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Abstract: The plot of logkonsqvs pH for the hydrolysis ob-carboxybenzaldehydeans-1,2-cyclohexanediyl acetal

at 50°C in H;O has four unit changes of slope in the pH rang®2 The plot is here described by proceeding from

low pH to high pH. The observed hydronium ion- and water-catalyzed reactions atHave rate constants that

are similar, but not identical, to those for hydrolysis of the acylalt@f(s-2-hydroxycyclohexyl)oxy]phthalide, which

was isolated from the reaction at pH 3, and synthesized independently. FHegkate constant profile for hydrolysis

of the acetal bends downward near pH 6 to give a slope . Oxocarbonium ion hydrolysis is then a water
reaction. At pH 7 the mechanism of the reaction changes to attack ofddHhe oxocarbonium ion intermediate.

A change in rate-determining step takes place at pH 8 to hydronium ion-catalyzed ring opening of the anionic species
of the acetal, or the kinetically equivalent intramolecular general acid catalysis in ring opening of the neutral species.
The mechanism involving general acid catalysis by the neighboring carboxyl group is strongly supported by the

D,0 solvent isotope effect. Thecarboxyl group enhances the rate of the acetal ring-opening reaction by a factor

of 220 in comparison with the exactly analogquisarboxyl

-substituted acetal. In contrast, the analogeQ€Hs-,

p-NO2-, 0- andp-COOCH;-, andp-COOH-substituted derivatives have uncomplicated linear loig rate constant
profiles with slopes of-1.0. A neighboring carboxyl group can participate in the hydrolysis of an acetal of an
aliphatic alcohol if the €O bond breaking process is facilitated by the release of steric strain. The implications of
these results for the mechanism of lysozyme-catalyzed reactions are discussed.

The mechanism of action for the glycosidase enzyme
lysozyme that has received the most attention involves intra-
complex general acid catalysis by Glu-35 and electrostatic
stabilization of the developing oxocarbonium ion by Asp-52
(1).I This mechanism represented unknown chemistry when first

proposed; the generally accepted A-1 mechanism for the

hydrolysis of glycosides and simple acetals utilizes equilibrium
protonation of the acetal by hydronium ion followed by rate-

determining, unimolecular breakdown of the protonated species

to a resonance-stabilized oxocarbonium ion (e§ 1).
Bimolecular general acid catalysis, in which there is concerted
proton transfer and €0 bond breaking, can be observed in
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stabilized internally. The ease of €0 bond breaking is a key
factor in the occurrence of general acid catalysis in acetal
hydrolysis22b buffer acid catalysis does not occur in the
hydrolysis of acetals of aliphatic alcohols, unless there is a
structural feature that promotes the ease efdbond breaking.
Intramolecular general acid catalysis by a neighboring car-
boxyl group occurs with phenolic acetals, elg,and the large
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~ ___O©
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acetal hydrolysis reactions when the leaving group is very good rate enhancements of 4010°-fold are obtained 1° The two

(a phenolfab:3-6 gr the intermediate oxocarbonium ion is highly

carboxyl groups of benzaldehyde bis(2-carboxyphenyl) acetal
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(In) give rise to a bell-shaped pHate constant profile and
provide an enhancement kypsq of 3 x 10° in comparison
with
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cyclohexane ring of thérans-1,2-diol derivative will become
more puckered (VI}Awhich will thereby produce steric strain

OH
OH

70
H..
O

Vi

3,7
©/C‘t|\o in the cyclic acetat®> This strain will be released when the
\ acetal ring opens during hydrolysis. Whkhthere is also a high
_‘O\C\/© degree of internal oxocarbonium ion stabilization by the
I p-dimethylamino group, which will increase the ease of @
0 bond breaking.
In the present work, we have investigated the hydrolysis of
o-carboxybenzaldehydeans-1,2-cyclohexanediyl acetaV/(l )
to determine whether relief of strain will allow neighboring

X
\O

c—OH
Il

hydrolysis of the corresponding dimethyl esteElectrostatic
stabilization of a developing oxocarbonium ion by a neighboring
carboxylate anion was unambiguously observed in the pH-
independent breakdown of a phenolic acétalntramolecular
carboxyl group participation in acetal hydrolysis has been
observed in only one case when the leaving group is an aliphatic
alcohol, that of benzaldehyde higg2-carboxycyclohexyl) o)
acetal (V).22 The second carboxyl group & is necessary VI
ﬁ carboxyl group participation when the leaving group is an
aliphatic alcohol, and when there is little internal stabilization
of the developing oxocarbonium ion in the transition state. For
comparison, the corresponding derivativeVIll has also been

5& studied, as well as thecarboxyl-substituted acetdlX andX,
©/ R the corresponding- and p-methyl estersXl —XIV, and the
| \/O p-methoxy V) andp-NO; (XVI) derivatives.
-o.
c _0 -0
5 @"”\OD @C“\OD
v N Y X
cis trans

to electrostatically promote-©0 bond breaking sufficiently for
general acid participation to occur.

The natural substrates for lysozyme have poor leaving groups
and generate an oxocarbonium ion that is relatively unstable.
The question then arises as to how QG bond breaking can be
enhanced so that the functional groups in the active site of the
enzyme can participate in the reaction, aslin Phillipst
originally suggested that the hexose unit binding in subsite D, Materials. Phthalaldehydic acid was converted to methuyl
where the cleavage reaction occurs, is distorted into a half-chair,formylbenzoate by the method of Brown and Sardénthe product
which resembles the oxocarbonium ion intermediate, and was converted to the corresponding dimethyl acetal by mixing the ester

C—0 bond breaking would be facilitated adding a few crystals op-toluenesulfonic acid. The mixture was
The relief of steric strain in the hydrol'ysis of (dimethyl- allowed to stand for 24 h. Sodium carbonate was then added. The

amino)benzaldehydeans 1,2-cyclohexanediyl acetaV/j has mixture was filtered, the solvent was rotary evaporated, and the residue

was distilled (bp 8C0°C at 0.3 mm |g).
CHz),N (ZH/
( 3)2 \O

Theo-carbomethoxybenzaldehyttans andcis-1,2-cyclohexanediyl
\Y;

VI Y =H; X=COOH
X:Y=COOH; X=H

X1 Y =H; X=COO0CH3
XIV:Y =COOCH3; X=H

IX:Y=COOH; X=H
XI:Y = H; X=COOCH3
XHI:Y =COO0CH3; X=H
XV:Y =0CH3;, X=H
XVIEY =NOy; X=H

Experimental Section

acetals were prepared by mixing equivalent amounts of the appropriate
diol and the dimethyl acetal of methgtformylbenzoate and adding 1
drop of benzoyl chloride (to introduce a trace amount of HCI). The
mixture was then heated by means of an oil bath, and the methanol
formed in the reaction was removed continuously by distillation. The
residue was then vacuum distilledo-Carbomethoxybenzaldehyde
trans-1,2-cyclohexanediyl acetaK() boiled at 148°C (0.1 mmHg):

IR v 1725 cntt (C=0); 8C NMR ¢ 103.0. Anal. Calcd for

a profound kinetic effect, and bimolecular general acid catalysis
is observed in the ring-opening st&p This results because the
C—0 bond breaking reaction &f is so facile. When a cyclic
acetal is formed from eithagis- or trans-1,2-cyclohexanediol, CisHigOs: C, 68.70; H, 6.87. Found: C, 68.39; H, 6.9%-
the hydroxyl groups must be forced closer together. The Carbomethoxybenzaldehydis-1,2-cyclohexanediyl acetaX(l ) boiled
cyclohexane ring ofis-1,2-cyclohexanediol must become more at 140°C (0.2 mmHg): IRv 1725 cn? (C=0); °C NMR 6 102.1.

planar upon formation of a cyclic acetal. However, the Anal. Calcd for GsHigOs: C, 68.70; H, 6.87. Found: C, 69.08; H,
6.92.

(11) Fife, T. H.; Przystas, T. J. Am Chem Soc 1977, 99, 6693.
(12) Fife, T. H.; Przystas, T. J. Am Chem Soc 1979 101, 1202.
(13) Fife, T. H.; Natarajan, Rl. Am Chem Soc 1986 108 8050.

(14) Kuhn, L. P.J. Am Chem Soc 1952 74, 2492.
(15) Brown, C.; Sargent, M. VJ. Chem Soc C 1969 1818.
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p-Carbomethoxybenzaldehyde dimethyl acetal was prepared from
p-carbomethoxybenzaldehyde by the same method utilized farthe
derivative. The product boiled at 9€ (0.01 mmHg), mp 3632 °C.

The p-carbomethoxybenzaldehydi&ns andcis-1,2-cyclohexanediyl
acetals were prepared by the same method employed forothe
carbomethoxy derivativesp-Carbomethoxybenzaldehydeans-1,2-
cyclohexanediyl acetaK(ll ) boiled at 140°C (0.03 mmHg) and melted
at93-94°C: IRv 1720 cn1? (C=0); 13C NMR ¢ 102.7. Anal. Calcd
for CisH1g0s: C, 68.70; H, 6.87. Found: C, 68.73; H, 6.76.
p-Carbomethoxybenzaldehydgs-1,2-cyclohexanediyl acetalX(V)
melted at 83-84°C: IR v 1725 cm! (C=0); ¥C NMR ¢ 102.3. Anal.
Calcd for GsH1404: C, 68.70; H, 6.87. Found: C, 68.56; H, 6.72.

The p-methoxy- andp-nitro-substituted benzaldehyde acetals of
trans-1,2-cyclohexanediol were prepared by the same method as the
carbomethoxy derivativesp-Methoxybenzaldehyd&ans-1,2-cyclo-
hexanediyl acetalXV) had bp 114C (0.007 mm). Anal. Calcd for
CiH1g0s: C, 71.79; H, 7.69. Found: C, 71.90; H, 7.6%-
Nitrobenzaldehydé&ans-1,2-cyclohexanediyl acetak{/| ) had mp 109
°C. Anal. Calcd for GsHisNO4: C, 62.65; H, 6.02; N, 5.62. Found:

C, 62.75; H, 6.04; N, 5.59.
3-[(trans-2-Hydroxycyclohexyl)oxy]phthalideXVIl ) was prepared

by dissolving phthalaldehydic acid (3.0 g, 0.02 mol) in 100 mL of dry

1:1 benzeneethyl acetate, passing in dry HCI gas for 10 min, and

addingtrans-1,2-cyclohexanediol (2.3 g, 0.02 mol). The mixture was

refluxed fa 4 h under a Dean Stark trap. The solvent was removed

by rotary evaporation, and the residue was distilled. The product boiled

at 125-130°C (1.5 mmHg), as a colorless viscous liquid: YR774

cmt (C=0); %C NMR 6 103.5. Anal. Calcd for GH1¢04: C, 67.73;

H, 6.50. Found: C, 67.61; H, 6.63.

Infrared spectra were obtained with a Perkin-Elmer Paragon 1000
FTIR spectrometer. Proton NMR spectra were obtained with a Brucker
AC-250 spectrometer, and CDQVas employed as the solvent. Proton
decoupled carbon-13 spectra were also obtained with the Brucker AC-
250 instrument. Chemical shifts are in reference to TMS. The spectra
were consistent with the expected structures.

Kinetic Measurements. The rates of hydrolysis of compounds
VII —XVII were measured spectrophotometrically with a Pye-Unicam
SP8-100 or a Beckman DU-7500 spectrophotometer by following the
absorbance increase due to the appearance of aldehyde at 298 nm (
VIIl , and Xl —=XIV), 260 nm (X andX), 280 nm KV), and 360 nm
(XVI). The ionic molarity of all buffers was maintained constant at
0.5 M with KCI. Buffer catalysis was not observed with any acetal at
buffer concentrations ranging from 0.02 to 0.25 M. Stock solutions
of substrate XI—XVII ) were prepared in anhydrous acetonitrile.
Kinetic runs were initiated by injecting 1d_ of substrate stock solution
into 3 mL of temperature-equilibrated buffer in the cuvette. For the
hydrolysis ofVIl —X, the corresponding methyl ester was added to an
80% ethanotH,O solution containing 0.5 M NaOH. The resulting
solution was allowed to stand for a sufficient length of time to hydrolyze
the ester to the carboxylic acid. An aliquot of this solution was then
added to the appropriate buffer, and the reactions were followed to
completion. The values désg the pseudo-first-order rate constant,
were computer calculated, and had a precision 6#i%. Reaction
mixture pH values were measured with a Beckman 3500 digital pH
meter. The values of pD were determined by employing the glass
electrode temperature correction equafidn.

Molecular modeling of the acetals was carried out with a Silicon
Graphics Indigo 2 workstation. The software programs that were
employed were Spartan 3.1 from Wavefunction, Inc., and Quanta 4.0-
Charmm from Molecular Simulations.

Intermediate Determination. o-Carbomethoxybenzaldehytans

Fife et al.

log kobsd (s")

pH

Figure 1. log kobsa #s pH for hydrolysis ofo-carboxybenzaldehyde
trans-1,2-cyclohexanediyl aceta®) andp-carboxybenzaldehydeans
1,2-cyclohexanediyl acetab) in H,O at 50°C andu = 0.5 M (with
KCl).

Table 1. Rate Constants for Hydrolysis of and
p-Carboxybenzaldehydeis- andtrans-1,2-Cyclohexanediyl Acetals
in H,O at 50°C (¢ = 0.5 M with KCI)

Kn ko' x 10° ky' x 103 ko' x 10* "
compd (M~1s™) (s (M~ts™) (s M~1s)
Vil 2.2 15 1.1 1.1 1.4 10¢
VIl 12.6 0.2 0.2
IX 63
X 35
Results

In Figure 1, the plot is shown of ldgsqvs pH for hydrolysis
of o-carboxybenzaldehyddrans-1,2-cyclohexanediyl acetal
(VIl') at 50°C (« = 0.5 M with KCI) in H,O. The reactions
are pseudo-first-order with correlation coefficients equal or better
than 0.999. Hydronium ion catalysis occurs at pH less than 3,
as indicated by the slope 6f1.0. The value oky, the second-
order rate constant, is 22 0.2 M1 s71. There are 4 unit
changes of slope in the profile. A pH-independent region in
the profile from pH 3 to pH 6 has a rate constaqf, of (1.5
+0.07)x 103s71. At pH 6 the plot bends downward, thereby
indicating another hydronium ion-catalyzed reaction wkith
= (1.1+£ 0.1) x 10® M~1 571 This reaction is followed by
another pH-independent reaction from pH 7 to pHk8 & 1.1
x 1074 s™), and a further hydronium ion-catalyzed reaction at
pH > 8 (k4" = (1.4 4 0.1) x 10* M1 s7Y). The values of
kobsdin the latter reaction are similar in,D and in HO at pH
=pD,kp" = (1.5+ 0.2) x 10* M~1s1 (ko' /ky" = 1.1). Also
included in Figure 1 is the plot of lokynsqavs pH for hydrolysis
of p-carboxybenzaldehyddrans1,2-cyclohexanediyl acetal
(1X). In contrast to the plot for hydrolysis ofll , that for
hydrolysis ofIX is linear with a slope of-1.0 ky = 63+ 7
M~1s™1). The rate constants for the hydrolysis\éf andIX
are summarized in Table 1.

The acylal 3-[frans-2-hydroxycyclohexyl)oxy]phthalide, which
is an intermediate in the hydrolysis ™I, hydrolyzes with
hydronium ion catalysis at low pH, hydroxide ion catalysis at

1,2-cyclohexanediyl acetal was hydrolyzed to the corresponding high pH, and a pH-independent reaction from pH 3.5 to pH 9.
carboxylic acid as above. Water was added, and the pH was adjustedThe plot of logkessdfor hydrolysisys pH is shown in Figure 2.

to 3.0. The solution was allowed to stand for 2 min at room The rate constants for these reactions atG@u = 0.5 M with
temperature, and was then extracted twice with ether. The ether extractKCl) areky = 1.8+ 0.2 M1 s71, koy = 5.8 M1 s71, andk,’
was dried with sodium sulfate and filtered. Rotary evaporation of the = (9.5 4 0.68) x 1074 s7%, respectively. The ED solvent

ether left a residue that had physical properties and an infrared spectrumisotope effect in the pH-independent reaction is urkty(D-0)/

identical to those of an authentic sample of the acidll . Ether ke/(H20) = 1.0).

extraction of an authentic sampleXY¥Il from aqueous pH 3 solution . .

gave identical material. Th(_a hydrolysis ob-carboxybenzaldehydasjl,2-cyc|ohex-
anediyl acetal VIl ) and the corresponding-carboxyl-

substituted aceta at 50°C in H,O (u = 0.5 M) is characterized

(16) Fife, T. H.; Bruice, T. CJ. Phys Chem 1961 65, 1079.
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Figure 2. log kopsa vs pH for the hydrolysis of 3-ffans-2-hydroxy-
cyclohexyl)oxy]phthalide in BD at 50°C andu = 0.5 M (with KCI).

T T T T T T T

log Kobsd M

pH

Figure 3. log kossa s pH for hydrolysis ofp-methoxybenzaldehyde
trans-1,2-cyclohexanediyl aceta®) and p-nitrobenzaldehydé¢rans
1,2-cyclohexanediyl aceta®] in H,O at 30°C andu = 0.5 M (with
KCl).

Table 2. Second-Order Rate Constants for Hydronium
lon-Catalyzed Hydrolysis of- and p-Substituted Benzaldehyadss-
andtrans-1,2-Cyclohexanediyl Acetals in @ at 50°C u = 0.5 M
with KCI)

compd ki (M1sh) compd kqa (Mts™)
XI 48+ 1.3 XV 3700+ 38C*
Xl 0.85+0.12 XVI 2.7+ 0.02
X1 100+ 2

aAt 30 °C.

by hydronium ion-catalyzed reactions at low pH that proceed
with similar rate constants. There is only a 2.8-fold difference

in the values oky for VIII andX. The plot of logkopsd s pH
for hydrolysis of X is linear with a slope of—1.0. A
pH-independent reaction occurs from pH 4.5 topB.5 in the

hydrolysis ofVIIl and is followed by a downward bend in the
log kopsd VS pH profile to give a further apparent hydronium

ion-catalyzed reaction. The rates of the reactions atpH
are too slow to measure conveniently at®8d) Rate constants
for these reactions are summarized in Table 1.

The o- and p-carbomethoxy derivativeXIl —XIV and the

p-methoxy KV) andp-nitro (XVI ) derivatives of benzaldehyde

trans-1,2-cyclohexanediyl acetal give linear plots of llkgsq

vs pH for hydrolysis in HO at 50 or 30°C (u = 0.5 M) with

slopes of—1.0, as seen in Figure 3. Valueslgfare provided
in Table 2.

J. Am. Chem. Soc., Vol. 118, No. 51, 129569

Discussion

The hydronium ion-catalyzed hydrolysis of cyclic acetals
proceeds as in eq2:2° In the hydrolysis of cyclic acetals,

(0] +.,,0
R—CH< :‘ +  HO" :2 R—CH'/ :l + HO
o HO

Ko || Ko(H20) )
OH o
[e]
+ 7 Ke -
R—c{ «— Ao + oW
OH H OH ho

the initial C-O bond breaking step does not result in the
departure of the alcohol from the molecule, so reversibikity)(
is a possibility (eq 2). Breakdown of a hemiacet@) €an then
be rate determining, or attack of a water molecule on the
oxocarbonium ionky) can be rate determining if hemiacetal
hydrolysis is fast32021 The relative magnitudes of the rate
constants of eq 2 will determine the identity of the rate-
determining step.

The pH-rate constant profile for hydrolysis gf(dimethyl-
amino)benzaldehydeans-1,2-cyclohexanediyl acetaV) has
7 unit changes in slope, only one of which is due td<g (ihe
p-dimethylamino group conjugate acid at pH'4).The other
inflections in the profile represent changes in the rate-determin-
ing step or mechanism. The ring-opening reaction is rapid
because of the release of the steric strain due to the five-
membered cyclic acetal ring spanning the equatorial 1,2-
positions of cyclohexane, and also because of the presence of
the p-dimethylamino group. At low pH, the hydrolysis of the
hemiacetal intermediate is rate determinirg ih eq 2). A
change in the rate-determining step occurs near pH 6 to attack
of H,O on the oxocarbonium ion intermediate, because hemi-
acetal hydrolysis is OH catalyzed and becomes rapid as the
pH is increased. At i@ 8 a further change in the rate-
determining step occurs to hydronium ion-catalyzed ring opening
xXviir ).

XVIIH

The stabilization that the developing oxocarbonium ion
receives from the-dimethylamino group o¥ appears to be
of critical importance. The pHlog rate constant profiles for
the corresponding-methoxy andp-nitro derivativesXV and
XVI in Figure 3 are linear with slopes 6f1.0. Thus, even a
p-methoxy group does not provide enough electron release that
steps subsequent to ring opening become rate limiting. The
oxocarbonium ion stabilization provided by thaimethylamino
group is required so that-80 bond breaking is sufficiently
rapid.

(17) Fife, T. H.; Jao, L. KJ. Org. Chem 1965 30, 1492. Fife, T. H.;
Hagopian, L.J. Org. Chem 1966 31, 1772.

(18) Ceder, OArk. Kemi1954 6, 523.

(19) Salomaa, P.; Kankaanpera, Acta Chem Scand 1961, 15, 871.

(20) Fife, T. H.; Natarajan, Rl. Am Chem Soc 1986 108 2425.

(21) Willi, A. V. In Comprehensie Chemical KineticsBamford, C. H.,
Tipper, C. F. H., Eds.; Elsevier: Amsterdam, 1977; pp-89.
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The neighboring carboxyl group ®I enhances €0 bond
breaking greatly in view of the pHlog kopsq profile in Figure
1, which is quite dissimilar to the linear profile of themethoxy
(0 = —0.268) substituted acetal. The profile for hydrolysis of
the p-carboxyl-substituted acet#X is also reasonably linear
with a slope of—1.0; ionization of the carboxyl group has little
effect in the hydronium ion-catalyzed reactionI®f. An un-
ionized carboxy! group is electron withdrawing, and a carboxy-
late anion has a of ~0. Therefore, on the basis of electronic
effects, a linear profile of slope-1.0 would also be expected
in the hydrolysis oIl . Thus, the neighboring carboxyl group
of VIl participates in the acetal ring-opening reaction. Carboxyl
participation is also evident in the much faster rate of reaction
of VII than that ofIX at pH > 5.

Fife et al.

with the hydrolysis of corresponding acet#lg’ Acylals
derived from phthalaldehydic acid also give the typicalkggq
vs. pH profiles for hydrolysi2é and 3-[frans-2-hydroxycyclo-
hexyl)oxy]phthalide XVII ), the acylal intermediate in the
reaction ofVIl , does likewise (Figure 2). The D solvent
isotope effect near unity in the pH-independent reaction of the
acylal XVII is in accord with rate-determining unimolecular
breakdown to an oxocarbonium ioXI¥ ),28 although solvent
interaction with the developing charges may also occur in the
transition state. A unimolecular ring-opening reactiorXvl
should be markedly reversible, and therefore, solvent participa-
tion may be required, so the reaction can proceed readily to
products.

The concentration of acylaXVIl builds up rapidly in the

Steps subsequent to acetal ring opening are clearly ratereaction ofVIl at low pH. Sincek; (eq 3) is large (as follows

determining in the hydrolysis dofll at pH < 8. However, it

from the largeky” at high pH)2° VIl will be rapidly converted

can be seen in Figure 1 that the corresponding acetal with theto the oxocarbonium ioXIX at low pH. Thek_; step of eq 3

carboxyl grouppara, in fact, hydrolyzes much faster at pH
4.5 in a hydronium ion-catalyzed reaction than thearboxyl-
substituted acetal.
oxocarbonium ion or a hemiacetal intermediate would react
more slowly with water in the case ofll thanIX. The
o-carboxyl group oIl very likely captures the developing or
fully formed oxocarbonium ion, as in eq 3, to gi¥¥/Il , which

/ o
cn\/ :
/OH @ o
i ¢’

HO

o
cu/ 0
o ?:H’//
o
o
i o

o 1]

o

XIX

OH c
O: \H
+ -
o
OH c”

breaks down slowly relative tbX at low pH. AcylalXVII is
formed at high concentration at low pH and was isolated from
the reaction. The final products (phthalaldehydic acid tazols
1,2-cyclohexanediol) are then produced more slowly fidin
than the corresponding products frdi at pH < 4.5.

The hydrolysis of acetal-acylals is characterized by hydronium

ion and hydroxide ion reactions, and a rapid pH-independent .

reaction through the neutral pH ran§fe?> The hydronium ion-

should be fairly slow in comparison with the step governed by
k—o, because reversal %Il would require the reintroduction

There is no apparent reason why anof strain. The oxocarbonium ion will then partition between

the acylalXVIl and the hemiacetal. K-, = kp, and the acylal
breakdown k) is relatively slow k—, > kj), XVII will quickly
build up. Thus, the formation ofVII will slow the observed
reaction because the, step traps the oxocarbonium ion.
Equilibrium betweerVIl andXVIl at pH < 6 would require
the pH-rate constant profiles for hydrolysis in that pH region
to be the same for each, and the rate constants to be identical.
The profiles for hydrolysis oIl and XVIl at pH < 6 are
closely similar in shape, but the rate constants for hydrolysis
of VIl are larger than those for hydrolysis X¥I1l by ~30%.
Thekopsqvalues have a precision of2%, but the uncertainty
in the derived rate constants is somewhat largei9%). The
pH-independent reaction of the acetél from pH 3-6 has
ko = (1.50 & 0.07) x 1073 s71 (6 points), whereas, for
hydrolysis ofXVII is (9.54 0.68) x 1074 s™1 (15 points from
pH 3 to pH 8.5). Thus, the differences in the rate constants for
VII andXVIl at pH < 6 are outside the limits of uncertainty.
Lack of equilibrium betweeVIl andXVIl could result from
a relatively smalk—; and/or the rapid reactions of the oxocar-
bonium ion. The rate of product appearance, which will depend
upon the concentration of the oxocarbonium XX , need not
be the same in the reactions\ii andXVIl if they are not in
complete equilibrium. There is no observable deviation from
first-order kinetics; the reactions are nicely first-order upon
commencement of the rate measurements after mixing. Clearly,
XIX attains its maximum concentration very rapidly in the ring
opening ofVIl at low pHZ2® and reacts via both the , andk;
stepsi0st
The plot of logkspsavs pH for the hydrolysis o¥Il in Figure
1 bends downward near pH 6, in contrast with the pH
independence of the plot for hydrolysis VIl (Figure 2).
Thus,VIl andXVIl cannot be in equilibrium at pH# 6. The
presence of a proton is required for rapid cleavage of the acetal

(26) The value ofky for hydrolysis of y-ethoxyphthalide at 80C in
50% dioxane-H,0 (v/v) is 0.4 M1 s7%; kyis 3 x 1074 s, Fife, T. H.;
Bembi, R. Unpublished data.
(27) Weeks, D. P.; Crane, J. B.Org. Chem 1973 38, 3375.
(28) A DO solvent isotope effect near unity has been found in the pH-
independent reactions of other mixed acetal-acylals (see refs 22 and 23).
(29) Assuming a K of the carboxyl group of 4, from the value kf"

catalyzed reaction at low pH can also be slow in comparison and the relationship; = ky'""Ka, ki may be calculated to be 1.4%

(22) Fife, T. H.J. Am Chem Soc 1965 87, 271.

(23) Fife, T. H.; Bembi, RJ. Org. Chem 1992 57, 1295.

(24) Fife, T. H.; De, N. CJ. Am Chem Soc 1974 96, 6158.

(25) Salomaa, P.; Laiho, &cta Chem Scand1963 17, 103. Salomaa,
P. Suom Kemistil 1964 37, 86. Salomaa, PActa Chem. ScandL965
19, 1263.

(30) Thek; should be>10° s1. See: Young, P. R.; Jencks, W. P.
Am. Chem. S0d.977, 99, 8238. See also ref 13. Carboxylate stabilization
of XIX would reducek; andk-1.

(31) There are possible mechanisms for the direct formatio\df
from VII, without the intermediacy of an oxocarbonium ion, but such
mechanisms are ruled out at pH8 because of the D solvent isotope
effect.
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ring, so the rate of ring opening t&IX will decline with ko’ (OH™) > k-3 andk—,. The ring opening will in general be
increasing pH at pH values greater than thg pf the carboxyl rate determining in the hydrolysis of carboxyl-substituted cyclic
group. As the pH increases above th&,kopsqfor hydrolysis acetals ifk; or k[OH™] > k-1 (eq 5) in cases wherk_; is

of the acetal must bend downward, wherdasq for acylal

hydrolysis is pH independent. The downward benégirgin k.k, JOH a,
Figure 1 will occur near the pH value where the calculdigg Kobsd= , _
values for acetal and acylal hydrolysis are equal (pPf6The (kg + k' [OH DK,
attack of water on the oxocarbonium ioky)(is kinetically
important in the pH range-67, in view of the further downward h .
bend in the profile of Figure 1 at pH 8 that can only be attributed reaction of the p-car boxyl-sqbstltuteql acetalX, the rate

to a change in rate-determining step to acetal ring opening. From&nnancementin the ring-opening reactioiviif due to carboxyl
the profile at pH> 6, it can be calculated that the ratio of the 9rOUP participation is a factor of 220. .

rate of acetal ring opening to the rate of hydrolysis is 1R.7/ The C|s-1,2-cyclohexaned|yl ac_etallll hydrolyzes .W'th a
ky'). But the oxocarbonium ion is not trapped by the formation rate constant for the hydronium |on-patalyzed reaction at low
of VIl in the hydrolysis ofXVIl at pH 6-7. pH, ky, that is 6-fold larger than thky in the reaction oiIl ,

A mechanism change occurs in the hydrolysis/éif at pH and only N3'f0|q less than thek, for the reaction Of. the
7 to attack of OH on the oxocarbonium ion arising in the acid- p-carboxyl-substituted acetad. At pH > 7 the hydrolysis of

catalyzed acetal ring opening, which thereby produces anotherV”.I becgmes very slow at 5@:'. Th“% the magnitude of the
neighboring carboxyl group participation depends markedly on

pH-independent reaction from pH-B. The OH reaction must . 4 . .
the cis or trans configuration; the effect is most pronounced

involve attack on the oxocarbonium ion since OBttack on )
for the trans acetal. The puckered ring that results from the

the acylalXVIl does not occur until pH 9. Therefore, the - S .
hydrolysis ofXIX is rate determining in the pH range-8. As trans-fused cyclic acetal ring is perhaps more strained than the

the pH increases, the hydrolysis of the oxocarbonium ion will MOre planar ring resulting fromdis ring juncture (see also ref

become fast due to OHcatalysis, and,' [OH™] will become 13). . . .

large. The formation ofXVIl will be inappreciable when There are I.<|nelt|cally equwale.nt mechamsms for thg carboxyl

k?[OH] > k_o. group participation ofVI.I . Rlng' opening cpulq involve
An OH- reaction of the oxocarbonium iok{[OH ) is not intramolecular general acid catalysis by the un-|on|ze_d carboxyl

apparent in the logknsa v pH profile of Figure 2 for the ~ 9rouP KX). A seven-membered hydrogen-bonded ring would

hydrolysis ofXVII . Therefore, the ring-opening step governed

®)

significant. In comparison with the hydronium ion-catalyzed

by k, is partly or completely rate determining, which is in 6+CH/O:O
agreement with the D solvent isotope effect near unity. The '“‘-~c|>
rate-determining step in the hydrolysis X¥Il is determined @( H
by the relative magnitudes & andk_, (eq 4),so bottk, and ﬁ’(g_‘"
o]
Koko
Kobsa= |11 (4) XX

be required, but it has been shown that a precise steric fit is not
ko could contribute tdonss At higher pH,k, must, of course,  a requirement for the occurrence of intramolecular general acid
be solely rate determining whéa@[OH™] > k—,. Equation 4  catalysisi®!! The carboxyl group to acetal oxygen—@
considers the mechanism of acylal ring opening to be the interatomic distance iNll , calculated from molecular modeling,
microscopic reverse of acylal formation from the oxocarbonium is 2.99 A34 Therefore, proton transfer may not occur directly
ion. Water attack on the acylal carbonyl would avoid the from the un-ionized carboxyl group to the leaving group oxygen
reactive oxocarbonium ion intermediate, but a larg®Bolvent in the transition state; the ease of proton transfer will depend
isotope effect would then be expected, analogous to other wateron the extent of €0 bond breaking. Concerted proton transfer
reactions in ester hydrolys#82* The OH reaction observed  from the carboxyl group could also be mediated by a water

at pH > 9 undoubtedly reflects attack of Otat the carbonyl.  moleculel® with a consequent reduction in the observed rate
Intramolecular Carboxyl Group Participation. At pH 8 enhancement.
the plot of logkebsazs pH for the hydrolysis oW1l again bends Other possible mechanisms involve electrostatic stabilization

downward to give a slope of1.0. The downward bend must  of the developing oxocarbonium ion by the ionized carboxylate

correspond to a change in the rate-determining step, since thereynion XXI and XXl ). MechanismXXIll , in which there is
are no ionizable functional groups that would haveka glose

to 8. Inview of the pH-independent reaction at pH’, which o] o)

must be attributed to oxocarbonium ion hydrolysis, a slope of 5&4(__ 5+:© 5E;H< :O
—1.0 at pH> 8 is not consistent with the known mechanisms @( C|) ( | Ox\

for reaction of any of the possible intermediates in the hydrolysis c—‘\O‘ H X c—“O‘ H\{)*/H
of VII 13222533 Therefore, the profile of slope'1.0 at pH> I T
8 indicates that the rate-determining step changes to hydronium 0 o H
ion-catalyzed ring opening of the anionic acetal, or the kineti- XXI
cally equivalent intramolecular general-acid-catalyzed hydrolysis

of the neutral species, as the Okeaction of the oxocarbonium  proton transfer to the anionic species from hydronium ion in

ion becomes more rapid with increasing pH. Ring openka (  the transition state, is not likely in view of the lack of buffer
will become rate determining in the hydrolysis ¥fl when

XXI11

(34) The G-0 interatomic distance of 2.99 A was obtained with the

(32) Equilibrium betweerVIl and XVII at pH < 6 would require a Quanta 4.0-Charmm program in which the methods of steepest descent and
downward bend at i¢/Keq WhereKeqis the equilibrium constant fovll Newton—Raphson were employed in the minimization process. Ar00
= XVII and is larger than unity. distance of 2.67 A was obtained with Spartan 3.1 employing a Sybyl

(33) Przystas, T. J.; Fife, T. H. Am Chem Soc 1981, 103 4884. minimizer; MM2 and MM3 failed.
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acid catalysis. Mechanisn¥X and XXI differ in the extent ticipation as a general acid in acetal hydrolysis even when the
and timing of the proton transfer to the leaving group oxygen, leaving group is an aliphatic alcohol of higkp Thus, one of
and in the stabilization afforded the oxocarbonium ion. In the suggested features of the lysozyme mechanisas now
contrast with the concerted proton transfer andCC bond been shown to be chemically feasible.

breaking of mechanisi{X, proton transfer to the acetal oxygen The rate enhancement provided by mechanétndoes not,
in mechanisnXXI is an equilibrium process that is established of course, account for the rate enhancements due to the enzyme
prior to the C-O bond-breaking step. Electrostatic stabilization in the hydrolysis of its substrates ¢0%6:37 The rate facilitation
effects by a neighboring carboxylate anion have been observedfactor of 220, due to carboxyl group participation witi in
in the pH-independent unimolecular breakdown of phthalalde- comparison withiX , must be multiplied by the factor due to
hydic acid methyl 3,5-dichlorophenyl acetal in the solvent 50% the release of steric strain as the G bond breaks (16100)38
dioxane-H.O (XXIII ).1! In that reaction, there is extensive put the result is still far less than required. If it were possible
to improve the steric fit of the carboxyl group, so that a five-
Cl or six-membered hydrogen-bonded ring could be formed, then
the observed rate enhancement would be increased, but only
5% an additional factor of 1%-10° would be expectet? In the
5 .7 o only other example of carboxyl group participation in the
7 NG hydrolysis of an aliphatic alcohol acetal, a second ionized
~ | carboxyl group was required to electrostatically enhance the ease
c—0" of C—O bond breaking? The observed rate enhancement in
Cl,l the reaction oflV, in comparison to the hydrolysis of the
corresponding dimethyl ester, is 4 10*-fold. The rate
enhancement of 3 10°-fold for salicylic acid release from
benzaldehyde bis(2-carboxyphenyl) acettl)f is sufficiently
large, but the leaving group in that case is very good (a phenol),
in contrast with the poor leaving groups of natural substrates
for lysozyme! If Glu-35 functions as a general acid, then the
enzyme must make-©0 bond breaking easier. Therefore, the
effects of intramolecular general acid catalysis are combined
with other features of the enzymatic reaction to obtain rate
constants of the proper magnitude. Such features could be
electrostatic stabilization of the developing oxocarbonium ion,
as in mechanisml 2911 or nucleophilic participation by
functional groups, e.g., a neighboring acetamido gr§yp.
Considerably more strain energy could be released in the
transition state of the enzymatic reaction than in the reaction
of VII if the substrate is distorted to resemble a half-cHaif:1
The magnitude of the enzymatic rate constants should then be
reaction involving general acid catalysis, in which the proton expl_ainable in_terms of currently recognized r_nechanistic factors.
transfer occurs in the transition sta¥X), should proceed more An increase in the ease of-@ bond breaking in lysozyme
slowly in D,O than in HO. substrgtes. to an extent comparable to thaf[ produced by a
reduction in leaving group K of 3—4 pK, units would be
required to give the rate enhancement provided by mechanism

near unity ko"/k" = 1.1). This value is not consistent with lIl , assuming comparable stabilization of the developing oxo-

an equilibrium protonation step, as ¥XI. Also, akp'/ky" carbonium |9n inl a”?““ : T
ratio of 0.3-0.5 would be expected for mechanis¥xIl . An acylal intermediate has been suggested as a possibility in
However, if the reaction is considered to proceed via the neutral Iysozzgme-catalyzed reactions via nucleophilic attack by Asp-
speciesXX), then the calculated rate constant for general acid 2.~ However, no clear evidence for such an intermediate

catalysis is considerably less inOthan in HO. For a neutral has been obtained. Vernon considered an acylal intermediate
species reaction at pbt 8, k' = ki/Ka, wherek, is the rate unlikely because the distance between the C-1 reaction center

constant for the step involving concerted proton transfer and (36) Kirby, A. J.CRC Crit Rev. Biochem 1987, 22, 283,

_C_O bond. breaking. Thely of t.he carboxyl group Wi." be (37) But note that the value of the rate constant for the rate-determining
increased in BO as compared with D by ~0.5 K, unit,3® step in lysozyme-catalyzed reactions has been calculated to be £75 s

so ki(D-0) is less tharki(H,0O). Therefore, the most likely Chipman, D. M.Biochemistry1971, 10, 1714. That value is not greatly

. . - . . . .. different from the value ok; in the hydrolysis oiVIl (see ref 29).
mechanism iXX, in which the neighboring un-ionized carboxyl (38) Theky' for hydrolysis of 2--carboxyphenyl)-1,3-dioxolane in water

group acts as an intramolecular general acid. The large effectiveat 80°C is 560 MT 51, 100-fold less thatk" for VIl at 80°C. There
molarity of the carboxyl group general acid outweighs the is no carboxyl participation in the hydrolysis of the dioxolane. Fife, T. H.;

. . : e . Bembi, R. Unpublished data.
increased oxocarbonium ion stabilization provided XXl . (39) Piszkiewicz, D.; Bruice, T. CI. Am Chem Soc 1968 90, 2156.

Consequently, such a mechanisi{X( can occur in the Nucleophilic attack by the neighboring acetamido group of 2-deoxy-2-
hydrolysis of sterically strained acetals of aliphatic alcohols acetamidgs-p-glucopyranosides provide large rate enhancements in the
because the €0 bond breaking reaction is facilitated. hydrolysis reactions. Substrates for lysozyme lacking the 2-acetamido group
. . L hydrolyze readily in the enzymatic reacti#fput 2-deoxy derivatives should
Lysozyme. It is clear that the release of steric strain in the pyqgrolyze rapidly because of reduced electron withdrawal from the reaction
transition state will allow intramolecular carboxyl group par- center.
(40) Raftery, M. A.; Rand-Meir, TBiochemistryl968 7, 3281.
(35) Jencks, W. PCatalysis in Chemistry and EnzymolodyicGraw- (41) It should be pointed out that there is no general agreement on
Hill: New York, 1969; pp 256-253. Hogfeldt, E.; Bigeleisen, J. Am substrate distortion in binding or on the role of conformational changes
Chem Soc 196Q 82, 15. involving the active site; see refs 1c and 36 and references therein.

XX

C—0 bond breaking in the transition state, and accordingly,
there is considerable oxocarbonium ion development. The rate
enhancement in reactiokXIll in comparison with thep-
carboxyl-substituted compound is 100-fold. Electrostatic sta-
bilization effects, however, have not been observed in A-1
hydronium ion-catalyzed reactions where there is lesOC
bond breaking in the transition state.

MechanismsXX andXXI should be easily distinguished by
means of the BD solvent isotope effect. An A-1 mechanism,
in which a proton is completely transferred from hydronium
ion to an acetal oxygen in an equilibrium step, aXii , would
proceed considerably faster in,®@ than in HO, because of
the increased concentration of the conjugate acid y©.D
Solvent isotope effectskp/ky, of 2.7-3.0 are commonly
observed in A-1 acetal hydrolysis reactidrisin contrast, a

The hydrolysis reaction dfll at pH or pD> 8, where ring
opening is rate determining, has a@solvent isotope effect
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and the oxygen of the Asp-52 carboxyl group, as revealed by catalyzed reactions, it is clear that factors other than nucleophilic
X-ray crystallographic analysis, is greater than the covalent bond carboxy! group reactiof%(analogous to those possible for Asp-
distance*? A conformational change of the enzyme might allow 52) should be stressed.

C—0 bond formation, but should require energy. Inthe present

study ofVII , either the formation of an acylal has no effecton  Acknowledgment. This work was supported by research

the observed kinetics because acylal formation or breakdowngrants from the National Science Foundation and National
is not rate limiting (pH> 8), or acylal formation is inhibitory  |nstitutes of Health.

in the overall hydrolysis reaction (pH 5). Thus, in evaluating
mechanistic factors that will provide large rate enhancements JA953362T
in acetal hydrolysis reactions and give insight into lysozyme-

(43) Nucleophilic reactions are considered to involve complete covalent
(42) Vernon, C. AProc. R Soc London, B1967, 167, 389. C—0 bond formation.



