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Prior to 1967, general acid cat,alysis by buffer acids 
involving proton transfer as part of the rate-deter- 
mining step (eq 1) had never been conclusively ob- 
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served in the hydrolysis reactions of acetals and ketals, 
although i t  had been sought by a number of investi- 
gators over a period of many An impres- 
sive array of experimental evidence4 pointed to  an A-1 
mechanism in which preequilibrium protonation of 
the acetal or ketal was followd by rate-limiting brcak- 
down of the protonated substrate to an alcohol and a 
resonance-stabilized carbonium ion (eq 2 ) .  
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Interest in the mechanism of acetal and ketal hy- 
drolysis received new impetus in 1965 mhen the three- 
dimensional structure of the glycosidic enzyme 
lysozyme was determined by X-ray crystallographic 
anal j~sis .~ Earlier the complete amino acid sequence 
had been elucidatedS6 Lysozyme catalyzes the hy- 
drolysis of the glycosidic (1-3) linkages of polysac- 
charides made up of repeating N-acetylglucosamine 
and N-acetylmuramic acid residues. Carboxyl groups 
from glutamic acid-35 and aspartic acid-52 arc pre- 
sumably located in the active site of the enzyme. Sev- 
eral mechanisms have been proposed t o  explain the 
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action of all of which involve general 
acid catalysis by glutamic acid-35. In the example 
s h o w  below* general acid catalysis by glutamic acid-35 
occurs along n i th  electrostatic stabilization of a de- 
veloping carbonium ion by the aspartate carboxylate 
anion. Finding general acid catalysis of acetal hydroly- 
sis in simple chemical systems and elucidating the 

I 0 I 
structural features in the acetal that TT ould facilitatc 
such catalysis became important therefore not only to 
physical organic chemists but also to enzymologists. 

The first report of buffer catalysis in the hydrolysis 
of an acetallo dealt with 2-(pmethoxypheny1)-4,4,5,,5- 
tetramethyl-l,3-dioxolane (1) .  Its hydrolysis is wealtly 

1 

catalyzed by formic acid in H,O. The observed buffer 
catalysis and other criteria of mechanism nerc not, 
typical of a normal A-1 reaction, and suggcstcd that 
water might, be involved in the critical transition statc 
of the hydronium ion catalyzed reaction. An -4-2 
mechanism involving attack of nater  on the proto- 
nated acetal \vas proposed, as in cq 3. ,4n &1-2 rc- 
action is by definition onc in which preequiiibrium 
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- products (3) 

protonation by hydronium ion is followed by rate- 
determining attack of water on the protonated sub- 
strate. The A S *  values (-15 eu) are slightly less 
negative and the k D 8 0 + / k ~ 8 0 +  ratio (2.4) is larger than 
generally assumed for an A-2 reaction. l1 However, 
the values generally assumed stem primarily from 
acid-catalyzed ester hydrolysis reactions where a 
relatively large number of water molecules are in- 
volved,12 with water possibly acting as a proton trans- 
fer agent. These limits neod not apply t,o an A-2 
acetal hydrolysis reaction. An A-2 mechanism is 
supported by the fact that  substit'ution of a methyl 
group a t  t'he reaction center decreases the rate of 
hydrolysis 540-fold.13 

The tetramethyl substit.ution in t,he dioxolane ring 
of 1 is undoubtedly responsible for t'he observed mech- 
anism change, since corresponding diethyl and 
ethylene glycol acetals hydrolyze by the normal A-1 
m e c h a n i ~ m . ~ , ~ ~  Such substitution would enhance re- 
closure of the ring if a carbonium ion intermediate 
were being formed. If ring closure were exceedingly 
rapid, t,he reaction might proceed most readily to prod- 
ucts if reaction with a water molecule occurred be- 
fore bond breaking was complet,e, that  is, wit,hout 
formation of a carbonium ion as a discrete intermediate. 
It should be noted that 1 hydrolyzes 1030 times more 
slowly than the corresponding ethylene glycol acetal 
and 40,000 times more slowly than the corresponding 
diethyl acetal. lo Alternatively, the carbonium ion 
intermediate might be formed readily but reversibly, 
with the equilibrium lying far t'o the left and reaction 
of the carbonium ion with xater  rate determining. 
Capon and Pagels recently found evidence for an A-2 
mechanism of the type of eq 3 in the hydrolysis of 
anot,her 1,3-dioxolane. 

As will be seen later, none of the structural features 
in an acetal that  give rise to general acid catalyzed 
hydrolysis is present, wit,h the tet,ramethyl-1,3-diox- 
olanes. The mechanism of t,he buffer-catalyzed reac- 
t'ion is presumed t'o follow a course similar t,o that of 
the hydronium ion catalyzed react,ion, involving either 
attack of formate ion on the protonated acetal or trap- 
ping of a carbonium ion intermediate by format,e ion. 
Int8ramolecular nucleophilic attack by carboxylate 
anion has been observed by Anderson and Capon in the 
hydrolysis of phthalaldehydic acid diethyl acetal in 
aqueous dioxane.16 

Intermolecular General Acid Catalysis. A funda- 
ment'al quest'ion was how t'rue general acid catalysis 
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(14) T. H. Fife and L. Hagopian, ibid. ,  31, 1773 (1966). 
(15) B. Capon and M. Page, Chem. Commun., 890 (1971). 
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REACTION COORDINATE 

Figure 1. A free-energy us. reaction-coordinate diagram for 
acid-catalyzed hydrolysis of a simple acetal proceeding by an  A-1 
mechanism. 

might be observed in acetal hydrolysis reactions. I n  
Figure 1, an energy profile for hydronium ion catalyzed 
A-1 hydrolysis of a simple acetal (eq 2 )  is presented. 
Protonation could become partially rate determining 
if the height of the peak for the protonation step were 
increased by reducing basicity or if the height of the 
peak for the bond-breaking step were reduced by in- 
creasing the ease of C-0 bond breaking. 

With these thoughts in mind, the hydrolysis reac- 
tions of a series of 2-(substituted phenoxy)tetrahy- 
dropyrans, in which electron withdrawal by substituents 
in the leaving group would both lower basicity and 
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promote bond breaking, were investigated. I n  50% 
dioxane-H20 a t  30", the ratio kDaO + / ~ H ~ O -  decreases 
progressively as electron withdrawal increases, and A S  * 
becomes progressively more negative." The values 
for 2-ethoxytetrahydropyran are characteristic of an 
A-1 mechanism ( k ~ ~ o + / k ~ ~ ~ +  = 2.52; A S i  = +7.9 
eu). For such a mechanism, the D20 solvent isotope 
effect is generally in excess of 2.7 and A S *  is generally 
p o ~ i t i v e . ~ , ~ ~  I n  contrast, the values for 2-(p-nitro- 
phenoxy) tetrahydropyran are not consistent with an 
A-1 mechanism, but indicate solvent involvement in 
the critical transition state ( k D 3 0 - / k H s O +  = 1.33; 
ASzk  = -7.6 eu). The most likely mechanism is 
protonation by hydronium ion concerted with C-0 
bond breaking. 

Unmistakable general acid catalysis was observed 
with the nitro derivative in both H,O and 50% di- 
oxane-H20. 17819 The Brgnsted coefficient O( for cataly- 

(17) T. H. Fife and L. K. Jao, J .  Amer. Chem. Soc., 90, 4081 
(1968). 
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1, 1 (1963). 

(19) T. H.  Fife and L. H. Brod, J .  Amer. Chem. Soc., 92, 1681 
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sis by chloroacetic, formic. and acetic acids in H,O 
is 0.5, while that for catalysis by dichloroacetic, chloro- 
acetic, formic, and acetic acids in 50% dioxane-H20 is 
0.65. The point for hydronium ion appears to fit 
w-cll on these Brgnsted plots. Second-order rate con- 
stants for general acid catalysts are considerably less 
in D,O than in H20. For example. with formic acid 
as the catalyst the ratio ~ H A / ~ C D A  is 2.65, indicating 
that proton transfer occurs in the transition state. 
These were thr  first examples of general acid catalysis 
of acetal hydrolysis. That general acid catalysis is 
observable JTith phenoxytetrahydropyrans but  not 
with corresponding phenyl glycosidesz0 is presumably 
due to reduced carbonium ion stability n i th  the gly- 
cosides owing to inductive electron withdrawal by the 
ring hydroxyl groups. As an  indication of this differ- 
ence in stability, it has been estimated that 2-methoxy- 
tetrahydropyran hydrolyzes 3.1 X lo7 times faster 
than methyl a-D-glucopyranoside.21 

If protonation were strictly rate determining, i t  
would be expected that the proton would lie closest to 
the weakest base in the transition state. In  view of 
the large differences in pK, of the catalyst and the sub- 
strate (a reasonable estimate of the pK, of the nitro 
derivative would be - 10). the proton should be largely 
transferred in the transition state. .A Brgnsted co- 
efficient of 0.5* implying that the proton is about half- 
way between catalyst and substrate, must therefore 
mean that basicity is increased in the transition state. 
This could be achieved by partial breaking of the C-0 
bond. Consequently, the reaction is best considered 
to be a concerted process. 

With formic acid as the catalyst in hydrolysis of the 
unsubstituted, p-chloro-, and p-nitrophenoxytetrahy- 
dropyran derivatives, a plot of log  HA os. 5 ,  the Ham- 
mett substituent constant,2z was linear with a slope, p, 
of +0.9, showing that  electron withdrawal in the 
leaving group facilitates general acid catalysis. This 
positive p value can be contrasted Ivith the value of 
-0.9 for hydronium ion catalyzed hydrolysis of these 
compounds. Since the influence of electron viithdrawal 
on basicity will cause a more negative p value, ease of 
bond breaking must be relatively more important in the 
general acid catalyzed reaction than in the hydronium 
ion catalyzed reaction. This is reasonable since protona- 
tion is more difficult when a weak acid is the catalyst 
and C-0 bond breaking should consequently have pro- 
gressed further in the transition state. Also, ease of 
bond breaking must be of greater importance in facili- 
tating general acid catalysis than basicity considera- 
tions. In  a later study, Anderson and Caponz3 re- 
ported that benzaldehyde methyl phenyl acetals were 
also subject to general acid catalyzed hydrolysis. The 
same structural featurrs responsible for general acid 
catalysis with the phenoxytetrahydropyrans are un- 

(20) D Piszkiewicz and T. C. Bruce,  J .  Amer. CiLem. Soc , 89, 6237 
(1967). 

(21) E. Djer ,  C P. J Glaudemans, 41 J. Koch, and R H 
hlarchessault, J Chem Soc I 3361 (1962). 

( 2 2 )  L. P. Hammett, "Physical Organlc Chemistry," XcGraw-Hill, 
Kew York, N Y , 1940, Chapter 1'11. 

(23) E. Anderson and B. Capon, J .  Chem Soe. B,  1033 (1969). 

doubtedly also of importance in that  series. Again, 
when substituent groups were varied in the phenolic 
leaving group, the p value  as positive in tho acctic 
acid catalyzed rcaction. 

I n  order to define more fully the relative iinportaricc 
of lox- basicity and ease of bond breaking in giving 
rise to general acid catalysis. thc hydrolysis of thio- 
acetals \yak studied. Replacement of oxygen by sulfur 
d l ,  of course, reduce basicity greatly. General acid 
catalysis could not be obsrrvrd in thc hydrolysis of 
benzaldehyde-1,3-oxathiolanes and benzaldchyde 
methyl X-phenyl thioacetals 3.24 I n  the latter scrics 

" 
J 

it was shown that the C-S bond is initially brolic~i in 
the reaction. This series is of particular interest bc- 
cause with the exactly analogous oxygen acetals gm-  
era1 acid catalysis is observed. Thus, although basi- 
city is l o w r  x i th  the thioacetals. general acid catalysis 
is not observed since bond breaking is not sufficiently 
easy. Ease of bond breaking is thereby again indicated 
as the critical feature in allon ing general acid cataly.iis 
to occur. 

IYhile genera1 acid catalysis had been found TT ith 
phenolic acetals giving rise to moderatcly stablc car- 
bonium ions, it was important to demonstratcl such 
catalysis with acetals arid ketals having poor leaving 
groups of relatively high basicity since thr  natural 
substrates for lysozyme are of that type. Gcncml 
acid catalysis in water by weak buffrr acids mas ob- 
served in the hydrolysis of tropone diethyl ketal (4).?j aoEt OEt 

4 

With this ketal the intermediate oxocarbonium ion, 
being a tropylium ion, is of extreme stabiIity so that 
bond brraking is easy even though the leaving group 
is poor. Troponc diethyl ketal hydrolyzc.9 vcry 
rapidly; the rate constant for hydronium ion catalysis 
at 15" is 1.5 X lo5 J1-l sec-'. 

The degree of oxocarboniunl ion stability necessary 
for general acid catalysis to be obswvable '\T ith acetals 
and ketals of aliphatic alcohols was determincd in a 
series in which thc intermediate oxocarbonium ion 
stability progressive1)- increases.26 This serics includcd 
benzophenone diethyl ketal (Z), 2.2-(p-methoxyphcnvl)- 
1,3-dioxolane (6), ferrocenecarboxaldchyde dimdhyl 
acetal (7), 2,3-diphenylcyclopropcnone dicthyl ltctal 
(8). tropone diethyl ketal. and tropone ethylcncx kctal. 
Buffer acid catalysis could not be detected with ally 
of the compounds except the troponc ketals.2G 

(1970) 
(24) T. H Fife and E Anderson, J -4mei Chem Sor , 92, 5464 
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The observation of general acid catalysis is at  the 
present time the only conclusive evidence for a mech- 
anism change in these reactions. It would there- 
fore appear preferable to  consider reactions in which 
buffer acid catalysis cannot be observed as proceeding 
by the well-established A-1 mechanism rather than 
by a borderline A-SE2 mechanism. Thus, in terms of 
oxocarbonium ion stability, the boundary between the 
A-1 mechanism and one involving partially rate-de- 
termining protonation by hydronium ion with general 
acid catalysis by buffer acids must lie between the oxo- 
carbonium ion intermediates derived from 2,3-diphenyl- 
cyclopropenone diethyl ketal (8) and the tropone ketals. 
An indication of the relative stabilities of the oxocar- 
bonium ions can be obtained from pK,+ values for a 
series of related carbonium ions. The pK,+ is the 
negative logarithm of the equilibrium constant for 
the reaction of eq 4. These values become more posi- 

I I 
I I 

-Ct + 2H20 =F= -C-OH + H30t (4) 

tive in the series diphenylmethyl (- 13.3),27 bis(p- 
methoxypheny1)methyl (- 5.71) ,27 2,3-diphenylcyclo- 
propenyl (-0.67),28 and tropylium (+4.7).29 It can 
be concluded that, for general acid catalysis of acetal 
and ketal hydrolysis to be detectable when the leaving 
group is poor, the intermediate carbonium ion must 
have great stability, approaching that of an alkoxy 
txopylium ion; i.e., bond breaking must be quite easy. 

Bond breaking could also be facilitated by the in- 
troduction of steric strain into the ground state of the 
molecule, if such strain were relieved in the transition 
state. It has been suggested, from examination of 
models constructed from coordinates obtained in X- 
ray crystallographic studies, that  a feature of the lyso- 
zyme reaction might be distortion of the hexose unit 
adjacent to the bond undergoing cleavage, from the 
stable chair conformation to a half-chair conformation 
resembling that of an oxocarbonium i ~ n . ~ - ~  Such 

(27) N. C.  Deno and A. Schriesheim, J .  Amer. Chem. Soc., 77,3051 
(1955); Ii. C. Deno, J. J. Jaruzelski, and A. Schriesheim, ib id . ,  77, 
3044 (1955). 

(28)  R. Breslow, H. Hover, and H. W. Chang, ibid. ,  84, 3168 
(1962). 

(29) W. von E. Doering and L. H. Knox, ibzd., 76, 3203 (1954). 

steric strain in the ground state should facilitate for- 
mation of the transition state and might explain gen- 
eral acid catalysis in the enzymatic reaction. 

Relief of ground-state strain does lead to  an en- 
hancement of the rate and to  general acid catalysis in 
the hydrolysis of para-substituted benzaldehyde di- 
tert-butyl acetals (9) .30 General acid catalysis had 

X ~ c H < o C ( C H 3 ) 3  

OC(CHJ3 
9 

been sought previously in the hydrolysis of similarly 
substituted benzaldehyde diethyl acetals3 and could 
not be detected. Considerable restriction of rotation 
is evident from inspection of Stuart-Briegleb models 
of the di-tert-butyl acetals so substantial ground-state 
strain should be present. General acid catalysis might 
also arise if basicity were markedly less than for struc- 
turally simpler acetals. Lower basicity would, how- 
ever, slow the hydronium ion catalyzed reaction greatly, 
whereas i t  is in fact enhanced, the second-order rate 
constant for hydronium ion catalysis of benzaldehyde 
di-tert-butyl acetal being 15 times greater a t  25' than 
that for benzaldehyde diethyl acetal a t  30". Thus, 
while bond breaking and basicity considerations are 
possibly both important, the facilit.ation of bond break- 
ing by relief of steric strain in the ground state is most 
likely the predominant feature leading to general acid 
catalysis in this series. If basicity is lowered by the 
tert-butyl groups, the actual facilitation of bond break- 
ing may bc many times the observed difference in the 
rates of hydrolysis in comparison with benzaldehyde 
diethyl acetal. 

If ground-state strain is not relieved in the transi- 
tion state, an enhanced rate of hydrolysis will not 
be observed. 2,6-Dichlorobenzaldehyde di-tert-butyl 
acetal hydrolyzes relatively slowly, and general acid 
catalysis is barely detectable. The large ortho sub- 
stituents should restrict groups in the ground state, 
but if, in addition to the electronic effects exerted by 
the chloro substituents, groups are also restricted in 
the transition state, the observed slowness of hydrolysis 
can be explained. Two chloro substituents mill re- 
duce basicity to  a greater extent than with the other 
compounds studied. Consequently, the lack of signifi- 
cant general acid catalysis with the dichloro compound 
shows that it is not low basicity that is giving rise to 
general acid catalysis. 

Giudici and Bruice31 have shown that ground-state 
planarity will not by itself lead to general acid catalysis 
of acetal hydrolysis. Of the possible effects on mech- 
anism produced by binding of substrate to lysozyme, 
the introduction of strain into the substrate must there- 
fore be of greatest importance. 

From these studies of acetal hydrolysis i t  can be 
concluded that general acid catalysis by buffer acids 
will be detectable if the leaving group is good (a phenol), 

(30) E. Anderson and T. H. Fife, ibid. ,  93, 1701 (1971). 
(31) T. A. Giudici and T. C. Bruice, Chem. Commun., 690 (1970). 
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basicity of the acetal is low, and a moderately stable 
carbonium ion is formed as an intermediate. Also, 
general acid catalysis will result when the leaving group 
is poor (an aliphatic alcohol) if the carbonium ion in- 
termediate is exceedingly stable (an alkoxytropj 7 1' ium 
ion) or if there is great steric strain in the ground state 
which is relieved in the transition state; that  is, the 
C-0 bond breaking process must be easy. 

I n  the hydrolysis of 
2-(4-nitrophenoxy)tetrahydropyran. a pH-independent 
reaction is observable from pH 4 t o  alkaline pH values 
(0.01 M KaOHj in either 50% dioxane-HzO or H20.15 
Such a reaction had never been observed previously 
in the hydrolysis of simple acetals. Plateau regions 
in the pH-rate constant profiles had been seen in the 
hydrolysis of various types of glycosides, but with 
those compounds neighboring groups are present M hich 
participate in the reaction.20 The evidence pointed 
to an uncatalyzed unimolecular decomposition in the 
hydrolysis of 2-(4-nitrophenoxyj tetrahydropyran. 
Thus, the reaction proceeds at essentially the same 

pH-Independent Hydrolysis. 

rate in D20 as in HzO ( k ~ ~ ~ l k H ~ o  = 0.9); if water were 
acting as a general acid, the reaction should be much 
slower in D20. The entropy of activation calculated 
from the pH-independent rate constant is +2.2 eu; 
water involvement in the transition state should give 
a highly negative AS'. The rate of the reaction is 
highly dependent on the nature of the solvent. being 
about 50 times greater in H,O than in 50% dioxane- 
HzO, suggesting considerable charge development 
in the transition state. Finally, the most convincing 
piece of evidence for a unimolecular mechanism is the 
fact that  if the reaction were considered to involve 
general acid catalysis by water, the point for water on 
the appropriate Br@nsted plot would lie many log units 
above the regression line. ,4 unimolecular reaction 
is intelligible in terms of the good leaving group and 
the reasonably stable oxocarbonium ion intermediate; 
both features facilitate C-0 bond breaking. A pH- 
independent reaction has also been observed in hy- 
drolysis of the acylal y-ethoxy-y-butyrolactone, Jvhere 
similar structural features (a good leaving group and 
a stabilized carbonium ion intermediate) are present.32 
Similar solrent effects and D20 solvent isotope effects 
were observed in that reaction. 

Hydrolysis of tropone diethyl ketal was found to  
proceed by a pH-independent pathviay a t  pH values 
greater than 10. again n i th  a ratio k D z O / k H 2 ~  of 0.9.?j 
As carbonium ion stability is increased, the rate of the 
hydronium ion catalyzed reaction will increase as \vel1 
as the rate of the pH-independent reaction, although 
not necessarily to the same extent, thereby explaining 
why the pH-independent reaction is not observed until 
pH 10 with tropone diethyl ketal, nhereas it becomes 
predominant at pH values greater than 4 with 2- 

(32) T H Fife, J Amer. Chem. Soc , 87, 271 (1965) 

(4 - nitr~phenoxy)tetrahydropyran.'~ I 9  Bcnzaldcliydc 
methyl S-(2,4-dinitroplienyl) thioacetal hydroljrzcs 
in a pH-independcnt reaction across almost the cntirc 
pH scale, hydronium ion catalysis not being dctcctablr 
until a concentration of 0.3 

It is striking that pH-independent reactions arc ob- 
served with 2-(p-nitroplienoxy) tetrahydropyran and 
tropone diethyl ketal because hydrolysis of thcscx coni- 
pounds is susceptible to  general acid catalysis. Thc 
reactions are mechanistically related in that thc C-0 
bond is breaking in both cases, gcncral acid catalysis 
being effected b y  partial protonation of oxygcn in a 
concerted process. Ease of C-0 bond brcaking ir 
certainly the cause of the unimolccular rcaction; it 
must therefore be a key factor leading t o  gcncral acid 
catalysis. 

Ortho Ester Hydrolysis. h brief consideration of 
structurally related ortho esters is informative Pince it 
shows the generality of the  conclusion^ derived from 
the study of acetals. The hydrolysis of certain types 
of ortho esters has been considered t o  be genpral acid 
catalyzed since the work of Brgnsted in 1929.' It had 
been found that the rates of hydrolysis of ethyl ortho- 
acetate, ethyl orthopropionate. and ethyl orthocnr- 
bonate were dependent on  buffer concentration. 
DeWolfe later claimed that hydrolysis of ethyl ortho- 
formate is general acid catalyzed in 70% dioxanc-H20 
as the solvent but not in H20.33 and the work of Price 
and Kwart on nietliyl orthobenzoatcq indicated that 
hydrolysis of those compounds is general acid catalyzcd 
in 70Vc rnethan01-H~O.~~ Hon ever, it has rcccntly 
been suggested that these results ' iV(w duc to  spccific 
salt effects in the nixed ~ 0 1 ~ e n t s . ~ ~  36 The gcwral 
acid catalysis that had been observed in ortho (wcr  
hydrolysis was fairly w a k ,  and it TTBS considcrcd that 
the Brgnsted coefficient v, ould generally be high.4 
T'alues of about 0.7 had been f ~ u n d . ' , ~ ~ ~ ~ ~  

Considering the structural features responsible for 
general acid catalysis in acetal and ketal hydrolysis, 
an ortho ester having a good leaving group and from 
which a reasonably stable oxocarbonium ion intm- 
mediate would be produced ought to show pronouncod 
general acid catalysis n ith a da t ive ly  lon Brgnstcd 
coefficient. This prediction has been fulfilled. Tlic 
hydrolysis of diethyl phenyl orthoformate (18) in 2Oc;'c 

is reached.24 

H 

10 

dioxane-Hz0 at 25' proceeds with pronounced general 
acid catalysis and with a Brdnsted coefficient, of 0.47 
(correlation coefficient) 0.993 for a correlation including 
six carboxylic acids and cacodylic acid) .3B This valuc 

(33) R. H. DeWolfe and R. XI .  Roberts, ibid., 76, 4379 (1954). 
(34) H. Kwart and 11. B. Price, i b id . ,  82, 5123 (1960). 
(35) L1. Lahti and A. Kankannpera, Acta Chem. Scund., 24, 700 

(36) P. Salomaa, A.  Kanliaiuipera, and A I .  Lahti, .I. Amer. Chem. 

(37) A. J. Kresge and R. J. Preto, i b id . ,  87, 4593 (1965). 
(38) E. Anderson and T. H. Fife, J .  Org.  Chem., 37, 1993 (1972) I 

(1970). 

Soc., 93, 2084 (1971). 
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is considerably less than any previously determined. 
I n  hydrolysis of 10, phenol is the leaving group. Spe- 
cific salt effects cannot be responsible for the observed 
buffer effects since the second-order rate constants 
determined at  high salt concentration, held constant 
with KC1, or with NaClO,, were slightly greater a t  the 
higher ionic strengths where the contribution of the 
buffer anion to the total ionic strength is small. There- 
fore, the observed effects represent genuine general 
acid catalysis. 

I n  contrast, the second-order rate constants for buffer 
acid catalysis of the hydrolysis of diphenyl ethyl ortho- 
formate are less at  45” than those for diethyl phenyl 
orthoformate a t  2 5 ” ,  and the Brflnsted coefficient is 
considerably higher, 0.68.38 Diphenyl ethyl ortho- 
formate possesses the same phenol leaving group, but 
the oxocarbonium ion intermediate is less stable. 
Basicity is also less, due to the electron-withdrawing 
ability of phenoxy relative to an ethoxy group.39 Thus, 
even though basicity is less, general acid catalysis is 
less fayorable, illustrating again that the critical fea- 
ture in facilitating general acid catalysis is oxocarbo- 
nium ion stability and the ease of C - 0  bond breaking. 
When the intermediate oxocarbonium ion is further 
stabilized in the diphenyl ethyl system in the case of 
diphenyl ethyl orthoacetate, the rate constants be- 
come larger as expected and the Brflnsted coefficient 
diminishes (0.49). 

Intramolecular General Acid Catalysis. I n  the 
design of chemical models which mimic the action of 
enzymes, molecules possessing functional groups that 
might catalyze the particular reaction intramolecularly 
have assumed large importance. This is because of 
the analogy between an intramolecular reaction and an 
enzyme-catalyzed reaction proceeding through an 
enzyme-substrate complex in which the substrate is 
held in close proximity to the appropriate catalytic 
groups in the active site.4a 

Intramolecular catalysis of acetal hydrolysis was 
studied bel‘ore the successful demonstration of bimo- 
lecular buffer acid catalysis. We had measured the 
rates of hydrolysis of y,y-diethoxybutyric acid (11) 

0 
11 

in both HzO and 50% dioxane-H20 and had found 
that carboxyl group participation, if any, was quite 
small.41 This is because the structural features re- 
sponsible for general acid catalysis in bimolecular re- 
actions are absent, the leaving group being poor and 
the carbonium ion intermediate not highly stabilized. 

(39) R. W. Taft, Jr., in “Steric Effects in Organic Chemistry,” 

(40) T.  C. Bruice and S. J .  Benkovic, “Bioorganic Mechanisms,” 

(41) T .  H. Fife, unpublished work. 

31, S. Newman, Ed., Wiley, New York, N .  Y., 1958, p 556. 

W. A. Benjamin, Kew York, N. Y., 1966. 

Bruice and P i z k i e w i ~ z ~ ~  later investigated an exten- 
sive series of substituted 1,3-dioxolane ketals where 
in certain cases a substituent carboxyl group was held 
much more rigidly in respect to the ketal function 
than in 11, but again carboxyl group participation 
could not be demonstrated. 

The lack of intramolecular catalysis in these systems 
was striking, especially since Capon had reported43 
that o-carboxyphenyl p-D-glucoside (12) hydrolyzed 

12 

at 95” considerably more rapidly a t  moderate pH 
values than did the corresponding p-carboxyl isomer. 
The pH-rate constant profile for hydrolysis was char- 
acterized by a plateau that suggested participation 
by the carboxyl group. It v a s  reported from the 
same laboratory44 that o-methoxymethoxybenzoic acid 
(13) also hydrolyzed with participation by the o-car- 

13 

boxyl group. Although intramolecular general acid 
catalysis was later preferred as the mechanism in both 
cases,45 information that tl-ould offer a conclusive choice 
between the kinetically equivalent possibilities of in- 
tramolecular general acid catalysis and hydronium 
ion catalyzed hydrolysis of the anionic species m s  
not offered. 

Dunn and B r ~ i c e ~ ~  studied a series of o-methoxy- 
benzoic acids substituted in the benzene ring. Catalysis 
by a second carboxyl group in 2-methoxymethoxyiso- 
phthalic acid was no greater than could be explained 
as a steric effect, permitting the conclusion that elec- 
trostatic stabilization of a developing carbonium ion 
was not important. Of interest was a Brgnsted co- 
efficient, 01, for intramolecular catalysis of 1.0. While 
this value was based on only tvio compounds (13 and 
the 5-nitro derivative), it did suggest that the proton 
was completely transferred in the transition state, 
an interpretation strongly supported by a study of the 
formals 14 where both the R and R’ substituents were 
~ a r i e d . ~ 7  Values of p* for hydronium ion catalyzed 
hydrolysis are -3.0 regardless of the nature of the R’ 
group (methyl or hydrogen). This is inconsistent 

(42) T.  C. Bruice and D. Pisxkiewicz, J .  Amer. Chem. Soe., 89, 

(43) B. Capon, Tetrahedron Lett., 911 (1983). 
(44) B. Capon and M. C. Smith, Chem. Commun., 523 (1985). 
(45) B. Capon, M. C. Smith, E. Anderson, R .  H. Dahm, and G. H. 

(46) B. Dunn and T.  C. Bruice, J .  Amer. Chem. SOC., 92, 2410 

(47) B. Dunn and T .  C. Bruice, ibid. ,  93,  5725 (1971). 

3568 (1967). 

Sankey, J .  Chem. Soc., 1038 (1969). 

(1970). 
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14 

with a transition state in which the proton is inter- 
mediate between the two oxygens in the case of the 
carboxyl-substituted compound, since the amount 
of oxocarbonium ion character in the transition state 
should be different if the proton is only partially trans- 
ferred, as compared with the ester n-here the meclia- 
nism is A-1. h difference in transition-state structure 
would be reflected in a different p* value. Dunn and 
Bruice reason that the meclianism must be A-1 in all 
cases and that th r  neighboring carboxyl group probably 
stabilizes the proton on  tlie acetal oxygen clectro- 
statically. They point out that an A - 1  mechanism 
is reasonable since buffer acid catalysis is not observed 
in the hydrolysis of analogous formals without carboxyl 
group substitution. 

I n  view of the problem of kinetic equivalence in 
intramolecular reactions, it was important to study 
carboxyl-substituted acetals whcrc buffer acid catalysis 
is observed in hydrolysis of the unsubstituted com- 
pounds. I n  such cases, the mechanisms of the inter- 
and intramolecular reactions should be the same. 
Therefore, kinetically equiyalent possibilities would 
not be such serious obstacles to interpretation as in the 
previous cases, and assessment of the relative efficiency 
of intramolecular catalysis Tvould be possible. Con- 
sequently. the hydrolysis reactions of 2-(o-carboxy- 
phen0xy)tetrahydropyran (15) and benzaldehyde 

15 II 
0 

16 

methyl o-carboxyphenyl acetal (16) were i n ~ e s t i g a t e d . ~ ~  
The pH-rate constant profile sho\vn in Figure 2 

was obtained for hydrolysis of 15 in SOYc dioxane--HsO 
a t  15". il large plateau in the profile x-ill be noted. 
As in the other cases of intramolecular catalysis, kinetic- 
ally equivalent possibilities exist, and the curve in 
Figure 1 can be calculated from either eq 5 or eq 6 with 

appropriate values of the rate constants, vihere kl is 
the second-order rate constant for hydronium ion 
catalyzed hydrolysis of the un-ionized acetal, lca is the 
second-order rate constant for hydronium ion catalyzed 
hydrolysis of th r  ionized species, kn is thc rate constant 
for intramolecular general acid catalysis, and K ,  is the 

(48) T. H Fife and E Anderson, J .  Arne? Chern Soc , 9 3 ,  6610 
(1971). 
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Figure 2. Plot of k,bsd for hydrolysis of 2-(o-carboxyphenoxy)- 
tetrahydropyran in 50% dioxane-HtO a t  15" vs. pH. 

dissociation constant of the carboxyl group. The 
neighboring carboxyl group greatly accelerates hy- 
drolysis. The value of lc, is 6.1 X 10; greater than 
1 ~ ~ ~ 0 ~  for the corresponding ethyl ester and 3.8 X 
lo5 greater than kHaO+ for the unsubstitutpd compound. 
These are the maximum differences in Ic,b9d for hydroly- 
sis of these compounds at any pH. The Ic2 value for 
the p-carboxyl-substituted compound could not be 
determined since its rates of hydrolysis are much too 
slow to measure accurately at the required p H  a t  13". 
However, from the measured value of kl and a rea- 
sonable assumption as to the diff erence be twen  kl 
and k,, based on the known p value for hydronium 
ion catalyzed hydrolysis of 2-(4-substituted phenoxy)- 
tetrahydropyrans and the values for COOH and 
COO-, it could be calculated that liz (para) must be 
only 1.6 X the magnitude of k2 (ortho). These 
differences in the rate constants are many times larger 
than expected on the basis of inductivo effects. 

Determination of tlie rate constants in DzO Tvould 
give ambiguous results.4z HoTYever, it is reasonahlo 
that the mechanism does involve intramolecular gen- 
eral acid catalysis (eq 5) in view of the interniolecular 
buffer acid catalysis observed with the unsubstituted 
compounds. General acid catalysis should thereforc 
be favored in the intramolecular reaction. 

The ratio of rate constants for intramolecular gcn- 
eral acid catalysis of the hydrolysis of 15 and inter- 
molecular formic acid catalyzed hydrolysis of 2-  
phenoxytetrahydropyran is 580 JI.  a minimum value 
since the intramolecular reaction was studied at 
15" while the bimolecular reaction mas studied a t  
50". The ratio xould be considerably larger if com- 
parisons liere made a t  the samc temperature. The 
calculated ratio represents the concentration of formic 
acid in the bimolecular reaction that would bc requircd 
to give a pseudo-first-order rate constant comparablc 
to that  obtained in thc intraniolecular reaction. I t  
is evident that intramolecular catalysis is greatly 
favored. and that an increasc in local concentration 
of the carboxylic acid catalyst cannot explain the great 
efficiency of the reaction relative to intermolecular 
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catalysis. The ratio of 580 M may reflect the nearly 
optimal geometry of the system in 15 for proton trans- 
fer between the two oxygen atoms. 

The magnitude of the rate constant k2  for hydrolysis 
of benzaldehyde methyl o-carboxyphenyl acetal (1.2 
X lo7 114-' sec-') rules out nucleophilic attack of a 
carboxylate anion on the protonated substrate, or any 
mechanism involving a completely transferred proton, 
if the basicity of the acetal is normal. It can be cal- 
culated that  k+ the rate constant for transfer of a 
proton from the conjugate acid of the substrate to 
HzO, would then necessarily have to be greater than 
that  for a diffusion-controlled process. If basicity has 
been increased with this compound by the presence 
of the neighboring carboxylate anion, then in order to 
account for the rapid rate of hydrolysis a decrease of 
lo5 in the dissociation constant of the conjugate acid 
would be required since kz for 16 is 1.9 X 1oj greater 
than I c H 3 0 +  for the corresponding methyl ester. As 
in the case of 15, the most likely mechanism involves 
intramolecular general acid catalysis. 

With the exactly analogous thioacetal, benzaldehyde 
methyl 8-(0-carboxyphenyl) thioacetal (17), carboxyl 

0 
17 

group participation cannot be conclusively observed, 
there being a difference of only 30 between kl and kz .  
This supports the contention that the same structural 
features will permit both intramolecular catalysis and 
buffer acid catalysis because, in contrast with the oxy- 
gen acetals, buffer acid catalysis is not observed in 
hydrolysis of the corresponding thioacetals. 24 I n  
view of the low basicity of sulfur, either intramolecular 
general acid catalysis or carboxyl group, electrostatic 
stabilization of a proton on sulfur might have been 
expected to be a favorable process. A most important 
feature of these reactions must be that the salicyl 
anion is a better leaving group than the thiosalicyl 
anion. 

Disalicyl acetals with two suitably located carboxyl 
groups (18 and 19) show very large ratc enhancements 

0 
It 

1 
0 

18 

0 
II 

in both H2O and 50% dioxane-HzO, in comparison 
with the corresponding methyl esters (3 X lo9 in the 
case of 19 in 50% d i ~ x a n e - H ~ O ) . ~ ~  The pH-rate 

Figure 3. Plot of kobsd us. pH for hydrolysis of benzaldehyde 
disalicyl acetal in 50% dioxane-HtO a t  25'. 

constant profiles are bell-shaped, as shown in F g  '1 ure 
3 for 19, but with both 18 and 19 it is possible that  
only one carboxyl group actually participatcs in the re- 
action, with the other exerting mainly a substituent 
effect. In  the case of 19 the rate constant for intra- 
molecular general acid catalyzed hydrolysis of the 
monoanion calculated from the data in Figure 3 is 
only 65-fold greater than that for the un-ionized 
species. This is slightly greater than expected from 
a substituent effect, so it is possible that some elec- 
trostatic carbonium ion stabilization is occurring, but 
the carboxylate anion can be giving only a small increase 
in the rate constant. Thus, bifunctional catalysis by 

two carboxyl groups as postulated for lysozyme has not 
been demonstrable, even though nucleophilic attack 
or electrostatic stabilization of a developing carbonium 
ion would be expected to be most favorable when the 
carbonium ion intermediate is fairly unstable, as is 
the case with 18 especially. If the ionized species 
reaction involves intramolecular general acid catalysis, 
as is most probable, this mechanism is capable of giving 
rate enhancements of the magnitude seen in enzymatic 
reactions without assistance from other functional 
groups. 

I n  summary, intramolecular general acid catalysis 
is observed with acetals having good leaving groups 
and giving rise to relatively stable oxocarbonium ions 
so that  buffer acid catalysis can be detected in hydroly- 
sis of the unsubstituted compounds. I n  these reac- 
tions the efficiency of intramolecular catalysis is great, 
and rate enhancements of 105-109 take place in com- 

(49) E. Anderson and T. H. Fife, Chem. Commun., 1470 (1971).  



272 MASAMUKE ASD DARBY Accounts of Chemical Rescarch 

parison \\-ith suitable derivatives in \vhich carboxyl 
group participation is not possible. Bifunctional 
catalysis by two suitably placed carboxyl groups has 
not been observed, even though in the case of methoxy- 
methoxyisophthalic acid46 and the disalicyl acetals 
18 and 19 the  conditions for demonstration of elec- 
trostatic stabilization of a developing carbonium ion 
appear to be optimal. 

The foregoing information on the cheni- 
ical hydrolysis of qimple acetals can be applied to the 
mechanism of action of glycosidic enzymes and. in 
particular, lysozyme. If it is assumed that glutamic 
acid-35 is involved in the catalytic action of lysozyme 
and that  the enzyme acts in accord n-ith the principles 
established in the chemical model studies, then two 
points are clear. 

(1) The key problem of general acid catalysis in the 
enzymatic reaction is explainable if the substrate is 
distorted during the binding process and if the  rcsult- 
ing strain is relieved during the hydrolytic reaction, 
thereby making C-0 bond breaking more facile, in 
analogy to hydrolysis of the benzaldehyde di-ted-butyl 
acetals. Since with natural substrates for lysozyme 
the leaving group is poor and the intermediate carbo- 
nium ion is rclativcly unstable, the bond-breaking pro- 
cess must be sufficiently enhanced for general acid 
catalysis to take place. As noted previously, relief 
of ground-state strain produced by distortion of the 
substrate has been an integral feature of postulated 
mechanisms for although there is no con- 
clusive cvidence that  it occurs. 

( 2 )  From the lack of bifunctional catalysis in the 

Lysozyme. 

hydrolysis of dicarboxyl-substituted acetals, rcgard- 
less of the stability of the intermediate carbonium ion, 
it is possible that aspartic acid-52 may not be directly 
involved in the catalytic process in the lysozymc r(’- 
action. The bell-shaped pH-rate profile for 13 sozyniegO 
most likely indicates that ionization of tn-o groups is 
important, but this does not necessarily imply direct 
involvement of aspartic acid-32 in the reaction. A 
possibility is that this group is important in stabilizing 
a particular conformation of the enzyme. A btil!- 
shaped pH-rate constant profile is also obtained IT ith 
disalicyl acetals such as 19 nlicrc participation by one 
carboxyl group causes most of tlic observcld rate en- 
hancement vhich is of the magnitude observcid in 
enzyme-catalyzed reactions. Conscqucntly it is not 
necessary to  involve bifunctional catalysis to explain 
the kinetic behavior of lysozyme. Tlic clic~mical 
studies on ace{ a1 hydrolysis have therefore sct forth 
the possibilities by 11 hicli lysozymc cxerts its catalytic 
effect and have led to  explanations of the problcm of 
general acid catalysis. 

I t  is hoped that the continuation of such pliysical- 
organic n-ork in conjunction a i t h  studies of the en- 
zyme itself nil1 finally give a clear picturc of hon lyso- 
zyme is exerting its catalytic c.ffect. 

I wzsh to thank al l  m y  couorkers for  thczr conlrzbulzonc lo lhzs 
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A limited number of organic compounds expressable 
in terms of simple molecular formulas have attracted 
the interest of organic chemists almost since the incep- 
tion of this science. The annulene series could prob- 
ably be described in this \Yay. These are fully conju- 
gated, monocj-clic polyenes; the number of CH moieties 
in the ring is indicated by an  arabic numeral in 
brackets. 

Aromatic chemistry, guided by the simple “(4n + 2) 
rule” of Huckel,2 developed along an interesting c ~ u r s e ; ~  

Profmsor Masamune receiced h is  P h . D .  f r o m  Cnirersitu of Cala- 
fornia,  Berkeley,  in 1951. After seceral years at the LTniversztu o f  TI-is- 
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systems. 

S i c h o l a s  Darby  i s  a doctoral candidate working wi th  Professor J lasa -  
mune o n  planar ten- ir-electron Bvstems. 

[tijannulene (benzene) \\-as \\-ell ltnon 11, and [S ]annulcue 
(cyclooctatetraene) 5 iclded t o  synthesis in 191 1 . 4  

However, the next major breakthrough in annulcnc 
chcniistry was not the isolation of the next higher homo- 
log. [lO]annulene, but rathcr the synthesis of [l h ’1  nn- 
nulene, by Sondhcimcr in 1959.j This nns largely 
due to the discovery that macrocyclic polyacelylciws 

( l j  €-. Sondheimer and 11. Kolovsk~.,  J .  Amer. C‘hem. SOC., 84, 200 
(1962). 

(2) E. Huckel, Z. Phys . ,  70, 204 (1931). 
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Chem. Soc., 89, 5048 (1967); (h) D. G.  l’arnum, G .  Mehtii, ant1 I t ,  G. 
Bilberman, ibid., 89 ,  5048 (1967) : cyc1onoii:~tetrsenide: ( c ,  T. (J. 
Katz and P. J. Gsrratt,  i h i d . ,  86, 5191 (1964): 
and It. E.  Benson, i h i d . ,  87, 1941 (1905)], bridged anriulenei \ e . o . ,  
(e) E. Vogel, Proc. Robeit  A .  TT’elch Found.  Coni’. Chem. Bes., 12, 215 
(1968) J ,  and derivatives of arinulenes. 
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