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Proton inventory investigations of the hydrolysis of N-acetylbenxotriaxole at pH 3.0 (or 
the equivalent point on the pD rate profile) have been conducted at two different 
temperatures and at ionic strengths ranging from 0 to 3.OM. The solvent deuterium isotope 
effects and proton inventories are remarkably similar over this wide range of conditions. The 
proton inventories suggest a cyclic transition state involving four protons contributing to the 
solvent deuterium isotope dfect for the water-catalyzed hydrolysis. The hydrolysis data are 
described by the equation k. = k, (1 - n + n+$)’ with 4: - 0.74, where k, is the observed 
first-order rate constant in protium oxide, n is the atom fraction of deuterium in the solvent, 
k,, is the rate constant in a protium oxide-deuterium oxide mixture, and 4: is the isotopic 
fractionation factor. 

INTRODUCTION 

Recent investigations of the mechanism of several acyl transfers to water using 
the proton inventory technique have suggested both cyclic (I -3) and acyclic (4- 
11) transition state structures may be involved. The factors which determine the 
nature of the transition state structure in such cases have not been discovered. As 
part of a continuing effort to explore this problem the water-catalyzed hydrolysis 
of N-acetylbenzotriazole (1) has been explored using the proton inventory 
technique. 

This investigation was suggested by the recent work of Reboud-Ravaux (12) and 
by the importance of N-acetylbenzotriazole as a protein reagent and as a substrate 
for cr-chymotrypsin . 

The hydrolysis of N-acetylbenzotriazole is pH independent in the region pH 
2.5-6.0 and is characterized by a large negative entropy of activation (- 43 eu) and 
a large solvent deuterium isotope effect, kHzo/kDB, of about 3.0. These observa- 
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tions led Reboud-Ravaux to consider transition states 2-6 for the water-catalyzed 
hydrolysis ( f 2). 

6 

Each of these transition states, except 5 with n = 1, involved two water 
molecules. She used the fact that water falls on the Brijnsted line for general base 
catalysis (p = 0.38)) among other things, to rule out the cyclic (3 -5) and acid- 
catalyzed (6) transition states. In light of repeated warnings (f-3, 14) about the 
reliability of the Briinsted value as a measure of the extent of proton transfer, the 
rejection of these transition states seemed to us to require additional justification. 
The proton inventory studies reported here allow additional consideration of 
transition state structures 2-6, as well as others, and illustrate the additional 
information that can be obtained from such studies. 

RESULTS 

The hydrolysis of N-acetylbenzotriazole was studied at pH 3.0, or the equiva- 
lent point on the pD rate profile, in protium oxide, deuterium oxide, and mixtures 
of the two. The pH(D) was controlled using HCl or DCl, and the studies were 
conducted at ionic strengths (KCl) of 0.0, 0.5, 1.0, 1.5, 2.0, 2.4, and 3.0. 

Table 1 and Fig. 1 show the dependence of the observed first-order rate 
constants on the isotopic composition of the solvent system of atom fraction 
deuterium, n, at WC (p = 1.0; KCl). Inspection shows the proton inventory of 
Fig. 1 exhibits significant downward curvature, thus implicating the involvement of 
multiple protons in the transition state for the water-catalyzed hydrolysis. 

The observed first-order rate constant in protium oxide of 2.49 X 10m4 set-’ is in 
good agreement with the literature value of 2.2 x 10m4 set-’ at 40°C (12). The solvent 
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TABLE 1 

FIRST-ORDER RATE CONSTANTS FOR THE HYDROLYSIS OF N-ACETYLBENZOTRIAZOLE IN MIXTURES 
OF 16’ hf HCI-Hz0 AND Dt%&o AT ‘@ 2 o.os”c” 

lOrk., see-1 (calcd) 

Atom fraction of No. of 
deuterium (n) runs lOrk, see-* 

Briinsted 
method* y  method” 

0.000 5 2495 f 7d 2495 2495 
0.247 5 1913 5 10 1991 1917 
0.495 5 1468520 1537 1445 
0.742 5 1059 f 6 1132 1067 
0.989" 5 775 '- 5 774 768 

a Ionic strength was maintained at 1.0 M with KCl. 
* Calculated based on the observed Bronsted /3 value of 0.38 with $J: = 0.404 and 48 = 0.868 in Eq. 

1111. 
c Calculated based on the y  value of 0.26 with g* = 0.742 in Eq. [13]. 
d Error limits are standard deviations. 
c Atom fraction of deuterium in “100%” 10m3 M DCl-D,O as determined by Mr. Josef Nemeth. 

I I I I I 

0 .25 .50 .l5 l.0 

n 

FIG. 1. Dependence of the observed first-order rate constants for the water-catalyzed hydrolysis of 
N-acetylbenzotriazole on the atom fraction of deuterium in the solvent at WC. The data are taken 
from Table 1. The solid line was calculated based upon the transition state model described by Eq. [ 131 
with d.* = 0.742. 
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deuterium isotope effect of 3.22 (40°C) compares favorably also with the value at 
25°C of 3.09 (12). 

Table 2 lists the rate constants for the water-catalyzed hydrolysis of 1 at seven 
different ionic strength values at 50°C. Figure 2 shows the proton inventory curve of 
the reaction at p = 1.0 at 50°C. Here again visual inspection reveals significant 
downward curvature. The solvent deuterium isotope effect is remarkably constant 
(Table 2) over this range of ionic strengths (i.e., kHIO/khO ranges from 3.21 to 3.37 
with a mean value of 3.3 1 + 0.06). Proton inventory curves for the data at the other 
ionic strengths are not included, but they all exhibit the same downward curvature. 
Tables 1 and 2 also include the calculated values of the rate constants based on 
models for the transition state discussed below, and the solid lines of Figs. 1 and 2 
are based on this transition state model (8). 

Figure 3 is a plot of the log k,,b, for hydrolysis against the ionic strength (/-A) in 
solutions of three different atom fraction deuterium (n) at WC. 

DISCUSSION 

Theory 

Studies of reaction rates in mixtures of protium oxide and deuterium oxide (i.e., 
proton inventories) allow one to relate the rate constant, k,, in solvent composed 

F%. 2. Dependence of the first-order rate constants for the water-catalyzed hydrolysis of N- 
acetylbenzotriazole on the atom fraction of deuterium in the solvent at WC and ionic strength of 1.0. 
The data are taken from Table 2. The solid line was calculated based upon the transition state model 
described by Eq. [13] with 4: = 0.737. 
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TABLE 2 

FIRST-ORDER BATE CONSTANTS FOR THE HYDROLYSIS OF N-ACETYLBENZOTRIAZOLE IN MIXTURES 
OF lo-’ M HCI-HI0 AND DCl-D,O AT 50 f  O.OS”C AS A FUNCTXON OF IONIC STRENGTH 

10’ k,,, se6 (calcd) 

Ionic Atom fraction of No. of 
strength(jV). deuterium(n) runs lO’k., se6 

Briinsted 
method” 

y  Method’ 

0.00 

k a=332 
k ’ WJ 

0.50 

j=’ = 3.21 
W’ 

1.00 

h@= 3.36 b 

1.50 

b = 3.32 
k&O 

2.00 

h.= 3.37 
kw 

2.40 

h= 3.31 
kw 

3.00 

+@= 3.25 
WJ 

0.000 4 5476 f  W 5476 5476' 
0.247 5 4129 f  19 4355 4207 
0.495 4 3142 + 20 3347 3172 
0.742 5 2306k 9 2447 2341 
0.989e 5 1651 f  10 1650 1685 

0.000 5 5026*40 5026 5026d 
0.247 5 3857 + 50 4012 3861 
0.495 5 2868 + 30 3100 2912 
0.742 5 2149 f  17 2285 2149 
0.989 5 1565 2 8 1563 1547 

0.000 5 4628k 40 
0.247 5 34852 25 
0.495 8 2671 r 60 
0.742 5 1926 f  80 
0.989 5 1378 + 15 

3675 
2819 
2054 
1377 

4628e 
3536 
265 1 
1943 
1387 

O.ooO 
0.495 
0.989 

0.000 
0.247 
0.495 
0.742 
0.989 

0.000 
0.495 
0.989 

0.000 
0.495 
0.989 

3 
3 
3 

5 
5 
5 
5 
5 

3 
3 
3 

3 
3 
3 

4108 + 22 4108 4108’ 
2332 f  30 2509 2378 
1237 2 8 1238 1264 

3507 + 10 3507 3507' 
2670 2 10 2784 2694 
1998 + 10 2132 2032 
148Ok 6 1553 1499 
1040 + 4 1041 1079 

3152 + 10 3152 3151 
1821 + 31 1926 1825 
952 f  20 952 970 

2574 + 22 2574 2574' 
1491 -c 18 1581 1490 
791 f  12 791 792 

a Maintained with KCl. 
* Calculated based on the observed Brijnsted p value of 0.38 with $I; = 0.868 and $2 = 0.391,0.404, 

0.386,0.392,0.386,0.393,and0.4Oforp= 0,0.5, 1.0, 1.5,2.0, 2.4,and3.0,respectively,inEq. Ill]. 
e Calculated based on the y  value of 0.25 which is the maximum positive y  value for these data. This 

gives $2 = 0.742in Eq. [13]. 
’ Calculated based on a y  value of 0.25 which is slightly larger than the calculated y  (Table 3) but is 

consistent with the data at other ionic strengths. This gives 42 = 0.742 in Eq. [ 131. 
e Calculated based on a y  value of 0.25 (Table 3) with 4: = 0.737 in Eq. [13]. 
f  No y  value was calculated but a 4: = 0.742 was used in Eq. [ 131 to calculate these numbers. 
g Calculated based on a y  value of 0.24 (Table 3) with 42 = 0.742 in Eq. [ 131. 

of atom fraction deuterium 12 to the rate constant in protium oxide, k,, by 

k,, = k, fi (1 - n + WI/ jj (1 - n + n&j. 
1 f 
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PIG. 3. Depcndcncc of the observed 6rst-ordcr rate constants for the water-catalyzed hydrolysis of 
N-acctylbenzotriazde upon the ionic strength at WC in solutions of atom fraction of deuterium n. The 
data arc from Table 2. 

In this equation, # and c$, refer to transition state (TS) and reactant state (RS) 
isotopic fractionation factors, respectively. These factors represent the deuterium 
to protium preference for the exchangeable hydrogenic site in question relative to 
an average solvent site. If the only exchangeable reactant state sites have 
fractionation factors of unity and/or are solvent sites then Eq. [ 11 reduces to 

k,, = k,, fl(1 - n + n#). 
i 

El 

Such is the casehere. 
Thus, an analysis of the variation of k,, with n allows, in theory, the determina- 

tion of the values of 4:. A plot of k,, versus n (i.e., a proton inventory) yields 
information about the identity and number of transition state protons giving rise to 
isotope effects. Additional details of the proton inventory technique are available 
in several excellent reviews (IS, 16). 

Our analysis will center on the use of the y method developed by Albery with 
comments on the use of the Btinsted #I value as an aid in interpreting proton 
inventories (17-19). The y method provides a quantitative indication of the 
minimum number of protons contributing solvent isotope effects in the transition 
state. This allows the formulation of transition state models and an estimation of 
the fractionation factors of the protons involved. The curvature parameter y is 
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defined by 

Y = 8 In bdd~lCln Y~.~I-~~ 

with the value of yn being defined by 

r31 

yn = 2 fj (1 - Iz + &) = fl (1 - n + m$f). 
o 5 1 

For a transtition state involving “a” protons, each contributing equally to the 
isotope effect, Eq. [4] simplifies to 

yn = (1 - n + nd*)“. PI 
A transition state having two ditferent types of protons would be consistent with 

y, = (1 - n + n@)U( 1 - Iz + n@)b. 

The fractionation factors are related by 

c#$ = exp[ t (In ylh] , 

ay = Ai + [; (1 - Ad21 * 

161 

[71 

PI 

[91 

A,). This allows Thus, AA is found by solving the quadratic Eq. [9], and AB is (1 
the calculation of values for 4: and 4;. 

Thus, Albery’s method of analysis consists of (i) calculation of the value of y 
from the k, and n data, (ii) assessment of the minimum number (ry-‘) of protons 
involved in the transition state, and (iii) construction of possible transition state 
models consistent with y-l and the values of the fractionation factors calculated. 

Gamma was calculated for the proton inventories using a computer program, 
provided through the courtesy of Professor Albery, which fits the data to a 
second-order polynomial, extracts /c,,.~ and kl.O, and uses them in Eq. [3]. 

Model Analysis 

Reboud-Ravaux suggested transition state 2 as being most consistent with the 
data available for the water-catalyzed hydrolysis of N-acetylbenzotriazole (12). 
This structure involves “general base” catalysis by one water molecule to assist 
the attack of another water molecule on the carbonyl carbon. Such transition state 
structures have been suggested before for such hydrolysis reactions based upon 
proton inventory investigations. It has been suggested that the fractionation factor 
for H, in 2 would remain unity and that fractionation factors for Hb could be 
estimated from a knowledge of the Briinsted /3 value using Eq. [ 101 since 48 
should lie between 1.0 (the value for H20) and 0.69 (the value for H,O+). 
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Substitution of the value of $8 calculated from Eq. [ lo] into Eq. [ 1 l] allows one to 
obtain a value of 4: consistent with this Btinsted value (20). 

k,, = k,( 1 - n + n@)(l - n + n$#. Hll 
This treatment of the data obtained at 40°C yields $$ = 0.868 and $;F = 0.404. It 
can easily be seen from the values calculated in Table 1 using this method that not 
enough curvature is generated. A similar analysis of the data at 50°C (Table 2) 
yields the same result at all ionic strengths. 

In general, more curvature will be generated in a proton inventory through the 
involvement of additional protons making identical contributions to the isotope 
effect. A transition state similar to 2 in which the proton had been fully transferred 
could be envisioned as in 7. 

Such a transition state would have a hydronium ion ($18 = 0.69) and a gem-diol- 
like proton (I-&). Even if H, had a fractionation factor of unity then the equation 
describing this inventory would be of the form of 

k, = k&l - n +0.69@. [121 
Such an equation generates a maximum solvent isotope effect of 3.04, a value well 
below the experimental value in all cases. When one considers what is known 
about gem-diol-type protons, one is led to include a term for I& involving a 
fractionation factor of about 1.25 (22~). Thus, the inclusion of such a term would 
further diminish the curvature. This analysis implies the involvement of additional 
protons and this is confirmed by the y analysis. 

Table 3 lists the y values obtained for the proton inventories of N-acetylbenzo- 
triazole under a variety of conditions. The mean value of y is 0.22 + 0.05. Since 
the inverse of y is indicative of the minimum number of protons contributing isotope 
effects, the maximum positive error limit suggests the involvement of at least four 
protons (i.e., 0.27-l = 3.7). A likely transition state is shown as 8. More striking 
examples of such cyclic transition states are found for the water-catalyzed 
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hydration of 1,3-dichloroacetone (21b), and the mutarotation of tetramethylglu- 
case (21~). The low values of y, 0.26 2 0.05 and 0.07 f 0.11, obtained in these 
cases suggest that at least five or six sites must be involved, somewhat as in the 
cyclic transition states. In 8 it seems likely that the four protons “in flight” (I-L) 
contribute the entire solvent isotope effect. One could argue that I-&, might have a 
slightly different fractionation factor than the three protons undergoing transfer 
between oxygen atoms. Alternately, all four H, protons could exhibit identical 
fractionation factors. These two cases have been considered using the y method. 
Only the case in which all four H, fractionation factors are assumed to be equal 
adequately duplicates the proton inventories, as can be seen fi-om the calculated 
values in Tables 1 and 2. Thus, the cyclic transition state of 8, represented by Eq. 
[ 131, is consistent with all the proton inventories reported. 

k, = k,( 1 - n + nc#$)“. r131 

Such a cyclic transition state has been proposed for other water-catalyzed 
hydrolyses (1-3) and is consistent with the large negative entropy of activation, 
since the water molecules involved in the transition state suffer loss of transla- 
tional and rotational freedom (12). 

The fact that the water point falls on the Briinsted line for general base catalysis 
is not inconsistent with the proposed cyclic transition state. This seems only to 
indicate that water is acting in some capacity as a base. It is true that the BrSnsted 
coefficient is frequently used as measure of the degree of proton transfer. 
However, one should not necessarily be able to use a value derived from a wide 
range of bases in this way, since it is reasonable to expect that the position of the 
proton in the transition state will change with the strength of the base (22). 

The cyclic transition state proposed could occur either in the nucleophilic 
attack of water to form the tetrahedral intermediate (8) or in the breakdown of a 
tetrahedral intermediate to form products. Jencks and Fox concluded that it is 

TABLE 3 

VALUESOF THE CURVATUREPARAMETER,~,FORTHE PROTON 
INVENTORIES OFTHE WATER-CATALYZED HYDROLYSIS OF 

N-ACETYLBENZOTRIAZOLE AT DIFFERENT IONIC STRENGTHS 

Temperature 

(“C) Ionic strength (M) y Value* 

40 1.0 0.26 f 0.05 
50 0.0 0.19 f 0.05 
50 0.5 0.14 f 0.05 
50 1.0 0.25 2 0.09 
50 2.0 0.24 + 0.03 

a Maintained with KC1 in 10e3 M HCl-H,O and DCI-40 mix- 
tures. 

* Calculated using a computer program, GAMISO, provided by 
Professor J. Albery. 
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only N-4 in 1-acetyl-1,2,4triazole which becomes protonated (23a). By analogy 
we would expect N-3 of N-acetylbenzotriazole to act as a base in the proposed 
cyclic transition state. The protonation of N-3 of 1-acetyl- 1,2,4triazole is more 
favorable than that of N-2 for the following reasons, based on CNDO-2 calcula- 
tons (23b): 

(i) 1,2,Ibenzotriazole- 1H and 1,2,3-benzotriazole-3H are identical. 
(ii) 1,2,3-triazole-1H is more stable than 1,2,Itriazole-W. 
(iii) Conversion of 1,2,ltriazole- 1H to 1,2,3triazole- lH,3H triazolium ion is 

the favored conversion. 
(iv) Stable protonated triazoles are the ones in which the protons are maximally 

separated. 
Furthermore, spacefilling models constructed for a cyclic transition state such 

as 8 give the best arrangement for the involvement of N-3. 

Salt Efect 

The rate of the reaction is depressed as the ionic strength is increased. This 
result is similar to the effect observed for the hydrolysis of several other acyl 
compounds such as l-acetylimidazolium ion (2#), acetic and succinic anhydrides 
(25, 26), and acetylpyridinium ion (27). Formally the salt effects may be described 
by the Briinsted-Bjerum equation [ 141, which expresses the rate constant in terms 
of the activity coefficients and salting-out constants of the reactants and transition 
states. 

k =A+ El41 

The related Setschenow equation [151 can be used to estimate a Setschenow 
constant, K,. 

log k,, = K,[salt]. iI51 
Plots of log kobs versus salt concentration (KCI) are linear up to p = 1.5 with a 
slope of 0.074. At higher salt concentrations the plot is linear with a slope of 0.113 
(Fig. 3) up to p = 3.0 in water and deuterium oxide. Similar plots are observed in 
the mixed solvent systems. Because of this nonlinearity it was not possible to 
determine the Setschenow constants (K$ for the reaction. 

It is usual to ascribe the observed logarithmic decrease of reaction rate with the 
increase of ionic strength to a decrease in aHzo and a requirement for several water 
molecules in the transition state for hydrolysis or to an effect on the activity 
coefficient ratio,@@* (2731). However, the fairly constant values of y obtained 
at different ionic strengths rule out the above effects on the transition state 
structure either directly or through changes in the water-solute interactions. This 
may be due to the highly diffuse charges in the cyclic transition state. 

Although most alkali metal and halide ions, which are commonly used to 
maintain the ionic strength of the medium, have some “structure-breaking” 
influence, we cannot attribute the observed salt effects to salt-induced changes in 
water (32). However, it could be argued that increasing concentrations of 
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potassium chloride retard the reaction by requiring larger amounts of solvating 
water which renders it (the solvating water) unreactive. 

CONCLUSION 

The observed proton inventories at 40 and 50°C for the water-catalyzed 
hydrolysis of N-acetylbenzotriazole can be adequately, but not uniquely, de- 
scribed by the cyclic transition state model 8 involving four protons contributing 
to the observed solvent deuterium isotope effect. The choice of this model is 
based primarily on the y analysis of the proton inventory data. Although the ionic 
strength affects the rate constants, the proton inventories are, within experimental 
error, identical over a range of ionic strengths from 0 to 3 M. The proposed 
transition state model is chemically reasonable in view of the known general base 
catalysis of hydrolysis, the large negative entropy of activation, and the large 
solvent deuterium isotope effects. 

EXPERIMENTAL 

Muteriuis. N-Acetylbenzotriazole (1) was prepared by the method of Staab (33) 
and had mp 49°C (lit. (33) 51°C). It was also characterized by ir and lH nmr. 
Acetonitrile (Fisher reagent grade) was stirred over calcium hydride overnight, 
distilled, and stored under nitrogen. Deuterium oxide (Bio-Rad; 99.8 atom% 
deuterium) was puritied by distillation from an all-glass apparatus. Water was 
twice glass distilled before use. Potassium chloride was oven dried and deuterium 
chloride (Aldrich; 28% solution in DzO) was used as obtained. 

Kinetics. The hydrolysis of N-acetylbenzotriazole was monitored by following 
the decrease in absorbance at 300 run using a Cary 118C uv-vis spectrophotome- 
ter equipped with a constant temperature cell compartment and holder. 

Concentrated hydrochloric acid was used to prepare lO+ M HCl in H,O. 
Deuterium chloride was used to prepare 10m3 M DC1 in QO. The ionic strength 
was maintained at the desired concentration with potassium chloride. An analysis 
of the DzO -DC1 solution by Mr. Josef Nemeth showed that the deuterium content 
was 98.9%. Reactions in H90-&O mixtures were done using appropriate 
volumes of HCl in Hz0 and DC1 in 40 stock solutions. 

Reactions were initiated by injecting 50 ~1 of a stock solution which was 2.05 x 
lo-* M in N-acetylbenzotriazole in acetronitrile into 3.00 ml of the appropriate 
HCl, DCl, or HCl-DC1 solution. Reactions were followed to greater than 80% 
completion and intluity absorbances were taken at 10 half-lives. The pH(D) of the 
reaction somtions was monitored at the start and end of each run. No change in 
the pH(D) was observed. First-order rate constants were obtained using a 
nonlinear leas t-square computer program. 

ACKNOWLEDGMENT 

WC wish to thank Professor John Albay for providing the computer program GAMISO. 



254 GOPALAKRISHNAN AND HGGG 

REFERENCES 

1. J. F. PATTERSON, W. P. HUSKEY, AND J. L. HOGG, J. Org. Chem. 45, 4675 (1980). 
2. W. P. HUSKEY, C. T. WARREN, AND J. L. HOCG, J. Org. Chem. 46, 59 (1981). 
3. M. KOMIYAMA AND M. L. BENDER, Bioorg. Chem. 8, 141 (1979). 
4. J. L. HOGG, M. K. PHILLIPS, AND D. E. JERGENS, J. Org. Chem. 42, 2459 (1977). 
5. J. L. HOGG AND M. K. PHILLIPS, Tetrahedron Lett. 3011 (1977). 
6. K. S. VENKATASUBBAN, K. R. DAVIS, AND J. L. HoGG,J. Amer. Chem. Sot. 100,6125 (1978). 
7. K. S. VENKATASUBBAN AND J. L. HOGG, Tetrahedron Leff. 4355 (1979). 
8. S. S. MINOR AND R. L. SCHOWEN, J. Amer. Chem. Sot. 95, 2279 (1973). 
9. M. HEGAZI, J. F. MATA-SEGREDA, AND R. L. SCXOWEN, J. Amer. Chem. Sot. 45, 307 (1980). 

10. W. KARZLJN AND J. B. F. N. ENGBERTS, Tetrahedron Lett. 1787 (1978). 
11. H. A. J. HOLTERMAN AND J. B. F. N. ENGBERTS, J. Amer. Chem. Sot. 102,4256 (1980). 
12. M. REBOUD-RAVAUX, J. Amer. Chem. Sot. 108, 1039 (1980). 
13. W. J. ALB~RY, A. N. CAMPBELL-CRAWFORD, AND J. S. CURRAN, J. Chem. Sot. Perkin Trans. II, 

2206 (1972). 
14. F. A. BORDWELL AND W. J. BOYLE, JR., J. Amer. Chem. Sot. 9J, 512 (1971). 
15. K. B. J. SCHOWEN, “Transition States of Biochemical Processes” (R. D. Gandour and R. L. 

Schowen, Eds.). Plenum, New York, 1978. 
16. R. L. SCHOWEN, Prog. Phys. Org. Chem. 9, 275 (1972). 
17. W. J. ALBERY, Prog. Reaction &net. 4, 353 (1%7). 
18. W. J. ALBERY AND M. H. DAVIES, J. Chem. Sot., Faraday Trans. Z, 68, 167 (1972). 
19. W. J. ALBERY, “Proton Transfer Reactions” (E. Caldin and V. Gold, Eds.), Wiley, New York, 

1975. 
20. R. L. &X-IOWEN, “Isotope Effects on Enzyme-Catalyzed Reactions” (W. W. Cleland, M. H. 

O’Leary, and D. B. Northrop, Eds.). University Park Press, Baltimore, 1977. 
21a. J. F. MATA-SEGREDA, S. WINT, AND R. L. SCHOWEN, J. Amer. Chem. Sot. 96, 5608 (1978). 
21b. R. P. BELL AND J. E. CRITCHLOW, Proc. Roy. Sot. A 325, 35 (1971). 
21~. C. H. H. HUANG, R. R. ROBINSON, AND F. A. LONG, J. Amer. Chem. Sot. 88, 1866 (1966). 
22. G. E. LEINHARD AND W. P. JENCKS, J. Amer. Chem. Sot. 88,3982 (1966). 
23a. J. P. Fox AND W. P. JENCKS, J. Amer. Chem. Sot. 96, 1436 (1974). 
23b. P. D. VAUGHAN AND M. O’DONNELL, Tetrahedron Left. 34, 3727 (1%8). 
24. S. MARBURG AND W. P. JENCKS, J. Amer. Chem. Sot. 84, 232 (1%2), 
25. C. A. BUNTON, N. A. FULLER, S. A. PERRY, AND I. H. PITMAN, J. Chem. Sot. 4478 (1%2). 
26. C. A. BUNTON, J. H. FONDLER, N. A. FULLER, S. PERRY, AND J. ROCEK, J. Chem. Sot. 5361 

(1963). 
27. A. R. FERSHT AND W. P. JENCKS, J. Amer. Chem. Sot. 92, 5432 (1970). 
28. E. S. HAND AND W. P. JENCKS, J. Amer. Chem. Sot. 97, 6221 (1975). 
29. W. P. JENCKS AND J. CARRIUOLO, J. Amer. Chem. Sot. 83, 1743 (1961). 
30. C. A. BUNTON AND S. K. HAUNG, J. Amer. Chem. Sot. W, 3536 (1972). 
31. N. GRAVITZ AND W. P. JENCKS, J. Amer. Chem. Sot. 96, 489 (1974). 
32. J. L. H~GG AND W. P. JENCKS, J. Amer. Chem. Sot. 98,5643 (1976). 
33. H. A. STAAB, Chem. Ber. 90, 1320 (1957). 


