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Oxazolinone Intermediates in the Hydrolysis of Activated 
N-Acylamino Acid Esters. The Relevance of Oxazolinones to 
the Mechanism of Action of Serine Proteinases* 

John de Jersey,? Peter Willadsen, and Burt Zerner 

ABSTRACT : The alkaline hydrolysis of p-nitrophenyl 
hippurate occurs in two steps. In the first step, which is 
subject to general base catalysis, p-nitrophenol is re- 
leased and 2-phenyloxazolin-5-one is formed. Sub- 
sequent hydrolysis of this oxazolinone yields hippuric 
acid. The kinetics of hydrolysis of 16 esters of N- 
acylamino acids have been investigated to determine 
the generality of the oxazolinone mechanism. p- 
Nitrophenyl esters of formyl-, acetyl-, and cinnamoyl- 
glycine yield oxazolinone intermediates, whereas ben- 
zyloxycarbonylglycine p-nitrophenyl ester does not. 

T he present understanding of the acyl-enzyme 
mechanism for proteolytic enzymes has been made 
possible by the extensive use of both stable and ac- 
tivated esters of N-acylamino acids. p-Nitrophenyl 
esters have been of special importance because of the 
desirable spectral properties of p-nitrophenol. The 
mechanism of hydrolysis of simple esters involves 
nucleophilic attack at the carbonyl carbon (Bender, 
1960). However, preliminary observations on the hy- 
drolysis of PNPH revealed a more complicated mech- 
anism involving the formation and subsequent hydrol- 
ysis of PO (de Jersey et al., 1966a). In the present work, 
further support has been gained for the oxazolinone 
mechanism of hydrolysis of PNPH, and a series of 
N-acylamino acid esters has been examined in an at- 
tempt to determine the generality of the mechanism. 

The acyl-enzyme intermediate in a-chymotrypsin- 
catalyzed hydrolyses appears to be a serine ester. 
The deacylation of hippuryl-chymotrypsin was there- 
fore studied as an example of the hydrolysis of an 
acylamino acid ester. Because of the important role 
of histidine in catalysis by a-chymotrypsin, the effect 
of imidazole on the hydrolysis of acylamino acid esters 
has also been determined. 
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Oxazolinone intermediates are formed from a number 
of activated esters of hippuric acid but not from stable 
esters such as methyl hippurate. The deacylation of 
hippuryl-chymotrypsin has been investigated under 
conditions where 2-phenyloxazolin-Sone could be 
observed if it were formed. Since no formation of 
oxazolinone is observed, hippuryl-chymotrypsin be- 
haves as a stable, rather than as an activated, ester of 
an N-acylamino acid. The reaction of p-nitrophenyl 
hippurate with imidazole in aqueous solution yields 
hippurylimidazole rather than 2-phenyloxazolin-Sone. 

Experimental Section 

Materials. Nitrophenyl esters, with one exception, 
were prepared by the reaction of equimolar amounts 
of acylamino acid, nitrophenol, and dicyclohexyl- 
carbodiimide at  room temperature in ethyl acetate. 
N-Benzoylaminoisobutyric p-nitrophenyl ester was 
prepared by the reaction of equimolar amounts of 
4,4-dimethyl-2-phenyloxazolin-5-one and p-nitrophenol 
in acetonitrile, in the presence of a catalytic amount 
of triethylamine. Nitrophenyl esters were purified by 
recrystallization from chloroform-hexane or from 
carbon tetrachloride. Characteristics of the nitrophenyl 
esters prepared are given in Table I. Phenyl hippurate, 
prepared by the method of Weiss (1893) and re- 
crystallized from ethanol, had mp 104" and lit. (Lowe 
and Williams, 1965) mp 104". Benzyl hippurate was 
prepared from benzyl chloride and sodium hippurate 
by heating at  80-90" in the presence of a catalytic 
amount of triethylamine : mp 86" (after recrystalliza- 
tion from chloroform-hexane), lit. (Sheehan and Corey, 
1952) mp 87-89". Similarly, cyanomethyl hippurate 
was prepared from sodium hippurate and chloro- 
acetonitrile, mp 100" (after recrystallization from 
chloroform-hexane). AnaL2 Calcd for CI  1H 10N203: 
C, 60.55; H,  4.62; N, 12.84. Found: C, 60.36; H,  4.90; 
N, 12.99. Methyl hippurate (Mann Research Labo- 
ratories), recrystallized from ethanol-water, had mp 
81" and lit. (Lowe and Williams, 1965) mp 81". 

PO was prepared according to Crawford and Little 
(1959) and purified by vacuum sublimation which gave 

1959 Microanalyses were performed by the Australian Micro- 
analytical Service, Melbourne, Victoria. 
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colorless crystals, mp 90-90.5". 4,4-Dimethyl-Zphenyl- 
oxazolin-5-one was prepared by the action of dicyclo- 
hexylcarbodiimide on N-benzoylaminoisobutyric acid 
in ethyl acetate and purified by sublimation in uacuo: 
mp 46", lit. (Mohr and Geis, 1908) mp 34". Similarly, 
4,4-dimethyl-2-styryloxazolin-5-one and 4,4-dimethyl- 
oxazolin-5-one were prepared from N-trans-cinnamoyl- 
aminoisobutyric acid and N-formylaminoisobutyric 
acid, and purified by vacuum sublimation. 4,4-Dimeth- 
yl-2-styryloxazolin-5-one melted sharply at 58", but 
4,4-dimethyloxazolin-5-one remained an oily solid 
after sublimation at 70". 2-Methyl-4,4-dimethyloxazo- 
lin-5-one, prepared from N-acetylaminoisobutyric acid 
by reaction with dicyclohexylcarbodiimide, was a liquid 
showing a typical oxazolinone infrared absorption 
spectrum with intense peaks at 1810 and 1680 cm-I. 
4-Methyl-2-phenyloxazolin-5-one was prepared by the 
dicyclohexylcarbodiimide method and purified by 
sublimation in uucuo at 35": mp 41", lit. (Mohr and 
Stroschein, 1909) mp 39". The 4-unsubstituted oxazo- 
linones proved more difficult to isolate. The oxazo- 
linones corresponding to N-formylglycine, N-acetyl- 
glycine, and N-trans-cinnamoylglycine were prepared 
by reacting the parent acylamino acids with an equi- 
molar amount of dicyclohexylcarbodiimide in aceto- 
nitrile, filtering the dicyclohexylurea, and diluting to 
a suitable concentration for study of the oxazolinones 
in situ. 

Buffers were prepared using analytical grade reagents. 
pH measurements were made on a Radiometer pH 
meter 4c, standardized according to Bates (1964), 
and are accurate to  f 0 . 0 1  pH unit. 2,6-Lutidine was 
purified by preparation and repeated crystallization 
of the urea clathrate (Biddiscombe et al., 1954), 
followed by fractionation on a 60-cm column packed 
with glass helices, bp 144". Imidazole was recrystallized 
from benzene before use. Acetonitrile (Eastman Spectro 
Grade) was used without further purification. a- 
Chymotrypsin (three-times crystallized) was obtained 
from Worthington Biochemical Corp. p-Nitrophenyl 
acetate (Aldrich Chemical Co.) was recrystallized from 
chloroform-hexane. 

Methods. All kinetic experiments were carried out on 
a Cary 14 recording spectrophotometer, equipped with 
0-0.1- and 0-1.0-absorbance slide wires and a thermo- 
stated cell compartment. The early experiments on 
the hydrolysis of PNPH were carried out at 30 =t 0.1" 
(de Jersey et af., 1966a), while all other experiments 
were carried out at 25 f 0.1". In a typical experiment, 
3 ml of buffer was equilibrated in the cell compartment, 
and the reaction was started by the addition of a small 
aliquot (usually 50 p1) of a solution of the substrate 
in acetonitrile on a flat-ended stirring rod. Ultraviolet 
absorption spectra of PO were determined at neutral 
pH and in 0.1 N NaOH. The neutral form of PO was 
sufficiently stable to permit determination of its spec- 
trum by rapid scanning immediately after addition of 
the PO to buffer at pH 5. In 0.1 N NaOH, however, 
PO is very unstable ( t 1 / 2  E 20 sec at 25"). The spec- 
trum was determined by following the hydrolysis of 
PO in 0.1 N NaOH at a number of wavelengths and 
extrapolating the linear first-order plots thus obtained 
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to zero time. In this way, an accurate measure of A0 
and hence of E at the particular wavelength was ob- 
tained. The conditions used for the determination of 
the alkaline rate constants for the various acylamino 
acid esters are given in the appropriate tables. When 
the rate constants were determined in 0.01 or 0.001 N 
NaOH, the alkaline rate constant for p-nitrophenyl 
acetate was determined at the same time under the same 
conditions. The observed rate constants were then cor- 
rected, using a value of 12.6 M - ~  sec-' for the alkaline 
rate constant of p-nitrophenyl acetate (K. A. Connors, 
1961, personal communication). 

Results 

The Hydrolysis of PNPH. Based on the release of 
p-nitrophenol (measured at 317 or 400 mp, depending 
upon the pH), PNPH has the abnormally high apparent 
alkaline rate constant, koH, of 1.05 x lo4 M - ~  sec-I 
at 30" (Figure 1). When the hydrolysis of PNPH is 
observed at alkaline pH and 340 mp, a rapid increase 
in absorbance (on a time scale corresponding to the 
release of p-nitrophenol) is followed by a first-order 
decrease in absorbance (Figure 2). Above pH 8.5, the 
first-order rate constant for the decay of the intermedi- 
ate can be determined without interference from the 
release of p-nitrophenol. The following mechanism 

SCHEME I 

H c.. 
B 

0 
I1 

RCNHCH~COO- - 
+ BH? 

+ -OR' 

(Scheme I) was postulated to explain the observations, 
and is supported by the following results (for PNPH, 
R = phenyl, R' = p-nitrophenyl). (1) In the proposed 
mechanism, the observed intermediate is identified 
with PO. Rate constants for the hydrolysis of the inter- 
mediate and independently synthesized PO were 
determined under a wide variety of conditions from 
pH 7.5 to 12.7. Identical rate constants for the decay of 
the intermediate and of PO were observed (de Jersey 
et al., 1966a).3 ( 2 )  The first step in the proposed scheme 
is general base catalyzed. Therefore, the hydrolysis of 
PNPH was studied in 2,6-lutidine buffers. Significant 
catalysis of p-nitrophenol release from PNPH by 
2,6-lutidine was observed, but catalysis was not ob- 
served with the N-methyl analog, N-benzoylsarcosine 
p-nitrophenyl ester, o r  with p-nitrophenyl acetate 

The isosbestic point of p-nitrophenyl hippurate and p -  
nitrophenol-p-nitrophenolate ion at pH 7.5 is 306 mp, not 360 mp 
as previously listed in error (de Jersey er ai., 1966a). 

d 1- 

I 
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FIGURE 1 : pH-rate profiles of p-nitrophenyl hippurate 
(0--0-c), as determined by release of p-nitrophenol, and 
of 2-phenyloxazolin-Sone (0-0-0) at 30". Units of k&d,  
sec-l; 1-376 (viv)  acetonitrile in reaction mixtures. kobsd 
was measured in buffers of constant pH and increasing 
buffer concentration, and the k&sd at zero buffer concentra- 
tion was determined by extrapolation. 

PH 

(de Jersey et al., 1966a). (3) Figure 1 shows pH-rate 
profiles for the release of p-nitrophenol from PNPH 
and for the hydrolysis of PO. At pH 11, the release of 
p-nitrophenol is virtually instantaneous while the inter- 
mediate has a half-life of about 14 sec at 30". PNPH 
(2 ml of 2 X lom2 M solution in acetonitrile) was added 
rapidly to 200 ml of vigorously stirred 0.001 N NaOH 
at room temperature. After about 2 sec, 50 ml of 0.1 M 
acetate buffer (pH 5.1) was added, since at pH 5 ,  PO 
is relatively stable. The solution was extracted im- 
mediately with chloroform, and p-nitrophenol was 
removed from the chloroform solution by exhaustive 
extraction with phosphate buffer (pH 7.6). After drying 
the solution over Na2S04, its ultraviolet absorption 
spectrum was determined, and it proved to be very 
similar to the spectrum of an authentic sample of PO 
in chloroform (pronounced shoulder at 285 mp). The 
procedure was repeated several times, the chloroform 
removed at reduced pressure, and the oily residue 
purified by vacuum sublimation. The infrared spectrum 
of the sublimed material was identical with that of PO 
run under the same conditions. (4) Analysis of the 
pH-rate profile for the intermediate at high pH 
(Figure 1) yields an apparent pK, of 9.3. The effect of 
pH on the ultraviolet absorption spectrum of PO was 
determined. In aqueous buffers below pH 8, A,,, was 
found to be 240 mp, while in 0.1 N NaOH, A,,, was 
340 mp. The apparent pK, for this spectral change, 
determined by spectrophotometric titration at  340 mp, 
is 9.4. 

To determine whether the hydrolysis of PNPH 
proceeds quantitatively through PO, an aliquot of 
PNPH was added to 0.1 N NaOH and the absorbance 
at 340 mp followed. Extrapolation of the absorbance 
to zero time, using a linear first-order plot for accuracy, 
gives a value for A A  at 340 mp. Independent experi- 
ments give a value of 15,200 for A6 at 340 mp for the 1961 
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TABLE 11: Hydrolysis of Acylglycine p-Nitrophenyl Esters at 25". Effect of the Acyl Group, R1. 

Intermediate Oxazolinone 
koHa Wavelengthb 1o2kObsdc 10 2kobsdc 

R i  ( M - ~  sec-l) (mp> (sec-l) (sec-I) 

Benzoyl 7040d 340 3.46 3.46 
Cinnamoyl 3480e 390 2.61 2.58 
Acetyl l l l O d  220 1.16 
Formyl 480d 250 6.57 6.57 
Benzyloxy carbonyl 156f 
p-Toluenesulfonylg 38f 

Apparent alkaline rate constants for release of p-nitrophenol at 400 mp; pK, = 14. Wavelength at which the 
intermediate was observed. Measured in 0.1 N NaOH. kobsd was determined in a series of sodium borate buffers 
(pH 9.2). The kobsd at zero borate concentration was determined by extrapolation and converted to koH. e Determined 
in Tris buffers (pH 8.14) at 410 mp. f Measured in 0,001 N NaOH. 0 Impure tosylglycine p-nitrophenyl ester, pre- 
pared from tosylglycine and p-nitrophenol coupled with dicyclohexylcarbodiimide. 

~ ~~ 

TABLE III: Hydrolysis of Acylamino Acid Esters at 25". Variation of R2 and R3.a 

Intermediate Oxazolinone 
koHb 1O2kobsd 102k,bsd 

R2 R3 ( M - ~  sec-') (sec-l) (sec- l) 

H H 7,O4Oc 3.46f 3.46f 
CH 3 H 59,400d 1.918 1.918 
CH3 CH 3 346,000e 0.101h 0.09gh 

a R1 = benzoyl; R4 = p-nitrophenyl. Rate of release of p-nitrophenol (400 mp). Determined in sodium borate 
buffers (pH 9.2) and extrapolated to zero borate concentration. Determined in Tris buffers (pH 8.10). e Determined 
in phosphate buffers (pH 7.16). f In 0.1 N NaOH; measured at 340 mp. In 0.1 N NaOH; measured at 350 mp. In 
0.05 M Tris buffer (pH 8.14); measured at 250 mp. 

hydrolysis of PO in 0.1 N NaOH. From A A  and A€, 
the concentration of PO formed from a known concen- 
tration of PNPH could be calculated. Results established 
the quantitative conversion of PNPH to PO. Similarly, 
the hydrolysis of PNPH in 0.05 M barbital buffer 
(pH 9.15) was followed at 340 mp. The progress curve 
observed is shown in Figure 2. The rate constants for 
the release of p-nitrophenol from PNPH (determined 
at 400 mp where PO does not absorb) and for the hy- 
drolysis of PO were 1.07 X 10-1 and 1.18 X 
sec-', respectively. The apparent molar absorptivities 
at  340 mp of the four species present were determined 
independently under the conditions of the experiment: 

10. From these data, the theoretical curve assuming 
quantitative formation and hydrolysis of PO was 
calculated. Results indicate that at least 90% of the 
theoretical amount of PO is formed. At pH 9.15, two 
molecules of PO can react to form a product which 
absorbs at 340 mp, and which is stable at pH 9. This 
condensation reaction, which occurs maximally near 
the pK, of PO (9.4), competes with the hydrolytic reac- 
tion and probably accounts for the discrepancy be- 
tween the observed and calculated progress curves. 

The Generality of the Oxazolinone Mechanism. A 

ep-nitrophenol3950, CPPiPH 720, €PO 4610, and Ehippurieacid 5 

1962 

series of esters of N-acylamino acids was synthesized 
to test the effect of variation of substituent groups on 
the mechanism of hydrolysis. Consider the general 
formula for an acylamino acid ester 

R2 0 
I I1 
I 
R3 

R1 is the acyl group, R2 and R3 are substituents on the 
wearbon, and -OR4 is the leaving group. Two general 
criteria were used to determine whether an oxazolinone 
intermediate is formed in the hydrolysis of a particular 
ester. The main criterion was the spectrophotometric 
observation of the intermediate and the comparison 
of its rate of hydrolysis and spectral properties with 
those of the independently synthesized oxazolinone. 
The second criterion was the rate of alkaline hydrolysis. 

The importance of the acyl group was tested by ex- 
amining a series of N-acylglycine p-nitrophenyl esters 
(Table 11). For cinnamoyl and formyl derivatives, the 
oxazolinone intermediates were readily demonstrated. 
The oxazolinone corresponding to the acetyl derivative 
had very poor spectral characteristics (Ae - 150 at 220 
mp in 0.1 N NaOH), making observation of an inter- 

R INHC-CORI 
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TABLE IV: Hydrolysis of Esters of Hippuric Acid at 25". 

R4 

p-Nitrophenyl 
o-Nitrophenyl 
m-Nitrophenyl 
p-Nitrothiophenyl 
2,4-Dinitrophenyl 
2,5-Dinitrophenyl 
Phenyl 
Cyanomethyl 
Benzyl 
Methyl 

koH 
( M - ~  sec-l) Conditions of Measurement" 

Wavelength 
(mp) 

7,040 
10,200 
1,640 

29,000 
Too fast 
340,000 

(34)" 
78 
2.2 
2.1 

Borate buffers, pH 9.20 
Borate buffers, pH 9.20 
Borate buffers, pH 9.20 
Tris buffers, pH 8.14 

Phosphate buffers, pH 7.16 
Borate buffers, pH 9.20 
0.001 N NaOH 
0.01 N NaOH 
0.01 N NaOH 

400 
440 
400 
412 

450 
270 
250 
250 
250 

2-Phenyloxazolin-Sone 
Formedb (%) 

100 
99 
97 
97 

100 
102 
50 
0.35 
0 
0 

" kobsd was determined in a series of buffers, and the value at zero buffer concentration was estimated by extrapola- 
tion. Percentage 2-phenyloxazolin-5-one formed on hydrolysis of esters in 0.1 N NaOH; [2-phenyloxazolin-5-one] = 
AA at 340 mp/15,200. A value could not be obtained in 0.001 N NaOH because of the absorbance of 2-phenyl- 
oxazolin-5-one at 270 mp. At pH 9.2, the formation, rather than the decomposition, of 2-phenyloxazolin-5-one 
would be rate limiting. 

mediate exceedingly difficult. However, the high koH 
for N-acetylglycine p-nitrophenyl ester indicates that 
in all probability the oxazolinone mechanism applies. 
Because the oxazolinones corresponding to N-formyl- 
and N-trans-cinnamoylglycine were not isolated, ac- 
curate Ae values were not obtained. Results strongly 
suggest that the oxazolinones are formed quantitatively 
from the p-nitrophenyl esters in 0.1 N NaOH. No 
intermediates could be observed in the hydrolysis of 
N-benzyloxycarbonylglycine p-nitrophenyl ester or 
N-p-toluenesulfonylglycine p-nitrophenyl ester. The 
kO"s for these compounds are correspondingly low. 

The hydrolysis of two a-substituted benzoylamino 
acid p-nitrophenyl esters was studied (Table 111). The 
hydrolysis of N-benzoylaminoisobutyric p-nitrophenyl 
ester and N-benzoyl-DL-alanine p-nitrophenyl ester 
yielded 4,4-dimethyl-2-phenyloxazolin-5-one and 4,4- 
dimethyl-2-phenyloxazolin-5-one in yields of 100 and 
1 17y0, based on the measured Ae's of the isolated oxazo- 
linones. Thus, hydrolysis proceeds quantitatively 
through the oxazolinone in each case (assuming the 
isolated 4-methyl-2-phenyloxazolin-5-one is 85% pure). 
The effect of a substitution on the alkaline rate con- 
stants was also determined. 

The hydrolysis of ten esters of hippuric acid has been 
observed in an attempt to define the leaving group 
requirements of the oxazolinone route (Table IV). All 
of the substituted phenyl esters examined yielded a 
quantitative amount of PO in 0.1 N NaOH. Phenyl 
hippurate gives 50% of the calculated amount of PO 
when the hydrolysis is carried out in 0.1 N NaOH 
(55%,  if 1 N NaOH is used). Cyanomethyl hippurate 
gives a trace of PO. The alkaline rate constant of 2.1 
M-' sec-' for the hydrolysis of methyl hippurate, 
determined spectrophotometrically, may be compared 
with a rate constant of 1.7 M - ~  sec-' determined 
titrimetrically (Hay and Morris, 1967). 

The Deacylation of Hippuryl-chymotrypsin. Hip- 
puryl-chymotrypsin was prepared from a-chymotrypsin 

0 8C 

A 

OL---____ ~ 80 100 '200 13' LW 
20 LO 60 

TIME ( S E C )  

FIGURE 2 :  Progress curve for the hydrolysis of p-nitrophenyl 
hippurate in 0.05 M barbital buffer (pH 9.15) at 25": solid 
curve, experimental trace; open circles, points calculated 
using rate constants and apparent molar absorptivities inde- 
pendently determined (see text). 

and PNPH at pH 2.9, with enzyme present in a two- 
fold molar excess. The acylation reaction was followed 
to infinity at 317 mp (release ofp-nitrophenol). Aliquots 
of acyl-enzyme were then added to 0.1 M sodium borate 
buffer (PH 9.2) and 0.1 N NaOH and the reactions 
observed at  340 mp. In neither case was there an 
appreciable change in absorbance with time, indicating 
that no PO was formed. The sensitivity of the method 
was such that 2y0 of the theoretical amount of PO 
could have been detected. In control experiments, the 
rate of deacylation of hippuryl-chymotrypsin was 
shown to be negligible at pH 2.9. Titration with 
N-trans-cinnamoylimidazole (Schonbaum et al., 1961) 
before and after addition of PNPH showed that an 
amount of hippuryl-chymotrypsin equal to the amount 
of PNPH added had been formed. 

The Effect of Imidazole on the Hydrolysis of Acyl- 
amino Acid Esters. The kinetics of hydrolysis of PNPH, 
N-benzoyl-DL-alanine p-nitrophenyl ester, and N- 1963 
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TABLE v:  Catalysis by Imidazole and Phosphate Ion of the Hydrolysis of Acylamino Acid Esters at 25". 

kobsd 
kobsd N-Benzoylamino- 

kohsd N-Benzoyl-DL-alanine isobutyric p- 
p-Nitrophenyl Hippurate p-Nitrophenyl Este$ Nitrophenylb 

Buffer Concn ( M ) ~  pH (sec-l) (sec-l) Ester (sec-l) 

Imidazole 0.20 7.05 1.55 x 10-l 1.73 x 10-l 3.98 x 

Imidazole 0.05 7.05 3.85 x 4.77 x 10-2 3.83 x 
Imidazole 0.025 7.06 1.93 x 2.83 x 3.87 x 
Imidazole 0.01 7.05 7.83 x 10-3 1.62 x 3.80 x 
Phosphate 0.01667 7.14 1.21 x 10-3 1.05 x 

Imidazole 0.10 7.07 7.75 x 10-2 8.69 x 3.95 x 10-2 

Phosphate 0.012 7.11 1.06 x 10-3 9.8 x 10-3 
Phosphate 0.010 7.08 1.01 x 10-3 9.3 x 10-3 
Phosphate 0.005 7.04 0.91 x 10-3 8.7 x 10-3 

~~ 

a For imidazole .buffers, p was kept constant at 0.1 with KC1. Measured by following release of p-nitrophenol at 
400 mp. 

benzoylaminoisobutyric p-nitrophenyl ester in imida- 
zole and phosphate buffers at pH 7 were studied by 
measuring the rate of release of p-nitrophenol (Table 
V). The catalytic rate constants for imidazole, kimidasole, 
in the hydrolysis of PNPH and N-benzoyl-DL-alanine 
p-nitrophenyl ester were both 1.56 M - ~  sec-l. For 
both esters, the catalytic rate constant for phosphate 
dianion, kp, was small. After correcting for the pH 
differences in the phosphate buffers, kp was estimated 
at <0.2 M - ~  ser-l for N-benzoyl-DL-alanine p-nitro- 
phenyl ester and <0.05 M - ~  sec-l for PNPH. Both 
these figures must be regarded as approximate only. 
kimidarole in the hydrolysis of N-benzoylaminoiso- 
butyric p-nitrophenyl ester was estimated at - 
M - ~  sec-I. When the reaction of PNPH with imidazole 
is followed at 250 mp, the formation and decay of an 
intermediate are observed. PO reacts with imidazole 
to form the same intermediate. 

Discussion 

A considerable amount of experimental evidence for 
the proposed mechanism of hydrolysis of PNPH has 
been obtained. The intermediate observed in the hy- 
drolysis of PNPH has been identified as PO, on the 
basis of the identity of the rate constants for hydrolysis 
under various conditions (de Jersey et al., 1966a) and 
by a comparison of ultraviolet absorption spectra. 
The intermediate has also been isolated and found to 
have ultraviolet and infrared spectra identical with those 
of PO run under the same conditions. The effect of 
steric hindrance on catalysis is one important criterion 
by which general base and nucleophilic catalysis are 
distinguished. 2,6-Lutidine has no detectable effect 
on the hydrolysis of acetic anhydride (Butler and Gold, 
1961) or acetyl phosphate (di Sabato and Jencks, 1961). 
Catalysis of both these reactions by pyridine is nucleo- 
philic, involving the formation and decay of acetyl- 
pyridinium ion. General base catalysis by 2,6-lutidine 1964 

is also subject to steric hindrance, but to a lesser degree 
(Covitz and Westheimer, 1963). The observed catalysis 
of PNPH hydrolysis by 2,6-lutidine (de Jersey et al., 
1966a) is therefore evidence that the release of p- 
nitrophenol is indeed general base catalyzed as required 
by the mechanism. This conclusion is supported by the 
absence of catalysis of the hydrolysis of N-benzoyl- 
sarcosine p-nitrophenyl ester and p-nitrophenyl acetate 
by 2,6-lutidine. 

The proposed equilibrium between neutral PO and 
its enolate ion (PO-) explains the observed effect of 
pH on the hydrolysis of the intermediate. If eq 1 
applies, then kobsd equals kl[PO][OH-] or the kinet- 

Ka PO 90- + H+ 

hippuric acid 

ically equivalent expression k2[PO-][HzOI. If we as- 
sume that PO- is resistant to attack by OH-, then 
at the pKa, the observed rate constant is half the maxi- 
mum rate constant. At pH values below 8, PO has 
A,,, 240 mp, which agrees well with the A,,, measured 
in ether (Cornforth, 1949), indicating that PO is un- 
charged at neutral pH. In our formulation, the species 
with A,,, 340 mp is PO-. The observed spectral shift 
is therefore explained by the extended conjugation of 
the enolate ion. The implications of this equilibrium 
for the mechanism of racemization of oxazolinones 
are discussed in the following paper (de Jersey and 
Zerner, 1969). 

The results obtained with a series of N-substituted 
glycine p-nitrophenyl esters (Table 11) indicate that for 
formyl, acetyl, and cinnamoyl derivatives, an oxazolin- 
one is formed as the first step in the hydrolysis. The 
N-acyl group has a large effect on the rate of formation 
of oxazolinone as measured by the apparent alkaline rate 
constants. The order of decreasing kOH'S (benzoyl > 
acetyl > formyl) is the same as the order of decreasing 
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susceptibility of N-acylamino acids to  racemization 
during peptide synthesis. Antonovics et al. (1966) 
determined the effect of the acyl group on the extent 
of racemization occurring in the reaction 

acyl-1.-leucine + glycine ethyl ester z-3 
acyl-L-leucylglycine ethyl ester 

Benzoyl, acetyl, and formyl derivatives gave 53, 70, 
and 94%, respectively, of the L product. Together, 
these two results heavily indicate that the rate-limiting 
step in the racemization of acylamino acid derivatives 
during peptide synthesis is the formation of the ox- 
azolinone. Benzyloxycarbonyl and p-toluenesulfonyl 
substituents prevent oxazolinone formation during 
hydrolysis. Similarly, they minimize racemization in 
peptide synthesis. Variation of the degree of substitu- 
tion at the a-carbon has a marked effect on the rate of 
oxazolinone formation (Table 111). koH for N-benzoyl- 
aminoisobutyric p-nitrophenyl ester, with gem-dimethyl 
substitution, is greater than koE for PNPH, where the 
a-carbon is unsubstituted, by a factor of 50. Bruice 
and Pandit (1960) found a similar effect of gem-dimethyl 
substitution in the hydrolyses of monoglutarate esters, 
which proceed by formation and hydrolysis of the 
anhydride. N-Benzoyl-DL-alanine p-nitrophenyl ester, 
with one methyl substituent a t  the cr-carbon, shows 
intermediate behavior. Similarly all other benzoyl- 
amino acid p-nitrophenyl esters should yield the cor- 
responding oxazolinones faster than does PNPH. 

The nature of the leaving group has a profound effect 
on the mechanism of ester hydrolysis. For example, 
in the hydrolysis of phenyl hydrogen phthalate, nucleo- 
philic attack by the carboxylate ion leads to formation 
of phthalic anhydride (Thanassi and Bruice, 1966). 
However, the hydrolysis of methyl hydrogen phthalate 
is catalyzed intramolecularly by the undissociated 
carboxyl group rather than by the anion. From the 
results obtained with a series of hippurate esters 
(Table IV), a correlation between the pK,’ of the leav- 
ing group and the percentage of oxazolinone formed 
can be made. For the substituted phenyl esters ex- 
amined, the oxazolinone intermediate is formed 
quantitatively, and so the koH values give a measure 
of the effects of the substituents. Steric hindrance a t  
the ester carbonyl is not important in oxazolinone 
formation (Scheme I), and the koH values therefore 
reflect the inductive effects of the substituents. The 
ratio of kOH’S obtained for 0-, m- and p-nitro groups 
(1.45 :0.23 :1) is therefore of interest, in that the value 
obtained for the o-nitro group ( v i s - h i s  the para) is 
uncomplicated by steric hindrance. Two leaving groups 
(phenoxide and cyanomethoxide) give intermediate 
values of PO, defining the degree of activation of the 
leaving group necessary for oxazolinone formation in 
this system (0.1 N NaQH). Stable esters such as methyl 
and benzyl hippurate give no oxazolinone under the 
conditions used. 

Goodman and Stueben (1962) obtained considerable 
indirect evidence for the formation of a n  oxazolinone 
which they postulated to account for the racemization 
observed during the hydrolysis of concentrated solu- 

tions of benzyloxycarbonylglycyl-L-phenylalanine p- 
nitrophenyl ester in 64% dioxane-buffer mixtures. 
However, no evidence for the mechanism of hydrolysis 
of the ester was obtained, and Goodman and Stueben 
appear to  have argued against hydrolysis uia ox- 
azolinone as the major route in this system. Other 
workers (Williams and Young, 1964; Antonovics and 
Young, 1965; Goodman and Levine, 1964) have pro- 
duced additional evidence for equilibria between N- 
acylamino acid p-nitrophenyl esters and their corres- 
ponding oxazolinones in organic solvents in the pres- 
ence of various bases. Our results indicate that in 
aqueous alkaline solution, the equilibrium position is 
overwhelmingly in favor of the oxazolinone, and that 
the hydrolysis of activated esters proceeds quantita- 
tively through the corresponding oxazolinones. Kemp 
and Chien (1967) obtained evidence for the existence 
of an  intermediate between acylamino acid ester and 
oxazolinone in N,N-dimethylformamide containing 
triethylamine and its fluoroborate salt. The present 
results in aqueous solution do  not comment on this 
intermediate. 

Peptide activated esters are important intermediates 
in peptide synthesis. Recently, peptide derivatives of 
N-hydroxyphthalimide (Nefkens and Tesser, 1961), 
N-hydroxysuccinimide (Anderson et al., 1963), and 
N-hydroxypiperidine (Beaumont et al., 1965) have 
been introduced as activated esters. These interme- 
diates undergo coupling with amino acid esters without 
racemization. Further, they are readily synthesized 
without racemization, by contrast with peptide p- 
nitrophenyl esters which are exceedingly difficult to  
obtain optically pure by direct methods (Anderson 
et al., 1967; Zimmerman and Anderson, 1967). Good- 
man and Glaser (1968) have proposed that such N- 
hydroxyimides do  not cause racemization because of 
their 1,2-dinucleophile structure. 

Goodman and Glaser (1968) also observed that 
diethylhydroxylamine will open an oxazolinone ring 
rapidly without racemization. However, dimethyl- 
hydrazine opens the oxazolinone ring more slowly and 
with complete racemization. To explain these data, 
they have postulated that the special properties of 
certain 1 ,2-dinucleophiles depend on their ability to  
form hydrogen-bonded five-membered rings with the 
carbonyl group of the oxazolinone. The zwitterion of 
diethylhydroxylamine (EtZHN+O-) could form such 
a five-membered ring, the initial product being an 0- 
acylhydroxylamine. Dimethylhydrazine, on the other 
hand, could not form the required product-producing 
hydrogen-bonded complex. I t  seems simpler, however, 
to propose that the nucleophilicity of dimethylhydra- 
zine is not enhanced with respect to  its basicity. Indeed, 
this proposal is adequately supported by the study of 
Jencks and Carriuolo (1960) of the effect of numerous 
nucleophiles on the hydrolysis of p-nitrophenyl acetate. 
Dimethylhydroxylamine, hydroxylamine, and hydra- 
zine show large positive deviations from the Bronsted 
plot, while dimethylhydrazine shows a smaller negative 
deviation. Therefore, in the absence of further and more 
compelling evidence, the concept of the hydrogen- 
bonded complex seems unnecessary. It would be of 1965 
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interest in this connection to determine whether the 
hydroxyimide derivatives of hippuric acid yield PO 
in 0.1 N NaOH. 

The deacylation rate constant of hippuryl-chymo- 
trypsin in 0.1 M phosphate buffer (pH 6.97) at 25" 
is 0.53 sec-' (de Jersey et al., 1966b). Therefore, if 
the acyl-enzyme is a serine ester, it is a very reactive 
one. The deacylation reaction is currently held to be 
catalyzed by imidazole acting as a general base (Bender 
and Kezdy, 1965). Since the formation of oxazolinone 
from activated acylamino acid esters is general base 
catalyzed, it was postulated that a suitably positioned 
imidazole residue could catalyze the formation of PO 
from hippuryl-chymotrypsin. However, no evidence 
for oxazolinone formation was obtained. Therefore, 
although hippuryl-chymotrypsin is a very reactive 
ester, it is not an activated ester in terms of the ox- 
azolinone mechanism. In  other words, the high reac- 
tivity of hippuryl-chymotrypsin does not seem to be 
due to activation of the serine leaving group. Further 
evidence that deacylation of acyl-enzymes does not 
occur cia oxazolinone intermediates comes from 
specificity studies. Benzyloxycarbonylamino acid esters 
compare favorably with benzoylamino acid esters as 
substrates for a-chymotrypsin and other proteolytic 
enzymes. Similarly, p-toluenesulfonyl-L-arginine me- 
thyl ester is as good a substrate for trypsin as bcnzoyl- 
L-arginine methyl ester (Schwert et a/.,  1948). 

The ratio of klmldmolc/kp has been used to distinguish 
between nucleophilic and general base catalysis (John- 
son, 1967). The ratios determined for PNPH (-300) 
and N-benzoyl-DL-alanine p-nitrophenyl ester (-75) 
are in the range expected for nucleophilic catalysis 
(20-5000). Further evidence that imidazole reacts as 
ii nucleophile with PNPH was obtained from the ob- 
servation of an intermediate, hippurylimidazole. The 
k l m , , ~ n z o ~ c .  estimated in N-benzoylaminoisobutyric p- 
nitrophenyl ester hydrolysis is less than that in PNPH 
hydrolysis by a factor of 150. This factor could be 
caused by steric hindrance to the formation of an 
acylimidazole intermediate (Zerner and Bender, 1961). 
No such intermediate could be detected in the reaction 
of 4,4-dimethyl-2-phenyloxazolin-5-one with imidazole. 
Staab (1956) measured the rates of hydrolysis of a 
number of acylimidazoles in conductivity water. 
Trimethylacetylimidazole hydrolyzed 1 1 times faster 
than acetylimidazole. This indicates that the formation 
of bcnzoylaminoisobutyrylimidazole, rather than its 
hydrolysis, would be rate limiting. It seems likely, 
therefore, that imidazolc may act as a nucleophile in 
the hydrolysis of all three esters. In the hydrolysis of 
PNPH, nucleophilic catalysis by imidazole (to give 
hippurylimidazole) is clearly favored over general base 
catalysis by imidazole (to give PO). 
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On the Spontaneous and Enzyme-Catalyzed Hydrolysis of 
Saturated Oxazolinones* 

John de Jersey? and Burt Zerner 

ABSTRACT : The spontaneous and enzyme-catalyzed 
hydrolyses of a number of saturated oxazolinones have 
been investigated by following the decrease in ultra- 
violet absorbance which occurs on ring opening. Rate 
constants determined for the hydrolyses of saturated 
oxazolinones indicate the high reactivity of the oxazo- 
h o n e  carbonyl carbon toward nucleophilic attack. 
Oxazolinones have been shown to be good substrates 
for a number of hydrolytic enzymes. 2-Phenyloxazolin- 
5-one and 4,4-dimethyl-2-phenyloxazolin-5-one react 
rapidly with a-chymotrypsin, trypsin, and papain, 

0 xazolinones have been used as intermediates in a 
wide variety of organic syntheses (Carter, 1946). 
Bergmann et al. (1926) used oxazolinones as inter- 
mediates in peptide synthesis, and Leplawy et af. (1960) 
showed that oxazolinones are useful intermediates in 
the synthesis of peptides containing a-aminoisobutyric 
acid. The thiazolidine-oxazolinone hypothesis for the 
structure of penicillin inspired intensive research into 
the synthesis and reactions of saturated oxazolinones 
(Cornforth, 1949), a subject which had been largely 
neglected since the first saturated oxazolinone was 
isolated by Mohr and Geis (1908). Saturated oxazo- 
linones were found to react readily with water, alcohols, 
and amines, reaction occurring at the carbonyl carbon, 
yielding the corresponding N-acylamino acid deriva- 
tives. Recently, it has been demonstrated that the 
transient formation of oxazolinones accounts for much 
of the racemization occurring during peptide synthesis 
(Williams and Young, 1964; Antonovics and Young, 
1965). Optically pure oxazolinones have been prepared, 
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forming relatively stable acyl-enzymes. The acylation 
reaction may be observed directly, providing evidence 
for the three-step mechanism of hydrolysis and a 
method for titration of the enzyme active sites. 2-Phenyl- 
oxazolin-5-one and p-nitrophenyl hippurate have been 
compared as substrates for a-chymotrypsin and ox liver 
carboxylesterase. Kinetic data obtained for the a- 
chymotrypsin-catalyzed hydrolysis of ~~-C(p-hydroxy-  
benzyl)-2-phenyloxazolin-5-one provide an estimate of 
the optical specificity shown in both acylation and 
deacylation reactions. 

and the relative rates of ring opening and racemization 
by various reagents have been determined (Goodman 
and Levine, 1964; Goodman and McGahren, 1967). 
However, no systematic, quantitative study of the 
behavior of saturated oxazolinones in aqueous solution 
has previously been reported. 

Oxazolinones may be considered as activated internal 
esters of N-acylamino acids. Since activated esters of 
N-acylamino acids have been very useful in studies of 
the mechanism of action of proteolytic enzymes (Zerner 
and Bender, 1964), certain oxazolinones have been 
examined as substrates for several hydrolytic enzymes. 
Further, it has been shown that activated esters of N- 
acylamino acids hydrolyze through the corresponding 
oxazolinones (de Jersey et ai., 1969). It is therefore 
clearly important to determine the effect of the presence 
of oxazolinones on the kinetic constants determined for 
the enzyme-catalyzed hydrolyses of the corresponding 
activated esters. 

In the present work, the spectral properties and rate 
constants for the spontaneous hydrolysis of several 
saturated oxazolinones have been determined. The 
reactions between certain oxazolinones and a-chymo- 
trypsin, trypsin, papain, and ox liver carboxylesterase 
have been investigated. The implications of the results 
obtained for the mechanism of racemization of oxazo- 
linones and the mechanism and specificity of hydrolytic 
enzymes are discussed. 1967 
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