysis of these sub-
stances. Let us consider one possible mechanism, that
involving rapid reversible protonation of the substrate fol-
lowed by rate-determining carbonium ion formation (A1).

K s Kz
S + H* = SH* —— products (7)

For the mechanism, the first-order rate constant, k,, for
decomposition of the protonated species may be calcu-
lated from the measured second-order rate constant for
the overall reaction and the dissociation constant for the
conjugate acid of the substrate: k; = kyKgy. For several
of the substances of Table |, logarithms of values of k»
have been calculated from available data and are includ-
ed in the table. For many of the substrates, mostly simple
acetals and ketals, reasonable values of k, are obtained,
and a simple A1 mechanism is at least possible in these
cases. For other substrates, including ortho esters, ortho-
carbonates, and very weakly basic acetals, calculated
values of k, are near or greater than the diffusion-con-
trolled limit. For these substrates, the simple A1 mecha-
nism cannot be correct, and we must consider more
complicated alternatives. First, it is possible that protona-
tion of the substrate occurs in a separate step from car-
bon-oxygen bond cleavage and is partially or completely
rate determining. Second, substrate protonation and car-
bon-oxygen bond cleavage may be concerted processes.
Distinction between these two is difficult. We will return
to this point later and discuss it in more detail in light of
additional data to be reviewed.

1V. Structure-Reactivity Relationships

A great deal of information has been collected relating
to structure-reactivity correlations for hydrolysis of ace-
tals, ketals, and ortho esters. These data, together with
that for some related reactions, are summarized in Table
II. A detailed examination of all of these data would be
prohibitive in terms of space, and we focus attention on
some salient features.

First, second-order rate constants for specific acid cat-
alyzed hydrolysis of these substrates are quite sensitive
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to the nature of polar substituents in the carbonyl moiety
of the substrate (entries 1-21); without exception, rate
constants increase markedly with increasing electron
donation from the polar substituent. This is, of course,
precisely the expected result on the basis of a transition
state which has partial carbonium ion character: the de-
veloping carbonium ion will be stabilized relative to the
substrate by those substituents which donate electrons.
These data argue strongly against reaction mechanisms
involving nucleophilic attack by water in the transition
state and those involving rate-determining substrate pro-
tonation, for which much smaller effects of polar substit-
uents would be expected.

For those substrates bearing polar substituents in an
aryl moiety, rate constants for specific acid catalyzed hy-
drolysis are more frequently correlated by the ¢ rather
than by the o* substituent constants. Only the data for
the benzylidene-lincomycin acetals (entry 5) follow the
ot constants and those for para-substituted benzalde-
hyde diethyl acetals in 50% dioxane (entry 12) and for
2-(4-substituted phenyl)-1,3-dioxolanes (entry 9) follow
constants intermediate between g and ¢*.27

log (k/ko) = plo + ro™ — )] )

At first glance this is a surprising result, since the ¢*
substituent constants quite frequently successfully corre-
late data for carbonium ion reactions, for which electron
donation by resonance is frequently of special impor-
tance.?® A complete explanation of the mechanism of hy-
drolysis of these substrates will have to account for the
observation that electron donation by resonance is evi-
dently not particularly important; we return to this point
later in the discussion in light of insight gained through
study of secondary deuterium isotope effects (section
V).

Values of p for acid-catalyzed hydrolysis of methyl
orthobenzoates increase with increasing methanol con-
tent in the solvent (entries 1-3). This result may reflect
either a medium effect or a change in rate-determining
step or both. It is clear that when the concentration of
methanol in the solvent is sufficiently high, the carbonium
ion will more often react with methanol, regenerating
ortho ester, than with water, yielding products. This has
the effect, then, of changing the rate-determining step
from carbonium ion formation to trapping of the carboni-
um ion by water. It is, however, not clear that a change
in rate-determining step necessarily requires a change in
the value of p since the two transition states involved are
likely to be quite similar. Moreover, data to be discussed
below suggest that values of p are not particularly sensi-
tive indicators of changes in transition state structure.
The possible importance of medium effects is empha-
sized by the observation that hydrolysis of methyl ortho-
benzoates in micelles of sodium dodecyl sulfate also ex-
hibits a more negative value of p than the same reaction
in water (compare entries 1 and 4). On the other hand,
the hydrolysis of benzaldehyde diethyl acetals is about
equally sensitive to substituent effects in water and 50%
dioxane (entries 10-12), suggesting the medium effects
may not greatly influence p in this case. However, hy-
drolysis of these substrates in the presence of micelles of
sodium dodecyl sulfate is more sensitive to the nature of
polar substituents than is the reaction in water (entry 13).

Hydrolysis of orthobenzoates in water is less sensitive
to the nature of polar substituents than is the hydrolysis
of acetals of benzaldehyde in the same solvent (compare
entry 1 with entries 10 and 14). This observation provides
mild support for the idea that the transition state for ace-
tal hydrolysis may have more carbonium ion character
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TABLE 1. A Summary of Linear Free-Energy Relationships for Hydrolysis of Acetals, Ketals, and Ortho Esters

No. of
sub-
stit- Temp,
Substrates p -uents  °C Solvent Ref Comments
A. Variable Polar Substituents in Carbonyl Moiety of Substrate
1. Methyl 4-substituted orthobenzoates —1.16 7 25 Water 47
2. Methyl 4-substituted orthobenzoates —2.02 5 30 70.0% methanol a
3. Methyl 4-substituted orthobenzoates —~2.3 5 25 98.0% methanol 47
4, Methyl 4-substituted orthobenzoates —2.5 5 25 0.03 M SDs? 97
5. 3,4-0-(4-Substituted benzylidene)lincomycin  —1.85¢ 5 70 Water d r=20,996
acetals
6. 2-(4-Substituted phenyl)-4,4,5,5-tetramethyl- —2.0 4 30 Water e
1,3-dioxolanes
7. 2-Alkyl-4,4,55-tetramethyl-1,3-dioxolanes 2.2/ 4 30 50.0% dioxane g
8. 2,2-Di(4-substituted phenyl)-1,3-dioxolanes —2.3 4 30 20.0% dioxane 64
9, 2-(4-Substituted phenyl)-1,3-dioxolanes . —3.25% 5 30 50.0% dioxane 1, 42
10. 4-Substituted benzaldehyde diethyl acetals  —3.3 6 25 Water 55
11, 3-Substituted benzaldehyde diethyl acetals —3.35 4 30 50.0% dioxane 1,42
12, 3,4-Substituted benzaldehyde diethyl acetals —3.35* 8 30 50.0% dioxane 1, 42
13. 4-Substituted benzaldehyde diethyl acetals  —4.1 6 25 SDsb 55
14, 4-Substituted benzaldehyde di-tert-butyl -3.97 5 25 Water i
acetals
15. 1,1-Dialkyl-1,1-diethoxymethanes ~3.600/ 20 25 49.6% dioxane k Error = 0,115
16. 1-Alkyl-1-methyl-1,1-diethoxymethanes ~3.541/ 9 25 49.6% dioxane k Error = 0.176
17. 1-Alkyl-1,1-diethoxymethanes —3.652/ 15 25 49.6% dioxane k Error = 0.081
18. 2-Alkyl-1,3-dioxolanes —3.92¢ 7 25 Water m Error = 0.49, r = 0.998
19, 2,2-Dialkyl-1,3-dioxolanes —4.00/ 5 30 50.0% dioxane 57
20, 2-(Alkylmethyl)-2-methyl-1,3-dioxolanes —1.487 8§ 30 Water 79
21. 2-(Alkylmethyl-)2,5,5-trimethyl-1,3-dioxanes —1.337 8 30 Water 79
B. Variable Polar Substituent in Nondeparting Alkoxy Function
22, ROCH;0CH,-2-COOCH; —3.00/ 4 30 Water 84 Error = 0.05
23, ROCH:0C¢H,-2-COOH ~3.00/ 5 30 Water 84 Error = 0.05
24, ROCH,0C¢H,-2-CO0— ~3.00/ 5 30 Water 84 Error = 0.05
25. Methyl 2-substituted-2-deoxy-g-D-glucosides  —2.34/ 4 60 Water 2
26. CH;COOCH;0R ~3.427n 3 25 Water o Error = 0.30, r = 0.997
27. ROCH,0R —~4.31/m 7 25 Water P Error = 0.20, r = 0.993
28, ROCH,OCH; — ROCH,* 4 CH;0H —4.117m 6 25 Water q Error = 0.38, r = 0.976
29. ROCH,0R ~1.96/n 6 25 Water q Error = 0.29, r = 0.941
30. ROCH.0R —2.17/m 4 25 Water o Error = 0.38, r = 0.942
31, R;COCH,0CR; —0.83/ 12 25 Water m Error = 0.12, r = 0.984
32. RsCOCH,0CR; —0.86/ 12 25 60.0% dioxane m Error = 0.08, r = 0.996
33. 5,5-Disubstituted-2,2-dimethyl-1,3-dioxanes —0.52/ 7 30 Water 79
34. (RO);CH ~1.58/m 5 25 Water r Error = 0.02, r = 0.999
35. (RO);CH —1.89/ 5 25 65.0% dioxane r Error = 0.18, r = 0.979
C. Variable Polar Substituent in Leaving Alkoxy Function
36. 3,4-Substituted phenyl-a-D-glucosides —0.006 10 70 Water s
37. 2,4-Substituted phenyl-3-D-glucopyranosides —0.06 6 78.2  Water 80
38. 4-Substituted phenyl-3-D-glucopyrano- —~0.09 3 25 Water t Error = 0.05
siduronic acids
39, Aryl 2-acetamido-2-deoxy-g-D- —~0.11 5 78.2 Water 80
glucopyranosides
40. 3,4-Substituted phenyl-a-maltosides ~0.25 10 60 Water v
41, 3,4-Substituted phenyl-3-D-glucosides —0.66 11 60 Water v
42, 4-Substituted phenyl-3-D-glucopyranosides —0.48 3 25 Water t Error = 0.04
43, Formaldehyde methyl 4-substituted phenyl —0.25 4 56 Water 85
acetals
44, 2-(4-substituted phenoxy)tetrahydropyrans —0.92 6 30 50.0% dioxane 31
45, CH;0CHOR — CH;0CH.* + ROH Parabola 6 25 Water q
46, RCOOCHOCH; 0 3 25 Water 32
47, 2-Alkoxytetrahydrofurans Parabola 5 25 Water w
48, 2-Alkoxytetrahydropyrans Parabola 5 25 Water w
D. Substituent Effects on General Acid Catalyzed Hydrolysis
49, 2-(4-Substituted phenoxy)tetrahydropyrans 0.9 3 50 50.0% dioxane 31 kicoor
50. Benzaldehyde methyl 3-substituted phenyl 0.89 4 20 Water 30 kcuscoon
acetals
51. 4-Substituted benzaldehyde di-tert-butyl ~2.02 4 25 Water i kcscoon
acetals
52. 2,2-Di(4-substituted phenyl)-1,3-dioxolanes —2.41 3 30 20.0% dioxane 64 kci:cHCOOH

Error = 0.10, r = 0.997
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TABLE 1L (Continued)

No. of
sub-
stit- Temp,
Substrates p uents °C Solvent Ref Comments
53. Methyl 4-substituted orthobenzoates Hyperbola 5 30 70.0% methanol a kcicr.coon
54, (RO)GH —2.11/» 2 25 Water x kxizac04
55, (RO);CH —1.52/n 2 25 Water x kH:po.~
E. Substituent Effects on pH-Independent Hydrolysis
56. cis-2-Alkyl-5-methyldioxolones-(4) —~3.65/ 3 25 Water 33 Estimate
57. RCOOCH,0OCH; 1.41/m 3 35 Water 32 Error = 0,04, r = 0,999
F. Substituent Effects on Substrate Protonation
58. ROCH,0R 3,90/ 9 25 y Error = 0.30, r = 0.975
59. (RO);CH 4,73/ 7 25 z Error = 0.61, r = 0.946
G. Substituent Effects on Related Hydrolytic Reactions
60. Alkyl vinyl ethers ~2.22/m 25 Water aa
61. ROCH.CI —2.77/m 4 25 53.3% ethanol o ko, error = 0.40, r =
46.7% dioxane 0.960
62. 2-(4-Substituted phenyl)-1,3-oxathiolanes —1.66 5 30 Water bb Error = 0.07, r = 0.975
63. 2-(4-Substituted phenyl)-1,3-oxathiolanes —2.05 5 30 Water bb, kgg2+, error = 0.05,
r=0.983
64. 2-(3,4-Substituted phenyl)-1,3-oxathiolanes —2.11¢ 7 30 50.0% dioxane cc r= 0,995
65. Aryl 3-D-thioglucosides —0.9 2
66. Benzaldehyde methyl S-(substituted phenyl) —1.0 65
thioacetals
H. Substituent Effects on Base-Catalyzed Hydrolysis
67. 3,4-Substituted phenyl-a-D-glucosides 2.8 g 70 Water s
68. Aryl 2-acetamido-2-deoxy-3-D- 2.6¢ 3 78.2 Water 80 ko
glucopyranosides
69. 3,4-Substituted phenyl-g-D-glucosides 2.48 11 60 Water v
70. 3,4-Substituted phenyl-o-maltosides 2.51 10 60 Water v
|. Substituent Effects on Enzyme-Catalyzed Hydrolysis
71. 3-(2,4-Substituted phenyl)-di-N-acetylchito- 1.23 4 35 Lysozyme 34 keat, €rror = 0.17
biosides
72. Aryl 8-D-glucosides ~1 1 30 Emulsin v ka/ki
73. Aryl 3-D-glucosides 1 11 30 Emulsin v k3
74. Aryl o-maltosides —0.45 10 37 Taka-amylase A v Km
75. Aryl a-maltosides 2.00 10 37 Taka-amylase A v koverall

e H, Kwart and M. B. Price, J. Amer. Chem. Soc., 82, 5123 (1960). ® SDS is sodium dodecyl sulfate; the value of p refers to the hydrolysis of
these substrates when incorporated into the micellar pseudophase formed from this surfactant. ¢ The linear free energy relation obeyed is log
(k/ko) = aTp*. M. J, Taraszka and W. Morozowich, J. Org. Chem., 33, 2349 (1968). ¢ T. H. Fife, J. Amer. Chem. Soc., 89, 3228 (1967). / The linear free
relation obeyed is log (k/ko) = (Za*)p*. # T. H. Fife and L. H. Brod, J. Org. Chem., 33, 4136 (1968). * The linear free energy relation obeyed is log
(k/k) = p {c + r(et — )] in which r = 0.5. * E, Anderson and T. H. Fife, J. Amer. Chem. Soc., 93, 1701 (1971). ? The linear free energy relation
obeyed is log (k/ko) = (Sa*)p* — h(Ah); * M. M, Kreevoy and R. W. Taft, Jr., J. Amer. Chem. Soc., 77, 5590 (1955). ! The linear free energy rela-
tion obeyed is log (k/ke) = o ~p~. ™ F. Aftalion, M. Hellin, and F. Coussemant, Bufl. Soc. Chim. Fr., 1497 (1965). " L east-square values, calculated
by the author. Values for ¢ and ¢* were taken from D. H. McDaniel and H. C. Brown, J. Org. Chem., 23, 420 (1958), and R. W. Taft, Jr., in **Steric
Effects in Organic Chemistry,” M. S. Newman, Ed., Wiley, New York, N. Y., 1956, respectively. ¢ P. Salomaa, Suomen Kemistilehti 8, 33, 11 (1960).
? A. Skrabal and H. H. Eger, Z. Phys. Chem., 122, 349 (1926). ¢ P. Salomaa, Ann. Acad. Sci. Fenn., Ser. A2, No. 103, 1 (1961). " A. Kankaanpera and
M. Lahti, Suomen Kemistilehti B, 43, 75 (1970). *A. N. Hall, S. Hollingshead, and H. N. Rydon, J. Chem. Soc., 4290 (1961). ‘L. K. Semke, N. S.
Thompson, and D. G. Williams, J. Org. Chem., 29, 1041 (1964), *S. Matsubara, J. Biochem. (Tokyo), 49, 232 (1961). * R. L. Nath and H. N. Rydon,
Biochem. J., 57, 1 (1954). * A, Kankaanpera and K. Miikki, Suomen Kemistilehti B, 41, 42 (1968). * A. Kankaanpera and M. Lahti, ibid., 43, 105 (1970).
Y A. Kankaanpera, Acta Chem. Scand., 23, 1723 (1969). ? A. Kankaanpera and M. Lahti, ibid., 42, 427 (1969). *¢ P. Salomaa, A. Kankaanpera, and M.
Lajunen, Acta Chem. Scand., 20, 1790 (1966). ® N. C. De and L. R. Fedor, J. Amer. Chem. Soc., 90, 7266 (1968). ¢ T. H. Fife and L. K. Jao, ibid., 91,
4217 (1969). :

than that for ortho ester hydrolysis, a point to which we on carbonium ion formation in the transition state; as in

return later. the case of polar substituents in the carbonyl moiety,
Second, rate constants for hydrolysis of acetals, ke- electron donation will stabilize a developing carbonium
tals, and ortho esters increase with increasing electron ion in the transition state relative to the ground state. In

donation from polar substituents located in that alkoxy those cases in which comparison is possible, medium
function which does not leave in the rate-determining effects on values of p* are not large (compare entries 31

step (entries 22-35). and 32, 34 and 35). For modest structural changes,.
, values of p* are independent of the nature of the leaving
O—R'—X )
N/ PN H.0 group (compare entries 22-24).
/C\ — C="0—R—X + ROH —%— Third, for hydrolysis of glycosides and ~cetals, rate
O—R / constants are not markedly sensitive to {he nature of

polar substituents in the leaving group (eq 10) (no. 36-48).
In most cases, small negative values of p are obtained.
Without exception values of p* are negative and most This is reasonably interpreted to reflect the opposing ef-
such values are large. This is the expected result based fects of polar substituents on substrate protonation and

products (9)
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0—R—X
- N\

N/ > “c="0R + HO—R—X —22>

7 \O . 7

products (10)

carbon-oxygen bond cleavage. Electron donation from a
polar substituent, for example, would tend to increase the
extent of protonation but retard the rate of decomposition
of the protonated substrate. The observation of negative
values of p suggests that the former effect is somewhat
the more important of the two. Alternatively, the effects
of polar substituents can be viewed simply as stabiliza-
tion of the departing leaving group, which bears a partial
positive charge in the transition state, relative to the un-
charged ground state by electron donation.

Fourth, linear free energy relationships for general acid
catalyzed hydrolysis of acetals, ketals, and ortho esters
have been investigated in a few cases (entries 49-55).
For polar substituents in the carbonyl moiety of the sub-
strate, entries 51 and 52, negative values of p are ob-
tained, as expected. In the case of hydrolysis of benzal-
dehyde di-fert-butyl acetals, the specific acid catalyzed
reaction is substantially more sensitive to the nature of
polar substituents than is the acetic acid catalyzed reac-
tion (compare entries 14 and 51). In contrast, the specif-
ic and general acid catalyzed hydrolyses of 2,2-di(4-sub-
stituted phenyl)-1,3-dioxolanes are about equally sensi-
tive to this parameter (compare entries 8 and 52). The
hydrolysis of ortho esters bearing polar substituents in
the alkoxy moiety is about equally sensitive to the nature
of polar substituents for the specific and general acid
catalyzed reactions (compare entry 34 with 54 and 55).

Of considerable interest is the observation that general
acid catalyzed hydrolysis of 2-(4-substituted phenoxy)te-
trahydropyrans and benzaldehyde methyl 3-substituted
phenyl acetals is characterized by positive values of p
(entries 49 and 50) even though the specific acid cata-
lyzed hydrolysis of the former compounds at least has a
negative value of p (entry 44). This result has been inter-
preted to suggest that carbon-oxygen bond cleavage is
particularly important relative to substrate protonation for
the general acid catalyzed reactions.?9:30

Fifth, in a few cases, hydrolysis of acetals and related
substrates has been shown to occur via pH-independent,
as well as acid-catalyzed, pathways.3'-33 pH-independent
reactions are ordinarily important only in those cases in
which the leaving group forms a particularly stable anion,
such as a carboxylate or phenolate ion. In two cases,
entries 56 and 57, linear free-energy relationships have
been established for pH-independent hydrolyses of these
substrates. Electron-donating substituents in the carbonyl
moiety (entry 56) and electron-withdrawing substituents
in the leaving group (entry 57) increase the rate con-
stants for the pH-independent hydrolyses, suggesting that
this reaction involves the simple unimolecular decompo-
sition of the substrate.31-33

—C—O0OR — —C* + "OR 1

Sixth, in two cases, substituent effects on the basicity
of acetals and ortho esters have been measured (entries
58 and 59); basicities were measured as described in
section IIl. The large positive values of p* indicate that
the dissociation constants for the conjugate acids of
these substrates increase with increasing electron-with-
drawing power of the polar substituent, as expected.
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Finally, among those enzymatic reactions involving gly-
cosides as substrates for which linear free energy rela-
tionships have been established (entries 71-75), that in-
volving lysozyme is particularly interesting.34 Note that
the effect of polar substituents in the leaving group is
such that increasing electron withdrawal leads to in-
creasing reactivity. This is the result found for the general
acid catalyzed hydrolysis of related substrates but is con-
trary to that.observed for specific acid catalyzed hydroly-
sis (see above and Table I1). This observation lends sup-
port to the suggestion that general acid catalysis is in-
volved in the catalytic process of lysozyme.35

All of the data collected in Table || refer to correlations
of structure with reactivity within a group of closely relat-
ed substrates. As noted in the discussion above, these
data lend strong support to the general aspects of the
mechanism of hydrolysis of acetals, ketals, and ortho es-
ters as developed in sections | and |I. However, correla-
tions of structure with reactivity which extend beyond
these bounds pose an interesting and important question
with which we must concern ourselves; specifically, the
replacement of methyl groups with methoxy groups in the
series RC(CH3),0CH3;, RC(CH3) (OCH3)2, RC(OCHa3)3,
C(OCH3) 4. The transition from ether to ketal is accompa-
nied by an enormous increase in reactivity; in contrast,
those from ketal to ortho ester and ortho ester to ortho-
carbonate are accompanied by decreases in reactivity.?s
That is, increasing stability of the carbonium ion interme-
diate does not uniformly result in increasing reactivity of
the substrate. This is a surprising result since one would
have expected that those factors which stabilize the car-
bonium ion intermediate relative to the ground state
would stabilize the developing carbonium ion in the tran-
sition state as well. The resolution of this problem has
come out of secondary deuterium isotope effects for
these reactions, and we will return to a consideration of
this topic in section VI.

Quite aside from apparent surprises in structure-reac-
tivity correlations, we have discovered a number of differ-
ences in the sensitivity of rates to polar substituents as a
function of substrate structure. For example, it has been
pointed out that the hydrolysis of ortho esters is generally
less affected by a change in polar substituent than is hy-
drolysis of acetals (Table Il). Findings of this type must
be accounted for in terms of details of transition state
structure not thus far specified. Until this point, hydrolysis
of the entire spectrum of substrates has been considered
to proceed through carboxonium ion intermediates, the
formation of which is irreversible. The structure-reactivity
correlations just described indicate that the individual
reactions may differ in two important respects: timing of
proton transfer relative to cleavage of carbon-oxygen
bonds (specific acid vs. general acid catalysis) and ex-
tent of cleavage of carbon-oxygen bonds in the transition
state. That these factors differ from substrate to sub-
strate is also attested to by solvent deuterium isotope ef-
fects, to which we now turn.

V. Kinetic Solvent Deuterium Isotope Effects

Measurement of relative rate constants for organic
reactions in light and heavy water has long been em-
ployed in efforts to probe transition state structures; sev-
eral excellent reviews are available.3® Significant devel-
opments in interpretation of deuterium isotope effects
through vibrational analysis of models of transition state
structures have been achieved in recent years.37-3° |n
addition, a very useful and computationally quite simple
theory for interpretation of solvent deuterium isotope ef-
fects has been formulated by Schowen.®® In what fol-
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lows, we shall employ certain results derived by this
method.

Since hydrolysis of those substrates of interest here
does not involve solvent as nucleophilic reagent, solvent
deuterium isotope effects arise from two basic sources?®:
(i) the function of Ilyonium ion as a proton-transfer agent
in the transition state (regardless of whether the proton
transfer is complete or not) and (ii) qualitative and/or
guantitative changes in solute-solvent interactions as one
moves from ground to transition state.*?-*' Both factors
will probably be important for the bulk of the reactions
under consideration.

The calculations of Schowen, in agreement with con-
clusions of others, strongly suggest that solvent deuteri-
um isotope effects for acetal or ortho ester hydrolysis will
not serve to distinguish between mechanisms which do
and do not involve water as a nucleophile.?® However,
since the former possibility has already been largely elim-
inated, attention may be focused on the question of what
these isotope effects may reveal concerning details of
transition state structures leading to formation of carbox-
onium ions. For those reactions occurring with preequili-
brium protonation of substrate followed by rate-determin-
ing carbon-oxygen cleavage (Scheme |, step 7), calcula-
tions suggest that the observed solvent-deuterium iso-
tope effect, kp,o/Ku,0, Should vary between 2.3 and 3.4
as the extent of carbon-oxygen bond cleavage in the
transition state increases.3®

+

OR OR
N~ N~ N -
c H,0* == = c=
L M o _C=OR + ROH
OR
Koo/ ko = 23 Ko,o/kno = 34 (12)

Consequently, for those substrates hydrolyzing by this
mechanism, semiquantitative information concerning this
parameter should be extractable from measurements of
this isotope effect. For those substrates whose hydrolysis
occurs with carbon-oxygen bond cleavage and protona-
tion concerted in some sense, deuterium solvent isotope
effects are expected to be less than 2.3. Hence, these
measurements may aid in distinguishing between the A1
and A-SE2 mechanisms whether or not general acid ca-
talysis is experimentally observable. '

Kinetic solvent deuterium isotope effects for hydrolysis
of acetals, ketals, and ortho esters, together with infor-
mation for some related reactions, are collected in Table
I11. The care with which these data have been measured
has occasionally left something to be desired: note that
several independent determinations for the hydrolysis of
the same substrate sometimes yield inconsistent values.
Despite uncertainties of this type, the data collected in
Table |11 do permit a series of conclusions to be drawn.

First, solvent deuterium isotope effects for hydrolysis
of acetals and ketals of simple structure, which are be-
lieved to hydrolyze by the simple A1 mechanism, fall into
the range 2.5-3.3 (entries A: 20-23, 26-39, 42-486). This
is expected on the basis of the calculations of Schow-
en,3® as noted above, corroborating the assignment of
the A1 mechanism and strongly suggesting that signifi-
cant carbon-oxygen bond cleavage has occurred in the
transition state for hydrolysis of these substrates.

Second, for a series of structurally related 2- (substitut-
ed phenyl)-1,3-dioxolanes (entries A: 27-30), the solvent
isotope effects exhibit a general trend toward increasing
values with increasing electron-withdrawing capacity of
the polar substituent.*2 This observation suggests that the
extent of carbon-oxygen bond cleavage increases with
decreasing stability of the intermediate carboxonium ion,
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as expected on the basis of the considerations of Ham-
mond and Thornton.*3:44 |n contrast, the solvent isotope
effect for the hydrolysis of p-nitrobenzaldehyde diethyl
acetal is slightly less than is that for hydrolysis of the cor-
responding p-chloro compound (entries A: 42 and 43).42
However, the difference may lie within the error of the
experimental measurements; a careful restudy of these
isotope effects appears warranted.

Third, solvent deuterium isotope effects for hydrolysis
of ortho esters are generally smaller than those for hy-
drolysis of acetals and ketals (entries A: 1-19). As de-
tailed below, ortho esters are usually considered to hy-
drolyze by the A-SE2 mechanism, involving proton trans-
fer concerted in some sense with carbon-oxygen bond
cleavage. The magnitude of the observed isotope effects
corroborates and strengthens this conclusion. Within the
class of ortho ester hydrolyses, two trends may be ob-
served. First, as the stability of the derived carbonium ion
increases, the magnitude of the solvent deuterium iso-
tope effect decreases; compare the values for ethyl or-
thocarbonate, ethyl orthobenzoate, and ethyl orthofor-
mate. This observation suggests, in accord with expecta-
tions,43:44 earlier transition states for those substrates
yielding more stable intermediates. Second, as the basic-
ity of the leaving alcohol decreases, isotope effects also
decrease; compare the data for 2-methoxy- and 2-chlo-
roethyl orthoformates and for phenyl orthoformate with
that for ethyl orthoformate. This finding is in accord with
increasing importance of proton transfer to the leaving
group in the transition states for hydrolysis of those sub-
strates possessing very weakly basic leaving groups.

Fourth, hydrolysis of those acetals and ketals of abnor-
mally low basicity occurs with relatively small solvent iso-
tope effects (note entries A: 24, 25, 47-53). This is con-
sistent with the behavior of ortho esters which ordinarily
have basicities substantially less than those for simple
acetals (Table ). It is not surprising that introduction of
polar substituents having the effect of lowering acetal
basicity leads to behavior reminiscent of that of ortho es-
ters. Within the class of acetals of abnormally low basici-
ty, a trend toward lower isotope effects with decreasing
basicity of the leaving group is observed for hydrolysis of
2-(substituted phenoxy)tetrahydropyrans®' (entries A:
47-51), consistent with related findings noted above.

Fifth, pH-independent hydrolysis of acetals (entries B:
1-5) occurs with a very small solvent deuterium isotope
effect, consistent with the calculations of Schowen. 3¢

Finally, solvent deuterium isotope effects for general
acid catalyzed reactions are generally smaller than for
the corresponding kinetically specific acid catalyzed pro-
cesses for the same substrates; compare entry A.1 with
C.1, entry A.51 with C.3, and entry A.60 with C.5.

VI. Secondary Deuterium Isotope Effects for
Hydrolysis of Acetals, Ketals, and Ortho
Esters

Both « and B secondary deuterium isotope effects
have been measured for the hydrolysis of acetals, ketals,
and ortho esters. Effects in the latter category were de-
termined by Shiner and Cross for hydrolysis of the diethyl
ketals of acetone, methyl ethyl ketone, methyl isopropyl
ketone, and phenoxyacetone in which deuterium was in-
troduced into the carbonyl component.

X—CD,  OFt (ﬁ
AN
e *HO — + 2EtOH (13)
cp;  OEt cof  CDX

kulkp = 1.1-1.25
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TABLE Il Kinetic Solvent Deuterium Isotope Effects for Hydrolysis of Acetals, Ketals, and Ortho Esters

~ Temp,
Substrate kp.0/kuz0 °C Solvent Ref Comments
A. Specific Acid Catalyzed Reactions
1. Ethyl orthocarbonate 1.40 . a
2. Ethyl orthoacetate 1.87 25 Water 54
3, Ethyl orthobenzoate 2.30 25 Water b
4, Methyl orthobenzoate 2.22 25 Water c
5. Isopropyl orthoformate 2.81 25 Water d
6. Ethyl orthoformate 2.98 25 Water d
7. Ethyl orthoformate 2.88 25 65.0% dioxane d
8. Ethyl orthoformate 2.70 15 Water e
9. Ethyl orthoformate 2.35 25 Water f
10. Ethyl orthoformate 2.31 35 Water e
11. Ethyl orthoformate 2.05 Water g
12. Methyl orthoformate 2.50 25 Water d
13. Methyl orthoformate 2.98 25 65.0% dioxane d
14, 2-Methoxyethyl orthoformate 2.07 25 Water d
15. 2-Methoxyethyl orthoformate 2.37 25 65.0% dioxane d
16. 2-Chloroethyl orthoformate 1.97 25 Water d
17. 2-Chloroethyl orthoformate 2.13 25 65.0% dioxane d
18. Phenyl orthoformate 0.97 25 40.0% dioxane h Error = 0.08
19. Phenyl orthoformate 1.33 25 65.0% dioxane d
20. Acetaldehyde dimethyl acetal 2.70 25 Water i
21. Acetaldehyde diethyl acetal 2.64 15 Water i
22. Acetaldehyde diethyl acetal 2.66 Water g
23. Acetaldehyde diethyl acetal 3.08 25 50.0% dioxane 61 Error = 0.03
24, Acetaldehyde ethyl 2,2,2-trichloroethyl
acetal 2.05 25 65.0% dioxane k
25. Acetone di-2,2,2-trichloroethyl ketal 1.80 25 65.0% dioxane I
26. 2-Methyl-1,3-dioxolane 2.78 25 Water i
27. 2-Phenyl-1,3-dioxolane 2.76 30 50.0% dioxane 42
28. 2-(4-Methylphenyl)-1,3-dioxolane 2.82 30 50.0% dioxane 42
29. 2-(4-Chlorophenyl)-1,3-dioxolane 2.88 30 50.0% dioxane 42
30. 2-(4-Nitrophenyl)-1,3-dioxolane 3.27 30 50.0% dioxane 42
31. 2-Phenyl-2-methyl-1,3-dioxolane 2.95 30 50.0% dioxane 57
32, 2-Phenyl-2-ethyl-1,3-dioxolane 3.01 30 50.0% dioxane 57
33.1,3-Dioxane 2.78 25 Water m
34, 2-Phenyl-1,3-dioxane 3.12 25 10% acetonitrile n
35. 4,4-Dimethyl-1,3-dioxane 2.94 25 Water m
36. 2-Phenyl-4,4-5,5-tetramethyl-1,3-dioxolane 2.44 30 Water o
37. 2-(2-Methoxyphenyl)-1,3-dioxane 2.94 25 10% acetonitrile n
38. 2-(4-Hydroxyphenyl)-1,3-dioxane 2.56 25 10% acetonitrile n
39, 2-(2-Hydroxyphenyl)-1,3-dioxane 2.50 25 10% acetonitrile n
40, 2-(2-Hydroxy-5-nitrophenyl)-1,3-dioxane 2.38 25 10% acetonitrile n
41, 2,2-Diphenyl-1,3-dioxolane 2.63 30 Water ‘ 64
42, 4-Chlorobenzaldehyde diethyl acetal 2.99 30 50.0% dioxane 42
43, 4-Nitrobenzaldehyde diethyl acetal 2.72 30 50.0% dioxane 42
44, 2-Methoxytetrahydrofuran 2.94 25 Water p
45, 2-Methoxytetrahydropyran 2.94 25 Water p
46, 2-Ethoxytetrahydropyran 2.82 30 50.0% dioxane 31
47. 2-Phenoxytetrahydropyran 2.29 30 50.0% dioxane 31
48, 2-(4-Methoxyphenoxy)tetrahydropyran 2.48 30 50.0% dioxane 31
49, 2-(4-Methylphenoxy)tetrahydropyran 2.39 30 50.0% dioxane 31
50. 2-(4-Chlorophenoxy)tetrahydropyran 2.01 30 50.0% dioxane 31
51. 2-(4-Nitrophenoxy)tetrahydropyran 1.33 30 50.0% dioxane 31
52, 2-(2,2,2-Trichloroethoxy)tetrahydropyran 1.59 25 Water q
53. 2-(2,2,2-Trifluoroethoxy)tetrahydropyran 1.28 25 Water q
54. Sucrose 1.76 25 Water r kinversion
55. Sucrose 2.10 s kinversion
56. Cane sugar 2.05 25 Water t kinversion
57. Methy! «-D-glucopyranoside 1.94 59 Water v
58. Methyl o-D-xylofuranoside 2.54 25 Water v
59. Methyl «-2-deoxy-D-glucopyranoside 2.50 45 Water w
. 60. Benzaldehyde methyl phenyl acetal 0.99 20 Water 30 Error = 0.03
61. Methoxymethyl acetate 2.23 25 Water 32
62. 4-Ethoxy-4-butyrolactone 2.37 30 Water x
63. 2,5,5-Trimethyl-1,3-dioxolone-(4) 1.68 25 Water y
B. pH-Independent Reactions
1. 2,5,5-Trimethyl-1,3-dioxolone-(4) 0.82 25 Water y
2. 4-Ethoxy-4-butyrolactone 0.76 30 Water x
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TABLE 11l (Continved)

Temp,
Substrate kpyo/ ko °C Solvent Ref Comments
3. 2-(4-Nitrophenoxy)tetrahydropyran 0.90 50 Water 29
4, 2-(4-Nitrophenoxy)tetrahydropyran 1.10 50 50.0% dioxane 29
5. Tropone diethyl ketal 0.86 15 Water 65
C. General Acid Catalyzed Reactions
1. Ethyl orthocarbonate 0.71 a kcHscoom
2. 2-(4-Nitrophenoxy)tetrahydropyran 0.29 50 Water 29 kacoon
3. 2-(4-Nitrophenoxy)tetrahydropyran 0.38 50 50.0% dioxane 2 kacoon
4, Tropone diethyl ketal 0.67 15 Water 65 kTris—HCL
5. Benzaldehyde methyl phenyl acetal 0.47 20 Water 30 kcHscooH, €rror
= 0.007
D. Related Reactions
1. 2-Phenyl-1,3-oxathiolane 2,15 30 Water z kg +
2. 2-(A-Methylphenyl)-1,3-oxathiolane 2.24 30 50.0% dioxane aa km+
3. 2-(4-Methoxyphenyl)-1,3-oxathiolane 1.93 30 Water aa kg +
4, Benzaldehyde methyl §-(2,3-dinitro- 0.90 65 ko
phenyl)-thioacetal
5. 4-Nitrophenyl 2-acetamido-2-deoxy-3- 0.74 78 Water bb ko
D-glucopyranoside
6. 2-Nitrophenyl 2-acetamido-2-deoxy-3- 0.94 78 Water bb ko
D-glucopyranoside
7. 2-Nitrophenyl 3-D-glucopyranoside 1.21 78 Water bb ko
8. 2-Chloroethyl vinyl ether 0.41 25 Water cc kg +
9. Ethyl vinyl ether 0.344d 27 Water ee kg +
10. Ethyl vinyl ether 0.15// 27 Water ee kacoon
11, Ketene diethyl acetal 0.16// 10 Water g9 ko
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For the fully deuterated substrates, values of ky/kp of
1.1 to 1.25 were obtained.*5:%¢ The results substantiate
our earlier observations (section 1V) that electron dona-
tion accelerates the rate of ketal hydrolysis, the expected
results in terms of significant carbonium ion character for
the transition state.

More recently a-deuterium isotope effects for the hy-
drolysis of acetals and orthoformates have been
probed.*7:48 |sotope effects of this type have been devel-
oped into relatively reliable indicators of transition state
structure for a variety of reactions.*® For reactions in
which hybridization at carbon changes from sp® to sp?,
ku/Kp is a measure of the net change between the initial
and transition state of the bending force constants for

N /
7C—X —_— Cl:* + X~
(DH OH

(14)

CHX. Since this bending mode is lost to a variable degree
depending on hybridization at carbon in the transition
state, isotope effects will vary from unity to a maximal
value, near 1.23 when X = ~OR,5%5" with increasing
cleavage of the C-X bond in the transition state. Thus, for
those reactions in which the transition state is substrate-
like, values of ky/kp near unity will be obtained, and for

TABLE |V. Secondary Deuterium Isotope Effects for the Rates
of Hydrolysis of Benzaldehyde Diethyl Acetals,
Propionaldehyde Diethyl Acetal, and Ethyl Orthoformates

Substrate ku/kap
p-Nitrobenzaldehyde diethyl acetal 1.15+0.01
Benzaldehyde diethyl acetal 1.09 = 0.01
p-Methoxybenzaldehyde diethyl acetal 1.04 - 0.01
Propionaldehyde diethyl acetal 1.17 + 0.01
Ethyl orthoformate 1.05+ 0.01

¢ Modified 1rom ref 47.

those having carbonium ion-like transition states, values
near 1.23 will be observed. Interpolation between these
extremes will provide information concerning transition
state structure for intermediate cases.

a-Deuterium isotope effects for the hydrolysis of propi-
onaldehyde diethyl acetal, three substituted benzalde-
hyde diethyl acetals, and ethyl orthoformate are collected
in Table 1V.47

The secondary deuterium isotope effect for the hydrol-
ysis of substituted benzaldehyde diethyl acetals increases
with increasing electron-withdrawing power of the polar
substituent. These data indicate that the extent of C-O
bond cleavage in the transition state increases markedly
as the stability of the intermediate carbonium ion dimin-
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TABLE V. Secondary Deuterium Isotope Effects for the Rate of
Hydrolysis of 2-(Substituted phenoxy)tetrahydropyrans in
50% Aqueous Dioxane at 25°¢

Substrate ku/kap
2-(p-Methoxyphenoxy)tetrahydropyran 1.106 & 0.008
2-(p-Chlorophenoxy)tetrahydropyran 1,095 = 0.007
2-(p-Nitrophenoxy)tetrahydropyran 1.063 = 0.005

2 Modified from ref 47.

ishes. Thus, the transition state for hydrolysis of the p-
methoxy derivative has little carbonium ion character
while that for hydrolysis of the p-nitro derivative has a
good deal of such character. The observed changes can-
not be accounted for in terms of increasing nucleophilic
participation by solvent since just such a case has been
previously identified, and the changes, as expected, are
in the opposite direction.52 The change in transition state
structure as a function of substrate reactivity for hydroly-
sis of the benzaldehyde acetals is perhaps the largest yet
observed among carbonium ion processes; the tendency
of the transition state to increasingly resemble the prod-
uct carbonium ion as substrate reactivity decreases (cor-
responding to a decrease in carbonium ion stability) is in
qualitative agreement with the predictions of Leffler,53
Hammond,*3 and Thornton, 44

Comparison of the isotope effects for the hydrolysis of
ethyl orthoformate and propionaldehyde diethyl acetal
with those for hydrolysis of the benzaldehyde acetals re-
veals, in light of the above discussion, that the transition
state for the former substrate has little, and that for the
latter substrate has much, carbonium ion character.
These conclusions accord with our expectations in light
of the transition state structure-carbonium ion stability
correlation developed above.

Generalizing, it seems fair to conclude that hydrolysis
of orthocarbonates and ortho esters is characterized by
reactant-like transition states while hydrolysis of acetals
and ketals derived from aliphatic substrates is character-
ized by carbonium-ion-like transition states. Acetals and
ketals derived from aromatic substrates may be expect-
ed, as is the case directly studied here, to occupy either
of the above categories, or an intermediate one, depend-
ing on the nature of the polar substituents (one may note
that, for example, p-methoxybenzaldehyde diethyl acetal
is a "phenyligous” orthoformate). Note that these consid-
erations are fully consistent with conclusions based on
structure-reactivity correlations and solvent deuterium
isotope effects (sections IV and V). Specifically, hydroly-
sis of acetals and ketals is generally more sensitive to
the nature of polar substituents than is that for ortho es-
ters (Table 11}, Thus, the extent of C-O bond cleavage
deduced on the basis of isotope effects parallels the sus-
ceptibility of these reactions to effects of polar substitu-
ents. Moreover, rate constants for those substrates con-
sidered to hydrolyze by reactant-like transition states are
correlated by the o, not the %, substituent constants. In
other cases, such as that of the substituted benzaldehyde
acetal hydrolysis in water, for which the transition state
structure changes as a function of the nature of the polar
substituent (see above), the correlation of rate constants
with ¢ also receives a natural explanation: for those sub-
stituents capable of strong electron donation by reso-
nance, the transition states possess little carbonium ion
character so that such electron donation is not particular-
ly important. Those substrates hydrolyzing through carbo-
nium ion-like transition states do not possess substituents
capable of strong electron donation through resonance.

Finally, we note that the extent of C-O bond cleavage

E. H. Cordes and H. G. Bull

TABLE VI. Relative Reactivities of Certain Acetals, Ketals, and
Ortho Esterss

Substrate Rel reactivity
CH;CH(OE?), 1
(CH3),C(OEL), 2,200
HC(OEt), 680
CH;C(OEt), 19,000
C(OEt), 66

2 Modified from ref 25.

in the transition state also is correlated with solvent deu-
terium isotope effects: the less covalent bond cleavage,
the smaller the solvent isotope effect (Table I11). Taken
together, these three lines of evidence provide a rather
persuasive case for the transition state structures as
noted above. Moreover, studies of salt effects on the ki-
netics of hydrolysis of these substrates has yielded re-
sults corroborating this conclusion.5*

Measurement of the «-deuterium isotope effects for
acetal hydrolysis has also been extended to a series of
2-(substituted phenoxy)tetrahydropyrans.*’ In this case
attention is focused on the influence of the nature of the
leaving group, rather than the carbonyl moiety, on the
transition state structure. Results are collected in Table
V. These data reveal a change in transition state struc-
ture as a function of the basicity of the leaving group.
The difference in isotope effect between the p-methoxy
and p-chloro substrates may not be significant, but that
between these two species and the p-nitro one certainly
is real. In all cases, the isotope effects indicate that the
transition states have only modest carbonium ion charac-
ter. The extent of carbonium ion formation increases with
increasing substrate reactivity, i.e., with increasing elec-
tron-donating power of the polar substituent, but de-
creases with increasing reactivity of the protonated sub-
strate. This finding is in accord with the Hammond postu-
l