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yl-1-methoxyacetohydroxamic acid,4 and II with 
/>nitrophenyl acetate (p-NPA) affords an excellent 
linear correlation with a slope of 0.68, close to the 
value found for the reaction of moderately basic oxygen 
anions with />NPA.5 (5) A linear correlation exists 
between the logarithm of the rate constants for the 
hydroxide-accelerated hydrolysis of the ethyl carboxyl-
ates of Table I and the reaction of II with the />nitro-

Nucleophilic and Metal Ion Acceleration of Ester 
Hydrolysis in a Hydrophobic Complex. A Reactive 
Enzyme Model System 

Sir: 

We wish to report the synthesis and preliminary 
characterization of macrocyclic TV-methylhydroxamic 
acid (I), the first homolog of a projected series of simple 
macrocyclic and macrobicyclic amines with appended 
catalytic functionalities, i.e., binding sites with proxi
mate active sites.1 The ease in incremental variation 
of ring size and rigidity, charge, and functional group 
together with its steric relationship to the binding site 
suggests that an unambiguous explanation for the 
large rate acceleration, described below, is possible. It 
is hoped that the adaptability of this system will enable 
a better assessment of the relative importance of the 
factors involved in the complexation and acylation 
steps of proteolytic enzymes. 
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In order to separate the influence of binding on 
reaction rates from any intrinsic functional group 
specificity, a specificity constant, kr, was defined as the 
ratio of kj, the apparent second-order rate constant 
for the reaction of I with a series of />-nitrophenyl 
carboxylates, to ku, the second-order rate constant for 
the reaction of II with the respective carboxylate. 
For this purpose kT will be a valid indicator if com
pounds I and II are similar in physical properties and if 
II represents a normally reactive hydroxamic acid. 
Both requirements are confirmed by the following 
observations. (1) The Xmax of their infrared carbonyl 
absorption is the same and the JV-methyl and a-methyl-
ene hydrogens of the hydroxamate group have identical 
chemical shifts. (2) In a 5% FeCl3-0.1 N HCl solu
tion the e at 540 nm of I is twice that of II and approxi
mately equal to that of a-aminohydroxamic acids 
under similar conditions.2 (3) The first pA â of I is 
6.8 ± 0.1 while that for II is 7.0 ± 0.2, determined 
spectrophotometrically. (4) A Brpnsted plot for the 
reaction of vV-methylacetohydroxamic acid,3,4 N-meth-

(1) (a) C. A, Blyth and J. R. Knowles, J. Atner. Chem. Soc, 93, 
3017, 3021 (1971); (b) R. G. Shorenstein, et al, ibid., 90, 6199 (1968); 
(c) C. Aso, et al, Chem. Commun., 1483 (1968); (d) R. L. Van Etten, 
et al, J. Amer. Chem. Soc, 89, 3242, 3253 (1967); (e) J. C. Sheehan, 
et al, ibid., 88, 3455 (1966); (f) I. Photaki, et al, J. Chem. Soc. C, 1860 
(1968); (g) I. Photaki and S. Moschopedes, Experientia, 25, 903 (1964); 
(h) J. C. Sheehan and D. N. McGregor, J. Amer. Chem. Soc, 84, 3000 
(1962); (i) D. I. Elmore and J. J. Smyth, Biochem. J., 94, 563 (1965); 
(j) K. D. Kopple and D. E. Nitecki, J. Amer. Chem. Soc, 83, 4103 
(1961); 84, 4457 (1962); (k) T. Maugh II and T. C. Bruice, ibid., 93, 
6584(1971). 

(2) S. Seifter, P. M. Gallop, S. Michaels, and E. Meilman, J. Biol 
Chem., 235, 26!3(196O). 

Table I. Comparison of the Effects of I and II on p-Nitrophenol 
Release from/>-Nitrophenyl Carboxylates at pH 6.80° 

/>-Nitrophenyl 
ester 

Acetate 
Propionate 
Butyrate 
Isobutyrate 
Valerate 
Hexanoate 
Octanoate 
Dodecanoatee 

Chloroacetate8 

ki, M'1 sec - 1 h 

1.18 
1.32 
4.00» 
2.29 
3.31 
6.35 

34,2 
152<* 
240 

ku, M~l sec - 1 

0.693 
0.527 
0.420 
0.230 
0.340 
0.350 
0.190 
0 .02 ' 

k, 

1.7 
2.5 
9.0 

10 
9.8 

15 
150 

7600 

° 25 °, in aqueous phosphate buffer, y. = 0.088, containing 10.55% 
methanol-1.75% acetonitrile (v/v). 6 9.5 X 10~6 MI employed in 
all determinations with substrate in excess, except as indicated. 
c 6 X 10"6 M dodecanoate. d 1.9 X IO"6 M I . ' pH 6.37, [I] = 
8.7-17 X 10-« M. i Measured at pH 7.98 (Tris, p. = 0.088, 10.55% 
methanol, 1.75% acetonitrile (v/v)), and corrected to pH 6.80. 
3 Obtained from the inverse of the slope of a Lineweaver-Burk 
plot. 

phenyl esters of these acids.6 (6) Consistent with pre
vious studies on the reactivity of /V-methylhydroxamic 
acids, at ester concentrations greater than "catalyst" con
centration, both I and II displayed kinetically biphasic 
reactivity—burst kinetics7 —with all /?-nitrophenyl 
esters except that of chloroacetic acid. Titration of I 
by measurement of the burst size indicates that only one 
hydroxamate group per molecule of I is active.8 (7) The 
release of ^-nitrophenol from />nitrophenyl hexanoate 
in the presence of I showed a dependence on one group 
with pKa = 6.7 ± 0.1. As a consequence of these 
observations, any departure of the reactions accelerated 
by I from the corresponding acceleration by II must 
arise from some unique property of compound I's 
aliphatic portion, not its functional groups, or the 
special reactivity of II. 

(3) J. Gerstein and W. P. Jencks, / . Amer. Chem. Soc, 86, 4655 
(1964). 

(4) William Gruhn, unpublished results, 1969. 
(5) W. P. Jencks and M. Gilchrist, J. Amer. Chem. Soc, 90, 2622 

(1968). 
(6) D. F. Evans, J. J. Gordon, and H. B. Watson, / . Chem. Soc, 1439 

(1938). 
(7) M. L. Bender, F. J. Kezdy, and F. C. Wedler, J. Chem. Educ, 44, 

84(1967). 
(8) For the general scheme 

I + S ^ = ± = I S - I ' -
+ 
Pi 

I + P2 

it has also been shown that 

B = 
/o(fe/(fe + k,)Y 
(1 + KJS0Y 

where B is the burst size, /o and So are initial I and ester concentrations, 
respectively, and Km = [fci/(fc> + ks)]K,. In the case of PNPB where 
ki and K3 have been separated, ki is greater than 200/C3 as judged from 
the slope of the linear portion of the progress curve. Consequently, 
Km < 5 X 10" 6M for this substrate, and presumably much less for 
longer chain acids, so that B = h. 
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Table I records values of kt for the release of /j-nitro-

phenol from a number of />-nitrophenyl carboxylates. 
With one exception (discussed below) a linear de
pendence on ester concentration was observed in 
reactions with compound I. Menger and Portnoy9 

have shown that the rate of alkaline hydrolysis of 
p-nitrophenyl dodecanoate decreases as the ester con
centration is increased and have attributed this phe
nomenon to complexation. As indicated by the ratio 
of kn for the acetate to kn for the dodecanoate which is 
consistent with similar data in analogous studies,la,k 

and by the fact that semilogarithmic plots were linear 
to greater than 2 half-lives for the reaction of I with the 
dodecanoate ([I] > [ester]), aggregation phenomenon is 
probably unimportant in this study because of the low 
ester and high organic solvent concentrations employed; 
the small kn value is probably an intramolecular steric 
effect.18*'10 

It is difficult to account for the irregular increase in 
kT with acyl chain length by other than stereospecific 
productive binding on the path to products. If hydro
phobic association between substrate and I does exist, 
as Table I implies, it should be possible to observe 
Michaelis-Menten kinetics. In fact saturation of I 
by /7-nitrophenyl butyrate (/>NPB) does indeed occur. 

Considering the high methanol-acetonitrile con
centration present, binding between I and /?-NPB is 
very strong {Ks = 9.9 ± 0.2 X 10-" M). For example, 
an increase in acetonitrile concentration from 0.5 to 
10% causes a tenfold increase in Ks for cyclodextrin 
substrates.11 The aliphatic portion of p-NPB must 
be primarily responsible for binding, since fourfold 
higher concentrations of /?-NPA were linear in ester 
concentration. 

The evidence for a discrete binding site is further 
substantiated by the effect of potassium iodide on the 
kinetics of phenol release from />-nitrophenyl hexanoate. 
With II present addition of KI causes a small Tate 
enhancement. In contrast, though hydrophobic binding 
normally increases with increasing ionic strength,12 

KI inhibits the I-accelerated reaction in excellent accord 
with v/vt = 1 + i/Ki.11 Simmons and Park14 have 
reported evidence consistent with encapsulation of 
iodide within the cavity of an r'«,w-[10.10.10]diaza-
bicycloalkane with an association constant greater 
than 10, comparable to the Kf of 7 X 1O-2A/ measured 
for this system. The qualitative agreement of this 
inhibition data with Simmons' findings, the X-ray 
structural determinations of Dunitz15 on cyclic amines, 
the conformational predictions of Dale16 based on 
space-filling molecular models and physical constants of 
cyclic alkanes, and the observation that 1,8,15,22-tetra-
azacyclooctacosane crystallizes from aqueous solution 
with a molecule of water included in its cavity17 all 

(9) F. M. Menger and C. E. Portnoy, J. Amer. Chem. Soc, 90, 1875 
(1968). 

(10) G. Nemethy and H. Scheraga, J. Chem. Phys., 36, 3401 (1962). 
(11) M. L. Bender, R. L. Van Etten, G. A. Clowes, and J. F. Sebas

tian,/ . Amer. Chem. Soc, 89, 3242, 3253 (1967). 
(12) W. P. Jencks, "Catalysis in Chemistry and Enzymology," 

McGraw-Hill, New York, N. Y., 1969, Chapter 8. 
(13) S. Bernhard, "The Structure and Function of Enzymes," W. A. 

Benjamin, New York, N. Y„ 1968, pp 80-85. 
(14) C. H. Park and H. E. Simmons, J. Amer. Chem. Soc, 90, 2431 

(1968). 
(15) J. D. Dunitz and E. F. Meyer, Jr., HeIv. Chim. Acta, 48, 1441 

(1965). 
(16) J. Dale, / . Chem. Soc, 93 (1963). 
(17) H. Zahn and H. Spoor, Chem. Ber., 92,1375 (1959). 

Table II. Effect of Cupric Chloride on />-Nitrophenol Release 
from p-Nitrophenyl Carboxylates in the Presence of I and 11" 

Ester 

Propionate 
Propionate 
Hexanoate 
Hexanoate 

Hexanoate 
Hexanoate 

Ester concn CuCl2 concn 
X 10", M X 106, M 

[I] = 9.5 X IO-6 M 
2.11 0 
2.77 1.08 
0.755 0 
0.755 1.08 
[II] = 1.35 X 10-3 M 
0.755 0 
0.755 13.5= 

kob,d X 104, 
sec -1b 

3.8 
32 
4.8 

59 

29 
32 

° 25°, in aqueous phosphate buffer, n = 0.088, containing 10.55% 
methanol-1.75% acetonitrile. b Observed pseudo-first-order rate 
constant. e Limited by buffer precipitation at higher CuCl2 con
centration. 

support the hypothesis that the productive binding site 
for I is a cavity approximately 5.6 A in diameter formed 
by the aliphatic chains of I. The possibility that 
binding outside the cavity of I leads to rate acceleration 
cannot, however, be discounted.13 

Finally, the preliminary data collected in Table II 
indicate that an equivalent of CuCl2 accelerates the 
reaction of I with />-nitrophenyl carboxylates about 
tenfold, but has no effect of the reactivity of II.)S 

Consequently, kT for /j-nitrophenyl hexanoate is about 
150 while that for the dodecanoate is approximately 
60,000 with CuCl2 present. 
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Remote Secondary Deuterium Isotope Effects. HI.1 

/3-ArylaIkyI Systems 

Sir: 
Based on an analysis of curved Hammett plots, it has 

been proposed2 that the acetolysis of secondary /3-aryl-
alkyl derivatives involves rate-determining competition 
between two discrete strongly assisted pathways: k$ 
(solvent assisted) and kA (aryl assisted).6 In this analy-

(1) Part II: R. H. Griffin and J. G. Jewett, / . Amer. Chem. Soc, 
92, 1104(1970). 

(2) (a) P. v. R. Schleyer, et al., ibid.,91,4291, 4294, 4296, 4297 (1969). 
This proposal has been advanced to explain the apparent "rate-product 
dichotomy"' inherent in the phenonium ion interpretation4 of the sol-
volysis behavior of /3-arylalkyl derivatives; (b) H. C. Brown, C. J. 
Kim, C. J. Lancelot, and P. v. R. Schleyer, ibid., 92, 5244 (1970); (c) 
C. J. Kim and H. C. Brown, ibid., 91, 4286, 4287, 4289 (1969). 

(3) (a) H. C. Brown, Chem. Soc, Spec. Publ, No. 16, 140 (1962); 
(b) H. C. Brown, K. J. Morgan, and F. J. Chloupek, J. Amer. Chem. 
Soc, 87, 2137 (1965). 

(4) (a) D. J. Cram, ibid., 71, 3863, 3875 (1949); (b) ibid., 86, 3767 
(1964). . 

(5) The ks, £A scheme was first proposed by Winstein to explain the 
solvolytic behavior of primary /3-arylalkyl derivatives.6 For such pri
mary systems, the ks pathway is considered to involve direct SN2 dis
placement by solvent on covalent substrate.6o<d'8 For secondary sys
tems, the role of the solvent has been less precisely denned. 

(6) (a) S. Winstein, Bull. Soc. Chim. Fr., 18, C55 (1951); (b) A. Diaz, 
I Lazdins, and S. Winstein, J. Amer. Chem. Soc, 90, 6546 (1968), and 
intervening papers; (c) J. L. Coke, F. E. McFarlane, M. C. Mourning, 
and M. G. Jones, ibid., 91, 1154 (1969); (d) M. G. Jones and J. L. Coke, 
ibid., 91, 4284 (1969); (e) R. J. Jablonski and E. I. Snyder, ibid., 91 
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