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Figure 6. A schematical illustration of the transition state conformation 
for peri methyl rotation in 3. 

Table VI. Intra- and Intergroup Energy Differences between the 
Transition and the Ground States for the Peri Methyl Rotation 
Calculated by the CNDO/FK Method0 

J 4 3 6 

peri Me 0.60 0.72 1.18 1.67 
bh C-H, C-Me 0.96 0.99 2.09 2.47 
peri Me-bh C-H, C-Me -0.45 -0.43 -0.45 -0.33 
periMe-others 0.53 0.36 0.64 0.29 
others -0.26 -0.22 -0.18 -0.03 
total 1.38 1.42 3.28 4.07 

obsd 1.62b 1.65 2.26 2.24 

1.17c 

0 Energies are given in units of kcal/mol. ° Value above 147 K. 
c Value below 147 K. 

MMI Calculation for Peri Methyl Barriers. For the MMI 
calculations of the rotational transition states, Wiberg-Boyd's 
one-bond driving technique is also applied to rotation of peri 
methyls. The results of MMI calculations are listed in Table V. 
They are in satisfactory agreement with experiment suggesting 
the absence of electronic effects such as the nonbonded attractive 

Carboxypeptidase A is a Zn(II)-requiring enzyme, catalyzing 
the hydrolysis of ester and peptide substrates.2 X-ray crystallo-

interaction for bh methyls. The calculated transition-state con
formation for 3 is sketched in Figure 6, with the methyl groups 
taking a meshed-gear conformation. The angle bending and the 
van der Waals terms make a dominant contribution to the rota
tional barrier. The increase in the steric energy by the bh methyl 
substitution comes mainly from the increase in the angle bending 
term. 

CNDO/FK Calculation for Peri Methyl Barriers. The 
CNDO/FK rotational barriers presented in Table VI are in 
substantial agreement with the experimental as well as the MMI 
barriers. A nonbonded attractive interaction between the peri 
methyl and the bh substituent negligibly negligible small, about 
0.4 kcal/mol for all the compounds in Table VI. Therefore, the 
MMI calculations gave results in good agreement with experi
mental results. The major origin of the peri methyl barrier is the 
destabilization of peri methyl and bh substituents. 

To conclude, the observed appreciable increment of barriers 
to rotation of bh methyls by methyl substitution at peri positions 
is not compatible with the gear effect. Furthermore, both MMI 
and CNDO/FK calculations indicate the two adjacent methyl 
groups prefer a clashed-gear conformation in the ground state and 
bh and peri methyls need not rotate synchronously. Thus, the 
idea of gearlike rotation may be needless for two adjacent methyl 
groups. 
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graphic analysis at 2-A resolution has shown the zinc ion to be 
chelated to the carbonyl oxygen of poor peptide substrates.2^1 The 
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Abstract: The effects of divalent metal ions (Cu2+, Ni2+, Co2+, and Zn2+) on the hydrolysis reactions of phthalate, succinate, 
and acetate esters of 2-(hydroxymethyl)picolinic acid have been determined at 50 0C. With these esters the metal ion saturates 
at low metal ion concentration (<0.01 M). Large rate enhancements are observed in the hydroxide ion catalyzed reactions 
at saturating concentrations of metal ion, ranging from 104 with Ni2+ to 106 with Cu2+. A pH-independent reaction also occurs 
in the case of the phthalate monoester which is associated with the neighboring carboxyl nucleophilic reaction. Rate enhancements 
of 102— 104 are obtained in this reaction at saturating concentrations of Ni2+, Co2+, and Cu2+. Rate constants in the Ni2+ 

and Co2+ catalyzed reaction are closely similar to those for 2-pyridylmethyl hydrogen phthalate with which metal ion binding 
is weak. Thus, metal ion catalysis of the nucleophilic reaction, which occurs through leaving group stabilization in the transition 
state, is not appreciably enhanced by increased strength of binding to the reactant. Such a reaction does not occur with Cu2+ 

in hydrolysis of the succinate monoester, showing that when the leaving group is poor, steric fit of the nucleophile and the 
carbonyl must be excellent for a nucleophilic mechanism to occur even though the leaving group can be greatly stabilized 
by a metal ion, i.e., there cannot be degrees of freedom for rotation of the nucleophile away from the carbonyl. At pH <3 
fcob8d is pH independent in the Cu2+-catalyzed hydrolysis of the succinate and acetate esters due to a metal ion promoted water 
catalyzed reaction. Thus, three different mechanisms for metal ion catalysis can be observed in hydrolysis of esters of 
2-(hydroxymethyl)picolinic acid: (1) catalysis of a neighboring carboxyl nucleophilic reaction, (2) metal ion promoted OH" 
catalysis, and (3) metal ion promoted water catalysis. The first of these mechanisms is dependent upon the strength of binding 
of the metal ion to the leaving group oxygen in the transition state, whereas the latter two mechanisms are facilitated by strength 
of binding to the reactant. 
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carboxyl group of glutamic acid-270 has also been implicated in 
the catalytic process, and mechanisms have been suggested in
volving nucleophilic attack and classical general base catalysis 
(proton transfer in the transition state from a water molecule).3'4 

The role of the complexed metal ion in these mechanisms has been 
to provide polarization of the carbonyl group. However, this should 
not be a catalytic factor in the case of a carboxyl nucleophilic 
reaction because breakdown of a tetrahedral intermediate would 
be rate determining when the p#a of the leaving group greatly 
exceeds that of the nucleophile. A tetrahedral intermediate might 
be stabilized by metal ion binding. An alternative possibility is 
that Zn(II) exerts a transition-state effect in which the leaving 
group is stabilized.5 

Divalent metal ions have little effect on the intramolecular 
nucleophilic carboxyl group reactions of phenolic esters even 
though rate enhancements of 104—109 are observed in the metal 
ion promoted OH - reactions.6'7 However, we have found divalent 
metal ion catalysis of the neighboring carboxyl nucleophilic re
action of 2-pyridylmethyl hydrogen phthalate in which the leaving 
group is stabilized in the transition state for C-O bond breaking 
(I).8 Such an effect should be important with esters having poor 

Me 
St'-0-^ P ^ 

*b 
leaving groups. Metal ion binding to the reactant is weak, but 
as the C-O bond breaks, partial negative charge will be generated 
on oxygen thereby allowing formation of a strong five-membered 
chelate ring with metal ion in the transition state. This mechanism 
might only be observed when metal ion binding to the reactant 
is weak, since strong binding should enhance the metal ion pro
moted OH" reaction.7 On the other hand, strong binding of metal 
ion to the leaving group oxygen of the reactant might also enhance 
the neighboring carboxyl nucleophilic reaction through stabili
zation of the leaving group, thereby allowing that reaction to be 
competitive. To determine the relative importance of these effects 
we have studied the metal ion catalyzed reactions of esters of 
2-(hydroxymethyl)picolinic acid (II-IV) with which the metal 

O = C M CH2OC — R 

\ 
OH 

H-IV 

ILR= m X)- I I I , R = HO CH2 IV, R =-CH, 

ions are chelated strongly to the reactant. 2-(6-Carboxy-
pyridyl)methyl hydrogen phthalate provides a direct comparison 

(1) Postdoctoral fellow, University of Southern California. 
(2) Hartsuck, J. A.; Lipscomb, W. N. "The Enzymes", 3rd ed., Boyer, P. 

D., Ed.; Academic Press: New York, 1971; Vol. 3. 
(3) Ludwig, M. A., Lipscomb, W. N. In "Inorganic Biochemistry", Eich-

horn, G., Ed.; American Elsevier: New York, 1973; pp 438-487. 
(4) Lipscomb, W. N. Ace. Chem. Res. 1970, 3, 81. 
(5) Dixon, N. E.; Gazzola, C; Blakely, R. L.; Zerner, B. Science 1976,191, 

1144. 
(6) Fife, T. H.; Squillacote, V. L. J. Am. Chem. Soc. 1978, 100, 4787. 
(7) Fife, T. H.; Przystas, T. J.; Squillacote, V. L. /. Am. Chem. Soc. 1979, 

101, 3017. 
(8) Fife, T. H.; Przystas, T. J. J. Am. Chem. Soc. 1980, 102, 7297. 

with 2-pyridylmethyl hydrogen phthalate. With such esters the 
leaving group oxygen can be chelated, but the carbonyl oxygen 
or the carboxyl nucleophile should not be chelated in a 1:1 complex 
because of the unfavorable steric situation. An important question 
also concerns the importance of steric fit of the nucleophile to the 
carbonyl in these reactions with a poor leaving group, i.e., will 
a chelated metal ion which stabilizes the leaving group permit 
a nucleophilic mechanism even if there are degrees of freedom 
for rotation of the carboxyl group away from the carbonyl? This 
question has been approached with the corresponding succinate 
ester (III). 

Experimental Section 

Materials. 2-(Hydroxymethyl)picolinic Acid. 2,6-Pyridinedicarboxylic 
acid (Aldrich) was refluxed with thionyl chloride. After removal of the 
thionyl chloride by distillation and rotary evaporation with dry benzene, 
the remaining liquid was added dropwise to a cooled stirred solution of 
dry ethanol. The ethanol solution was made neutral to pH paper by the 
addition of sodium carbonate, and the ethanol was removed to yield the 
diethyl ester of 2,6-pyridinedicarboxylic acid (bp 115 0C at 0.02 mmHg). 
The diethyl ester (20 g) was refluxed with 3.4 g (0.6 equiv) of sodium 
borohydride in 200 mL of dry ethanol for 2 h.9 After being cooled, the 
solution was concentrated to a volume of 50 mL, and 50 mL of water was 
added. The solution was further concentrated to a final volume of 50 mL 
and extracted with several 50-mL portions of chloroform. The combined 
chloroform extracts were dried with sodium sulfate, and the chloroform 
was removed by rotary evaporation, yielding about 8 g of ethyl 2-(hy-
droxymethyl)picolinate (mp 95-97 "C). The ester was hydrolyzed by 
dissolving it in a minimum volume of 1 M OH" and allowing 2 h for 
hydrolysis. The pH was then adjusted to 3 by the addition of HCl, and 
the solvent was removed. The remaining residue was extracted and 
recrystallized from hot acetone to yield the 2-(hydroxymethyl)picolinic 
acid, mp 136-137 0C (lit.10 mp 136 0C). 

2-(6-Carboxypyridyl)methyl hydrogen phthalate (II) was prepared by 
refluxing equivalent amounts (0.003 mol) of 2-(hydroxymethyl)picolinic 
acid and phthalic anhydride in 75 mL of dry benzene overnight. The 
solution was cooled and filtered, and the white solid was recrystallized 
from acetonitrile in approximately 50% yield, mp 172-174 0C dec. Anal. 
Calcd for C15H11NO6: C, 59.80; H, 3.65; N, 4.56. Found: C, 59.82; 
H, 3.89; N, 4.88. 

2-(6-Carboxypyridyl)methyl hydrogen succinate (III) was prepared in 
the same manner and with the same yield as the phthalate monoester, 
mp 118-120 0C. Anal. Calcd for C11H11NO6: C, 52.17; H, 4.35. 
Found: C, 52.11; H, 4.31. 

2-(6-Carboxypyridyl)methyl acetate (IV) was synthesized by refluxing 
equivalent amounts of 2-(hydroxymethyl)picolinic acid and acetic an
hydride overnight in dry benzene. Removal of the solvent yielded a white 
solid, mp 113-115 ° C dec. The material was recrystallized from benzene 
(20% yield). 

Kinetic Measurements. The rates of hydrolysis of esters II-IV were 
measured on a Beckman Model 25 or Pye-Unicam SP8-100 recording 
spectrophotometer at 280 nm by following appearance of product (III 
and IV) or disappearance of reactant (II). In the metal ion catalyzed 
reactions disappearance of reactant was followed at 280 nm with all the 
esters. The ionic strength was maintained at 0.1 M with KCl, and 
solutions used for nonmetal ion assisted reactions contained 2 X 10"5 M 
EDTA as a precaution against trace metal ions in the buffer or salt. A 
few buffer solutions were prepared which did not contain EDTA but 
which had been extracted with 0.001 M dithizone in CCl4, and these 
yielded the same results as the EDTA-containing buffers. The buffer 
concentration was 0.02 M, and no correction was made for any metal 
ion-buffer complexation. Buffers employed were HCl (pH 1-3), 
chloroacetate (pH 3.2-3.8), acetate (pH 4.2-5.3), cacodylate (pH 
5.5-6.5), 7V-ethylmorpholine (pH 6.7-7.8), morpholine (pH 8.0-8.6), and 
carbonate (pH 9-11). 

Kinetic runs were initiated by injecting 15-30 ^L of ester stock solu
tion (0.005-0.02 M in acetonitrile) into 2-3 mL of the buffer solution 
maintained at the desired temperature. The reactions followed pseudo-
first-order kinetics for at least 4 half-lives. Kinetic parameters were 
evaluated with a nonlinear least-squares computer program. Reaction 
mixture pH values were measured at 50 and 90 0C with a Beckman 
Model 3500 digital pH meter. Second-order rate constants for hydroxide 

(9) Matsumoto, I.; Yoshizawa, J. Chem. Abstr. 1973, 79, 31909p. 
(10) Green, R. W.; Ooi, G. K. S. Aust. J. Chem. 1962, 15, 786. 
(11) Weast, R. C, Ed. "Handbook of Chemistry and Physics", 54th ed.; 

Chemical Rubber Publishing Co.; Cleveland, Ohio, 1973; p D131. 
"International Critical Tables", Vol. 6, p 152. 
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Figure 1. Plots of log fcobKl vs. pH for hydrolysis of 2-(6-carboxy-
pyridyl)methyl hydrogen phthalate at 90 0C (O) and 50 0C (•) with n 
= 0.1 MmH2O. 

Table I. Values of Arobs(j for Hydrolysis of 
2-(6-Carboxypyiidyl)methyl Hydrogen Phthalate at pH 6.83 
(50 0C and /u = 0.1 M) in the Presence of Varying 
Concentrations of Metal Ions 

metal ion concnXl03,M k obsd XlO3 

Co2 

Ni 2 

0.2 
0.5 
1.0 
2.0 
5.0 

10.0 
0.2 
0.5 
1.0 
2.0 
5.0 

10.0 

1.34 
1.39 
1.32 
1.28 
1.31 
1.33 
1.46 
1.38 
1.30 
1.28 
1.28 
1.28 

ion catalyzed hydrolysis of the esters were calculated by using K„ values" 
of 5.5 X 10"14 at 50 0C and 3.35 X 10"13 at 90 0C. 

Results 
In Figure 1 is shown a plot of log kobsd vs. pH for hydrolysis 

of 2-(6-carboxypyridyl)methyl hydrogen phthalate (II) at 90 0C. 
There is OH" catalysis and at pH less than 8 a pH-independent 
region. Three functional groups are present in II whose ionization 
state must be considered. With the assumption that in the pH 
range 6-10 aH « K\, values of fcobs<j are given by 

fCnhaA ~~ 

kiK2aH
2 + Ii0K2K-JOy1 + kOJiK2K3Kv 

(D 

where koli is the second-order rate constant for hydroxide ion 
catalysis, k0 is the rate constant for the carboxyl group reaction 
involving the dianionic species, ^1 is the rate constant for the 
corresponding reaction of the monoanionic species, K2 and K3 are 
the second and third dissociation constants of the molecule, and 
Kw is the ion product of water. Values of fc0H and k0

 a r e 0.665 
M"1 s"1 and 3.51 X 10~5 s"1, respectively. At pH less than 6.5 y ^ 
increases with decreasing pH, showing that neighboring group 
participation is more favorable via the monoanionic species. The 
lack of sufficient absorbance change at low pH precluded following 
the reaction at pH values near pK2 so that ^1 could not be de
termined. Also included in Figure 1 are values of kobii for hy
drolysis of II obtained at 50 0C, fcOH = 0.051 M"1 s"1. 

Divalent metal ions (Cu2+, Zn2+, Ni2+, and Co2+) exert large 
catalytic effects in the hydrolysis of II. Metal ion binding to the 
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Figure 2. Plots of log koM vs. pH for hydrolysis of 2-(6-carboxy-
pyridyl)methyl hydrogen phthalate at 50 0C in the presence of saturating 
concentrations of Cu2+ (O), Zn (©), Ni2+ (•), and Co2+ (D), with ft = 
0.1 M in H2O. 

Table II. Rate Constants for Hydrolysis of 
2-(6-Carboxypyridyl)methyl Hydrogen Phthalate in H2O at 
50 "C, M = 0.1 M with KCl 

metal ion" k„ X 103, s'1 k0u, M"1 s" 

none 
Cu2+ 

Ni2+ 

Co2+ 

0.0510 
6.78 
0.172 
0.181 

2500.0 
2560.0 

a At saturating concentrations of metal ion. 

reactant is very strong. Saturation effects were observed at metal 
ion concentrations less than 0.01 M as seen in Table I; increasing 
Co2+ or Ni2+ concentration in the range 0.0002-0.01 M at constant 
pH (6.83) has no effect on kobsi. In Figure 2 plots are presented 
of log ôbsd vs. pH at 50 0C for hydrolysis of II at saturating 
concentrations of the metal ions. With Ni2+ and Co2+ an OH" 
catalyzed reaction is observed along with a pH-independent re
action at pH <6. Best-fit values of the rate constants are given 
in Table II. With Cu2+, however, only the pH-independent 
reaction is observed (pH 4-6.2) with a rate considerably greater 
than displayed by the other metal ions (k0 = 6.78 X 10"3 s"1). 

Figure 3 presents plots of log &obsd vs. pH for hydrolysis of 
2-(6-carboxypyridyl)methyl hydrogen succinate (III) at 5O0C in 
the presence of saturating concentrations of the divalent metal 
ions. The effect of metal ion dilution on kobsi was ascertained. 
At low pH higher concentrations were required for saturation than 
at pH >5, but in all cases concentrations of 0.01 M or less could 
be employed. Metal ion promoted OH" catalyzed reactions are 
observed at both high and low pH values with a small inflection 
in the profile near pH 4. This probably corresponds to addition 
of a proton to the molecule with metal ion promoted OH" cata
lyzed reactions of both the dianionic and anionic species. Thus, 
at saturating metal ion concentrations &obed is given by eq 2, where 

_ k0HKvKa + kon'KvaH 

*obsd — T~ ~ (2) 

k0ii and koli' are the second-order rate constants for metal ion 
enhanced OH" catalysis of hydrolysis of the dianionic and anionic 
species, respectively, and K11 is the apparent dissociation constant. 
Values of the constants are given in Table III. As seen in Figure 
3, in the case of the Cu2+ catalyzed reaction, the pH-independent 
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Figure 3. Plots of log feobKl vs. pH for hydrolysis of 2-(6-carboxy-
pyridyl)methyl hydrogen succinate at 50 0C in the presence of saturating 
concentrations of Cu2+ (O), Zn2+ (O), Ni2+ (•), and Co2+ (D) with M 
= 0.1 M in H2O. 

Table III. Rate Constants for Hydrolysis of 
2-(6-Carboxypyridyl)methyl Hydrogen Succinate and 
2-(6-Carboxypyridyl)methyl Acetate at 50 0C, n = 0.1 M 

ester 

acetate 

succinate 

metal 
ion° 

none 
C u " 
Z n " 
N i " 
C o " 
none 
C u " 
Z n " 
N i " 
C o " 

* o ' X 
103, 
S"' 

1.05 

1.1 

tf„X 
10", 
M 

1.26 
1.26 
0.64 

*OH> 
M"1 s"1 

1.3XlO7 

6.65 XlO5 

1.75 XlO5 

^OH> 
M-' s"1 

1.85 
6.80X105 

8.17 XlO" 
3.38X10" 
6.20X10" 
0.551 
5.5 XlO5 

3.25 X 10* 
1.48X10" 
1.38X10" 

1 At saturating concentrations of metal ion. 

reaction at pH <3 necessitates an additional term (&</) in the 
equation for kobsi (eq 3) (&0' = 1.1 X IfT3 s"1). 

*obsd — 

aH
2 + K„aH 

(3) 

Figure 4 presents plots of log kobsi vs. pH for hydrolysis of 
2-(6-carboxypyridyl)methyl acetate (IV) at 50 0C in the presence 
of saturating concentrations of the divalent metal ions. As with 
III metal ion concentrations of 0.01 M or less were saturating even 
at pH <5. In contrast with III, metal ion promoted OH" catalyzed 
reactions are observed without a significant inflection in the log 
^obs^pH profile. Values of k0H for IV are given in Table III. 
With Cu2+ as the catalyst a pH-independent region is again 
observed in the profile below pH 3 (Ic0' = 10"3 s"1). 

Discussion 
Intramolecular carboxyl group participation in ester hydrolysis 

has been extensively investigated.12"16 Large rate enhancements 

(12) Bruice, T. C. "The Enzymes", 3rd ed., Boyer, P. D., Ed.; Academic 
Press: New York, 1970; Vol. 2, Chapter 4. 

(13) Gaetjens, E.; Morawetz, H. J. Am. Chem. Soc. 1960, 82, 5328. 
(14) Bruice, T. C; Pandit, U. K. J. Am. Chem. Soc. 1960, 82, 5858. 
(15) Thanassi, J. W.; Bruice, T. C. /. Am. Chem. Soc. 1966, 88, 747. 

Figure 4. Plots of log koM vs. pH for hydrolysis of 2-(6-carboxy-
pyridyl)methyl acetate at 50 0C in the presence of saturating concen
trations OfCu2+ (O), Zn2+ (O), Ni2+ (•), and Co2+ (D) with M = 0.1 M 
in H2O. 

are observed in the intramolecular nucleophilic reactions of 
phenolic monoesters of succinic, glutaric, or phthalic acid.13"15 

When the leaving group of phthalate monoesters is phenol, the 
carboxylate anion is the active species, but with the methyl ester 
the pH-rate constant profile indicates that the neutral species is 
maximally reactive.15 This possibly reflects a reaction of a 
zwitterionic species, i.e., carboxylate anion and protonated leaving 
group. When the leaving group pAfa is intermediate between that 
of phenol and methanol, the observed rate constants are pH 
independent in the range of the carboxyl pKa, indicating in
volvement of both types of mechanisms.15 The pH-log rate 
constant profile for hydrolysis of 2-(6-carboxypyridyl)methyl 
hydrogen phthalate (II) (Figure 1) shows OH" catalysis at high 
pH and a plateau at pH <8.5 which is undoubtedly due to carboxyl 
group participation (eq 4). Phthalic anhydride has been shown 
to be an intermediate in the hydrolysis of phthalate monoesters.15 

It hydrolyzes at 30 0C in the pH range 1.6-5.7 in a pH-inde-
pendent reaction with a rate constant of 0.012 s"1, which is much 
greater than the observed rate constants for reaction of II. 

The log kobsi-pH profile for hydrolysis of II is quite analogous 
to that for 2-pyridylmethyl hydrogen phthalate,8 and values of 
the rate constants are closely similar except that an apparent 
hydronium ion catalyzed reaction is observed below pH 6.5 with 
II. The pATa of the hydroxy! group of 2-(hydroxymethyl)pyridine 
has been reported to be 13.9,17 and the p/fa of the 6-carboxyl-
substituted derivative should be similar. Therefore, the plateau 
in the pH-log /cobsd profile for hydrolysis of II (pH 6.5-8) must 
represent carboxyl group participation by the anionic species as 
in the case of 2-pyridylmethyl hydrogen phthalate.8 The value 
of the rate constant for pH-independent hydrolysis of propargyl 
hydrogen phthalate (pATa of the leaving group alcohol = 13.55) 
is 6.9 X 10"5 s"1 at 78.5 0C, comparable to k0 in hydrolysis of II 
(3.51 X 10"5 s"1 at 90 0C). In view of the similarity of the rate 
constants for hydrolysis of these esters, II is exhibiting hydrolytic 
behavior expected for phthalate monoesters with a leaving group 
pK„ near 13.9. 

Binding of metal ions to II is quite strong as might be expected 
from the known binding constants of metal ions to the alcohol 
product (Cu2+, 5 X 106 M"1; Ni2+, 2 X 105 M"1; Co2+, 2 X 1 0 " 

(16) Fersht, A. R.; Kirby, A. J. J. Am. Chem. Soc. 1967, 89, 4853, 4857. 
(17) Petitfaux, C; Fromage, F. C. R. Hebd. Seances Acad. Sci., Ser. C 

1970, 270, 1857. 
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' N ' ^ C H 2 O — C 

H20I 

0 

Il 
C \ 

0 + 

I V 

C OH 

CH2OH. 

(4) 

-OH 

M"1; Zn2+ 2 X 104 M"1)10 and the fact that esterification does 
not modify the major chelating groups. Divalent metal ions (Cu2+, 
Co2+, Ni2+, and Zn2+) produce a large enhancement in the rate 
of hydrolysis of II. Saturation effects by the metal ions were 
observed at relatively low concentrations (<0.01 M). It can be 
seen in Figure 2 that at saturating metal ion concentrations both 
metal ion promoted OH" catalyzed reactions and nearly pH-in-
dependent reactions are observed with Ni2+ and Co2+, although 
the pH range of the latter reaction is limited. However, with Cu2+, 
which is the best catalyst, the reaction is completely pH inde
pendent in the pH range 4.2-6.2, analogous to the more extensive 
pH-independent metal ion catalyzed carboxyl nucleophilic reac
tions of 2-pyridylmethyl hydrogen phthalate.8 

The metal ion catalyzed hydrolysis of esters which have metal 
ion chelating functional groups is characterized by promotion of 
the OH" catalyzed reaction.6'7'18"22 Such reactions have log 
/tobsd-pH profiles with slopes of 1.0 at pH values below the p#a 
of metal ion bound water, and are only pH independent at pH 
values above the p£a.

18,23 Metal ion promoted OH" catalyzed 
reactions are enhanced by increased strength of binding of metal 
ion to the reactant.7 As a consequence, substitution of a carboxyl 
group into the 6 position of 2-pyridylmethyl hydrogen phthalate 
to give II should allow metal ion saturation at low concentrations 
and enhance the metal ion promoted OH" reactions. This will 
shift the lines of slope 1.0 for OH" catalysis on the log fc0b«d-pH 
profiles to the left and thereby restrict the length of the plateau 
due to the carboxyl nucleophilic reaction unless that reaction is 
also enhanced by increased strength of metal ion binding. In the 
divalent metal ion catalyzed carboxylate nucleophilic reaction of 
2-pyridylmethyl hydrogen phthalate saturation effects could not 
be observed even at high metal ion concentrations (>0.01 M).8 

The profiles in Figure 2 and ref 8 show that indeed the metal ion 
assisted OH" reaction is facilitated by the carboxyl group in the 
6 position. However, the pH-independent reactions of II with Ni2+ 

and Co2+ at saturating concentrations occur at approximately the 
same rate as with 2-pyridylmethyl hydrogen phthalate at the 
nonsaturating metal ion concentration of 0.005 M (1.56 X 10~4 

s"1 and 6.70 X 10"5 s"1, respectively, at 50 0C). Consequently, 

(18) Wells, M. A.; Rogers, G. A.; Bruice, T. C. J. Am. Chem. Soc. 1976, 
98, 4336. Wells, M. A.; Bruice, T. C. Ibid. 1977, 99, 5341. 

(19) Hay, R. W.; Clark, C. R. J. Chem. Soc, Dalton Trans. 1977, 1993. 
(20) Barca, R. H.; Freiser, H. / . Am. Chem. Soc. 1966, 88, 3744. 
(21) Breslow, R.; McAllister, C. J. Am. Chem. Soc. 1971, 93, 7096. 
(22) Buckingham, D. A.; Foster, D. M.; Sargeson, A. M. / . Am. Chem. 

Soc. 1969, 91, 4102. 
(23) The pK, values for acid ionization of aquo complexes of metal ions 

at 25 0C are as follows: Zn2+, 8.8; Co2+, 8.9; Ni2+, 10.6; and Cu2+, 6.8. 
Basolo, F.; Pearson, R. G. "Mechanisms of Inorganic Reactions", 2nd ed.; 
Wiley: New York, 1967; p 32. 

the pH-independent reactions of II are restricted in regard to their 
pH range by the more facile metal ion promoted OH" reactions, 
although it will be noted in Figure 2 that definite plateaus in the 
profiles are observed, and with Cu2+ the reaction is completely 
pH independent over 2 pH units with no indication of OH" ca
talysis. 

A transition from a metal ion promoted OH" catalyzed reaction 
of the dianionic species to a faster OH" catalyzed reaction of a 
monoanion should not give an extensive well-defined plateau since 
a large difference in these rate constants would not be expected.7,8 

A difference of at least 104 would be required in the Cu2+ catalyzed 
reactions. The profiles in Figure 3 for hydrolysis of the mono-
succinate ester (III) where such a transition does occur show only 
small inflections near pH 5. Therefore, the pH-independent 
reactions of II must be associated with the neighboring carboxyl 
nucleophilic reaction. From the k0 value at 90 0C for the 
neighboring carboxyl reaction (eq 1) and employing the AH* 
measured for the carboxyl catalyzed reaction of methyl hydrogen 
phthalate,15 a rough estimate of Ie0 at 50 0C is 10"6 s"1. Thus, 
saturating concentrations of Ni2+ and Cu2+ provide rate en
hancements of ~102 and 104, respectively, in the carboxyl nu
cleophilic reaction. 

If a tetrahedral intermediate is formed in carboxyl group nu
cleophilic reactions of esters with poor leaving groups, then its 
breakdown must be rate determining since the leaving group pÂ a 
is much greater than that of the nucleophile, i.e., C-O bond 
breaking must be part of the rate-determining step. In reactions 
of the 2-pyridylmethyl esters a metal ion would be in position to 
bind strongly to the leaving group oxygen in the transition state 
via a five-membered chelate ring. Thus, metal ion catalysis of 
the carboxyl reaction of II must occur through a transition state 
effect (V) which is not enhanced by strong binding of metal ion 
to the reactant. Coordination of the metal ion to a carboxylate 

O = C 

anion will reduce the effective charge on the metal ion, which could 
affect the rate constant for the bond-breaking step. Strong binding 
of a metal ion will also stabilize the reactants. Consequently, a 
rate enhancement will only be obtained if the transition state is 
stabilized to an even greater extent. The additional stabilization 
of the transition state in the metal ion catalyzed reaction provided 
by the carboxyl group in the 6 position of II is evidently not 
sufficient to significantly offset the increased metal ion stabilization 
of the reactants in comparison with 2-pyridylmethyl hydrogen 
phthalate. The maximum effect in reactions of this type will be 
achieved when binding in the transition state is very strong but 
binding to reactant is weak. 

As the C-O bond of 2-pyridylmethyl phthalate monoesters 
breaks in the transition state (I and V) the partial negative charge 
that is generated on oxygen permits strong metal ion chelation 
to the leaving group. This type of transition state effect was also 
observed in hydrolysis of substituted benzaldehyde methyl 8-
quinolyl acetals (VI).24 Again, metal ion binding to the reactant 

OCH, 

VI 

(24) Przystas, T. J.; Fife, T. H. J. Am. Chem. Soc. 1980, 102, 4391. 
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is weak, but stabilization of the leaving group in the transition 
state provides large rate enhancements (> 105). At constant metal 
ion concentration these reactions are pH independent. Substitution 
of a carboxyl group into the 2 position of the quinoline ring (VII) 

products 

OCH 3 

allows strong metal ion binding to the reactant (saturation effects 
are observed at low metal ion concentrations), but this does not 
facilitate the reaction rate in comparison with VI at metal ion 
concentrations >0.01 M. Thus, the acetal hydrolysis reactions, 
in which C-O bond breaking occurs in the transition state, are 
quite analogous to the intramolecular carboxyl catalyzed reactions 
of the esters 2-pyridylmethyl hydrogen phthalate and II. In both 
cases the metal ion effects are produced by binding in the transition 
state to stabilize the leaving group. 

Degrees of freedom exist for rotation of the carboxylate nu-
cleophile away from the ester carbonyl of glutarate and succinate 
monoesters, which will decrease the ease of nucleophilic attack.13'14 

Thus, while nucleophilic participation will occur with phthalate 
monoesters when the leaving group is poor (an aliphatic alcohol),15 

it is doubtful whether such a reaction would be detectable with 
a glutarate or succinate ester when the p£a of the leaving group 
greatly exceeds that of the nucleophile. However, if a chelated 
metal ion can stabilize the leaving group sufficiently such a 
mechanism might occur with facility. In hydrolysis of 2-(6-
carboxypyridyl)methyl hydrogen succinate (III) extremely large 
rate enhancements are observed in the metal ion promoted OH" 
catalyzed reactions of the dianion species ranging up to 106 at 
a saturating concentration of Cu2+ (6 X 104 with Zn2+ and 3 X 
104 with Ni2+) .25 This reaction must occur either through catalysis 
of the attack of external OH" (VIII) or via an intramolecular 
attack of metal bound OH" (IX). Rate constants for this reaction 

O = C ',N CH2 
I : 2t i 
O Me - - - O 

O = C " "^ "CH2 
I !2+ I 
O Me - - "O 

HO 

O = C 

-A 
VIIl 

-o 

X = O 

IX 

are 10-fold larger than with the phthalate monoester II. This is 
undoubtedly due to the more deactivated carbonyl of the phthalate 
ester. There is a small inflection in the log kobBd-pH profile at 
constant metal ion concentration near pH 4 which probably 
corresponds to addition of a proton to the molecule. Thus, the 
scheme of eq 5 is being followed with kobsi given by eq 2. A 

(25) The enhancements in koli in the OH" catalyzed reaction for saturating 
concentrations of Ni2+ with five esters having poor leaving groups (II-IV and 
previously published studies)18,26 are closely similar, ranging from 1.2 X 104 

to 4.9 X ICr (av 2.5 XlO4). All of these compounds allow the divalent metal 
ion to bind strongly to the reactant and in excellent steric position to promote 
OH" catalysis. Thus, the influence of structural features in the ester, e.g., 
leaving group, etc., is similar in the metal ion promoted OH" reactions and 
the reactions uncatalyzed by metal ion. Larger rate enhancements can be 
achieved in the reactions of phenolic esters.27 When the leaving group is a 
phenol with a leaving group pKt of 10 or less it is probable that nucleophilic 
attack at the carbonyl by OH" is the rate-determining step, whereas with esters 
having aliphatic alcohol leaving groups of pKt 14-16 breakdown of a tetra-
hedral intermediate may be rate determining. This might then result in similar 
rate enhancements in the Ni (II) promoted OH" catalyzed reactions for esters 
of similar leaving group pAT,. 

+ ? H 2 

0_---Me"---o 

O=C OH 

products ( 5 ) 

O=C ^ N ' "-CH2 

0 _ - - Me2+-- -O 

O = C 

similar small inflection in the log fcobsd vs. pH profile was also 
observed in the divalent metal ion catalyzed hydrolysis of 8-(2-
carboxyquinolyl) hydrogen glutarate.7 To further establish that 
indeed the inflection in the profile for hydrolysis of III near pH 
4 (Ni2+ and Co2+) is due to protonation of the carboxyl group, 
the log koM-pH profile for the corresponding acetate ester IV 
was obtained. It will be noted in Figure 4 that there is no inflection 
at pH <5. Thus, there is no evidence that the succinate carboxyl 
group of III can participate in the hydrolysis reaction at saturating 
concentrations of metal ions even though the leaving group can 
be greatly stabilized. Nucleophilic participation by a neighboring 
carboxyl group must require an excellent steric fit of nucleophile 
and carbonyl when the leaving group is poor (as with II) for that 
mechanism to be competitive with the metal ion promoted OH" 
and H2O catalyzed reactions. 

The scheme of eq 5 provides an explanation of the profiles for 
hydrolysis of III in the presence of Ni2+ and Co2+ at pH >3.5, 
but the experimental values of kobsi at saturating concentrations 
of Cu2+ do not give a good fit to eq 2 below pH 3.5. It is clear 
that a pH-independent reaction is occurring at low pH which 
requires an additional term in eq 2. Assuming that a water-
catalyzed reaction governed by k0' is occurring at low pH and 
employing eq 3, a good fit to the experimental data (Figure 3) 
can be achieved with appropriate values of the constants (k0' = 
1.1 X 10"3S"1 andp/i:app = 3.90). 

Reactions of the acetate ester IV in the presence of saturating 
concentrations of Cu2+ could be followed to low pH values and, 
as seen in Figure 4, at pH <3 a definite plateau is observed in 
the profile for the Cu2+ catalyzed reaction. Corresponding pH-
independent reactions are not observed with Zn2+, Ni2+, or Co2+. 
Therefore, the Cu2+ catalyzed reaction must be at least 100 times 
more favorable. The rate constant for the Cu2+ catalyzed water 
reaction of IV is nearly identical with that calculated for III (IO"3 

s"1), but is much less than the rate constant for the Cu2+ catalyzed 
pH-independent reaction of II (7 X IO"3 s"1) at higher pH in spite 
of the much more deactivated carbonyl of II. The latter reaction 
is clearly different and must correspond to Cu2+ catalysis of the 
carboxylate nucleophilic reaction. 

The pH-independent Cu2+ catalyzed reactions of III and IV 
could correspond to attack of metal bound water on the ester (X) 
or a kinetic equivalent. The kinetically equivalent OH" catalyzed 

0= = C 
I 

Oz • 

H - " 

- - Mf 

o' 
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2t_ 

0= 

CH2 
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CH 3 

hydrolysis of the neutral species can be ruled out since (1) metal 
ion binding to the neutral species should be quite weak, yet Cu2+ 

still saturates at low concentrations below pH 3, and (2) the kOH 
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value required would be considerably greater than 2 X 1 0 8 M"1 

s-1. Such a reaction would be approaching diffusion control, and 
considering the poor leaving group there is no basis for expecting 
a rate constant of that magnitude.7'8'18,19 A water reaction has 
not previously been unambiguously observed in metal ion catalyzed 
ester hydrolysis.28 In the absence of a metal ion, water catalysis 
occurs in the hydrolysis of acyl activated esters29"32 but apparently 
not in the hydrolysis of aliphatic esters with poor leaving groups. 
A metal ion chelated strongly to the leaving group would, of course, 
provide electron withdrawal, and the complex would be equivalent 
to a protonated ester intermediate in hydronium ion catalyzed ester 
hydrolysis, which occurs with attack of water on the ester conjugate 
acid.32 A chelated metal ion could also greatly stabilize the leaving 
group in the transition state for C-O bond breaking in the same 
manner as in the neighboring carboxyl group reaction of II, but 
for a metal ion promoted H2O reaction to occur, it is very likely 
necessary that the metal ion be strongly chelated to the reactant. 
This type of reaction has not been observed previously in ester 
hydrolysis reactions presumably because of the facility of the other 
types of catalyzed reactions, i.e., metal ion promoted OH" catalysis 
and metal ion enhancement of the neighboring carboxyl group 
reaction. A water reaction might only be detected when a metal 
ion is chelated to a poor leaving group. It is not seen with phenolic 
esters6,7'18"21 because of the reduced need for stabilization of the 
leaving group and the favorable OH" catalyzed reaction. Metal 
ion binding to III and IV is so favorable that saturating con
centrations can be achieved even at pH values below the pÂ a of 
the chelating groups. The hydrolysis reaction could therefore be 
followed at very low pH values so that this mechanism could be 
demonstrated. 

Conclusions 
Metal ion catalysis of intramolecular carboxyl nucleophilic 

reactions occurs via stabilization of the leaving group in the 
transition state and is not enhanced by strong chelation. In 
contrast, divalent metal ion promoted OH" catalysis is facilitated 
by increases in the strength of chelation to the reactant. Con-

(26) Hay, R. W.; Clark, C. R. J. Chem. Soc, Dalton Trans. 1977, 1866. 
(27) 8-(2-Carboxyquinolyl) hydrogen glutarate, an ester with a phenolic 

leaving group, gives a rate enhancement in the Ni (II) promoted OH" cata
lyzed reaction of 4.3 X 106.7 

(28) It has been previously reported that in the hydrolysis of some amino 
acid esters coordinated to a complex of nitrilotriacetic acid with Cu (II) that 
the equation for koM contains a unimolecular term. However, kinetic 
equivalents exist for this reaction. Angelici, R. J.; Hopgood, D. J. Am. Chem. 
Soc. 1968, 90, 2514. 

(29) Jencks, W. P.; Carriuolo, J. / . Am. Chem. Soc. 1961, 83, 1743. 
(30) Fife, T. H.; McMahon, D. M. J. Am. Chem. Soc. 1969, 91, 7481. 
(31) Bruice, T. C; Fife, T. H., Bruno, J. J.; Benkovic, P. J. Am. Chem. 

Soc. 1962, 84, 3012. 
(32) Bruice, T. C; Benkovic, S. "Bioorganic Mechanisms"; W. A. Benja

min: New York, 1966; Vol. 1. 

sequently, when an additional chelating functional group is in
cluded in the molecule as with II, only the most effective metal 
ion (Cu2+) catalyzes the carboxyl group reaction sufficiently so 
that it is clearly competitive with OH" catalysis at pH >5. For 
the above reasons, an intramolecular carboxyl group nucleophilic 
reaction is not detected with an ester (III) having a poor leaving 
group when the nucleophilic reaction is not of maximum efficiency 
due to degrees of freedom for rotation of the nucleophile away 
from the carbonyl, even though a metal ion is strongly chelated 
to the leaving group oxygen. At low pH (<3) the pH-independent 
metal ion promoted water catalyzed reaction detected in hydrolysis 
of the acetate ester (IV) is quite analogous to hydronium ion 
catalyzed ester hydrolysis and very likely depends upon very strong 
chelation of metal ion to the leaving group oxygen of the reactant. 
Thus, three different types of mechanisms for metal ion catalysis 
can be observed in hydrolysis of esters of 2-(hydroxymethyl)-
picolinic acid: (1) catalysis of a neighboring carboxyl nucleophilic 
reaction, (2) metal ion promoted OH" catalysis, and (3) metal 
ion promoted water catalysis. 

These results are of considerable interest in regard to the 
mechanism of action of the hydrolytic enzyme carboxypeptidase 
A because ester substrates for the enzyme have poor leaving groups 
(e.g., esters of phenyllactic or mandelic acid).2 Carboxypeptidase 
A requires the presence of metal ion for binding of esters.2'3 If 
an ester is bound in the active site so that a Zn (II) complex can 
be formed these mechanisms could be operative. However, there 
are quantitative factors that have not yet been accounted for. 
Evidence has been presented supporting a nucleophilic mechanism 
in the enzyme catalyzed hydrolysis of ester substrates.33 The rate 
constant k^ for hydrolysis of 0-(?ranj-cinnamoyl)-L-^-phenyl-
lactic acid is pH independent in the pH range of 6.4-934 and is 
at least 108 larger than k0 f° r t n e phthalate ester II35 and 106 larger 
in comparison with k0 for the Ni2+ and Co2+ catalyzed reactions. 
Therefore, other factors must be involved. Nevertheless, the 
present results show that mechanisms involving both metal ion 
and Glu-270 participation are chemically reasonable. 
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