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Abstract: Rate constants for hydrolysis of 7V-(2-pyridyl)phthalamic acid have been measured in H2O at 50 0C. A plot of log 
ôbsd vs. pH is bell shaped with pA âpp values of 3.2 and 3.9. Carboxyl group participation in this system is marked by a large 

facilitation in the rate of hydrolysis. At pH 3.5 there is a 104-fold enhancement in fcobsd in comparison with 7V-(2-pyridyl)benz-
amide even with a temperature difference of 40 0C. A small metal ion inhibition of the rate of hydrolysis of A'-(2-pyridyl) 
phthalamic acid (~ twofold at 0.002 M metal ion) is observed with Ni2+ and Co2+ at all pH values. A'-(2-Phenanthrolyl) 
phthalamic acid at 50 0C hydrolyzes with a pH-rate constant profile indicating participation by one group in the acid form. 
Divalent metal ions (Ni2+, Co2+, Zn2+, and Cu2+) bind rapidly to this compound with rate constants comparable to those for 
complexing with 1,10-phenanthroline, suggesting that binding involves the phenanthroline nitrogens. There is a large metal 
ion inhibition of the rate of the hydrolysis reaction. At pH 2.75, /cQbsd is 20-40-fold less when the ratio of metal ion (Cu2+, 
Co2+, or Zn2+) to substrate is 2/1, and in the presence of Ni2+ hydrolysis is not observed. At pH 5.35 the compound is so stable 
in the presence of these metal ions that in all cases no significant hydrolysis was observed over a period of 7 days. These obser­
vations indicate that either complexation involves the carboxyl group or that a metal ion chelated carbonyl will not permit fac­
ile proton transfer to the leaving group, which is a requirement in the hydrolysis of amides. The former explanation is unlikely 
in view of the small metal ion effects in the hydrolysis of 7V-(2-pyridyl)phthalamic acid. 

Enzyme reactions, proceeding through an enzyme sub­
strate complex in which the substrate is held in close proximity 
to functional groups in the enzyme active site, bear a striking 
resemblance to chemical intramolecular reactions.13 The 
study of intramolecular catalysis has therefore been of great 
importance in attempts to understand enzymatic catalysis. 

The carboxyl group has perhaps been more extensively 
studied as an intramolecular participant in reactions of esters 
and amides than any other functional group.1 '5 Phthalic an­
hydride is formed as an intermediate in hydrolysis of phthalic 
acid monoesters,6 phthalamic acid,7 and phthalanilic acid,8 

indicating that nucleophilic attack takes place. Large rate 
enhancements have been obtained due to carboxyl group 
participation in hydrolysis of phthalamic acid (105 in com­
parison with hydrolysis of benzamide) and maleic acid mo-
noamides.9-10 

Investigation of carboxyl group participation in reactions 
of amides is of relevance to the mechanism of action of car-
boxypeptidase A since the carboxyl group of glutamic acid-270 
has been shown to be present at the active site and has been 
implicated as a participant in the reaction." 13 Both general 
base and nucleophilic mechanisms have been recognized as 
possibilities. Carboxypeptidase A has Zn2 + liganded at the 
active site, and the metal ion presumably complexes the car­
bonyl oxygen of substrate esters and amides in the binding 
process.11_13 Although numerous studies have been made of 
metal ion effects in hydrolysis reactions of esters and amides,14 

there have been no previous reports of metal ion effects on 
carboxyl group participation. One problem has been to design 
a simple system which will chelate a metal ion to the carbonyl 
group but where the carboxyl group is uncomplexed and where 
nucleophilic attack is sterically possible. We have, therefore, 
investigated the hydrolysis reactions of N-^-pyridyl)-
phthalamic acid (1), 7V-(2-pyridyl)benzamide (II), and N-
(2-phenanthrolyl)phthalamic acid (III). Chelation of the 
carbonyl oxygen and heterocyclic nitrogen will produce a stable 
six-membered ring in the case of I and III. A Stuart-Brieglieb 
space-filling model of III indicates that if a metal ion binds to 
the phenanthroline nitrogens and the carbonyl oxygen, then 
chelation of carboxyl oxygen would be sterically difficult. This 

1 D ? ; 

O 

I 

Il 
O 

III 

is the case because of the planarity of the phenanthroline ring 
system, the planarity of the amide function, and the unfavor­
able ring size required for carboxyl group chelation. Since 
metal ion chelation to the nitrogens would be expected to be 
more favorable than simple complexing of the carboxyl group, 
III represents an appropriate system in which to determine the 
effect of a metal ion on carboxyl group participation in amide 
hydrolysis. 

Experimental Section 

Materials. N-(2-Pyridyl)phthalamic Acid (I). Equivalent amounts 
of phthalic anhydride (Mallinckrodt) and 2-aminopyridine (Aldrich) 
were refluxed for 2 h in dry benzene. The resulting suspension was 
suction filtered. The white solid was recrystallized from ethanol to 
constant melting point after treatment with decolorizing carbon and 
was vacuum dried in an Abderhalden apparatus over calcium sulfate. 
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The compound had mp 243-243.5 0C. Anal. Calcd for C13Hi0O3N2: 
C, 64.45; H, 4.16; N, 11.56. Found; C, 64.44; H, 4.30; N, 11.49. 

N-(2-Pyridyl)benzamide (H) was prepared by the method of Hun­
tress and Walter.15 The product had mp 82-83 0C (lit.15 82-83 
0C). 

;V-(2-Phenanthrolyl|phthalamic acid (III) was prepared according, 
to the reaction sequence outlined in Scheme I. The procedure of Corey 

Scheme I 

N = C 

VIII 
et al.16 was used to effect the conversion of 1,10-phenanthroline (IV) 
(Aldrich) to 2-carboxy- 1,10-phenanthroline (VII) (mp 209-210 0C, 
lit.16 209-210 0C) via 1,10-phenanthroline /V-oxide (V) (mp 179-
179.5 0C, lit.]6 180-181 0C) and 2-cyano-1,10-phenanthroline (VI) 
(mp 235-235.5 0C, lit.16 237-238 0C). The 2-carboxy derivative (VII) 
yielded the acid chloride (VIII) upon treatment with thionyl chloride, 
as reported by Sigman et al.17 

l,10-Phenanthroline-2-carbonamide (IX) was synthesized by 
adding the solid acid chloride (VIII) in increments (a spatula-tip full) 
directly to a flask containing 50 mL of cold, concentrated (28%) 
aqueous ammonia, which was being rapidly stirred. The flask was 
immersed in an ice bath to ensure that the temperature of the reaction 
mixture did not exceed 15 0C. Stirring was continued for 1 h after the 
addition of the acid chloride was completed. The solution containing 

the precipitated carbonamide was suction filtered, and the white solid 
was treated with decolorizing carbon, recrystallized from ethanol, and 
vacuum dried over calcium sulfate, mp 304-304.5 0C (lit.18 304.5-
305.50C). 

2-Amino-1,10-phenanthroline (X) was formed via a Hofmann 
rearrangement reaction. A solution containing 2.55 g of potassium 
hydroxide and 2.70 g of bromine in 25 mL of water was poured into 
a flask containing 3.14 g of phenanthroline-2-carbonamide (IX). This 
mixture was poured into another flask containing 3.60 g of potassium 
hydroxide in 10 mL of water. The flask was immersed in a water bath 
maintained at 70-75 0C, and the suspension was stirred for 45 min, 
resulting in the formation of a dark brown oil. The aqueous phase was 
decanted, and 50 mL of acetone was added to the oil, yielding a sus­
pension of a light tan solid. The acetone was decanted and another 50 
mL was added. This step was repeated three times. The amine was 
maintained as a suspension in acetone, as it proved to be hygroscopic 
and was not stable to air. 

Amide III was prepared by rapidly adding 2-amino-l,10-phenan-
throline (X) suspended in a minimal amount of acetone to a solution 
of dry benzene containing an equivalent amount of phthalic anhydride. 
The mixture was refluxed for 2 h, and the resulting cream-colored solid 
was recovered by suction filtration. Treatment with decolorizing 
carbon was followed by two recrystallizations from ethanol-water. 
The compound was then vacuum dried over calcium sulfate, mp 
297-298 0C. Anal. Calcd for C20H13O3N3-IH2O: C, 66.47; H, 4.18; 
N, 11.62. Found: C, 66.18; H, 3.95; N, 11.27. The identity and purity 
of the compounds I—III is indicated by the sharp melting points, 
spectral data (IR, UV, and NMR), thin layer chromatography (single 
spot), and quantitative hydroxamate tests for amide. 

Kinetic Methods. Stock solutions of substrate (1O-2 M) were made 
up in methanol or water. In studies employing a Zeiss PMQl 1, Gilford 
Model 2000, or Beckman Model 25 spectrophotometer, 30 ̂ L of the 
substrate stock solution was injected into the reaction cuvette con­
taining 3 mL of buffer, and the reaction was monitored at 295 nm after 
stirring. The spectrum of the solution upon completion of the reaction 
was invariably both qualitatively and quantitatively that of equivalent 
concentrations of the appropriate amine and phthalic acid. Thus, imide 
formation is not competing with the hydrolytic reaction in aqueous 
solution.19 Temperature was controlled at 50 ± 0.1 0C, and the ionic 
strength of the buffers was kept constant at 0.5 M with either KCl or 
LiC104. Each reaction was measured either in duplicate or tripli­
cate. 

Reactions conducted at 90 0C were monitored in the following 
manner. Large screw-capped test tubes were filled with 50 mL of the 
appropriate buffer, thermally equilibrated in a Haake Ultra-Ther­
mostat circulating bath containing a 1:1 mixture of water-ethylene 
glycol, and maintained at 90 ± 0.1 0C. The tubes were removed from 
the bath,.injected with 0.5 mL of 1O-2 M substrate stock solution, and 
quickly inverted ten times. They were immediately replaced in the 
bath. Aliquots (3 mL) were withdrawn at regular intervals and placed 
in smaller test tubes immersed in an ice bath. The aliquots were then 
placed in cuvettes and allowed to equilibrate to 30 ± 0.1 0C, and the 
absorbance was directly read on a Zeiss PMQ 1 1 spectrophotome­
ter. 

Complexation reactions between various metal ions and 111 that 
were too rapid to be monitored with a conventional spectrophotometer 
were followed using a Durrum-Gibson stopped flow spectrophotometer 
(Model Dl 10). The substrate was dissolved at the desired concen­
tration in 0.5 M LiC104. This solution was introduced into one of two 
identical drive syringes. The other syringe contained the appropriate 
buffer (HCIO4 or cacodylate) maintained at the same ionic strength 
with LiC104, and the chosen metal ion (Co2+. Cu2+, Ni2+, or Zn2+ 

perchlorate). The drive syringes, mixing chamber, and cuvette were 
suspended in a water trough whose temperature was maintained at 
30 ± 0.1 0C. Optical density changes (270 nm) after mixing were 
recorded on a Hewlett-Packard storage oscilloscope (Model 1207B). 
With each buffer, three to four reactions were tabulated. 

Reaction solution pH values were measured with a Radiometer 
Model 22 pH meter or a Beckman Model 3500 digital pH meter 
standardized with Mallinckrodt standard buffer solutions. 

Spectrophotometric Determination of pKa Values. The amides I-II1 
were not sufficiently soluble in H2O for accurate titrimetric deter­
mination of the pA"a values.20 However, it was found that large changes 
in absorbance at appropriate wavelengths occurred with changes in 
pH so that pKa values could be determined spectrophotometrically. 
A series of buffer solutions were prepared to cover a pH range of 0-12, 
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Table I. Rate Constants for Hydrolysis of A'-(2-Pyridyl)phthalamic 
Acid at 50 0C and A'-(2-Phenanthrolyl)phthalamic Acid at 50 0C (M 
= 0.5) 

4 
PD 

3 
pH or 

Figure 1. Plot of log koi>si vs. pH or pD for hydrolysis of A'-(2-pyridyl)-
phthalamic acid at 50 0C and n = 0.5 with KCl in H2O (O) and D2O («). 
The line was calcalated from eq 1 using appropriate values of the con­
stants. 

and the ionic strength was kept constant at 0.5 M with KCl. AlO - 2 

M stock solution (30 ML) was injected into a cuvette containing 3 mL 
of buffer which had been thermally equilibrated at 30 ± 0.1 0C or 50 
± 0.1 0C. After mixing, the absorption spectrum was taken using a 
Beckman Model 25 spectrophotometer. A plot of absorbance at the 
appropriate wavelength vs. pH was made. Amide I has one discernible 
pKa of 3.90 at 30 0C and 3.65 at 50 0C measured at 295 nm, and 4.10 
measured at 275 nm. Amide III has pKa values of 4.55 and 5.50 at 30 
0C (measured at 295 and 275 nm, respectively). These values at 50 
0C are 4.53 and 5.10. Since the lower value is relatively unchanged 
with temperature it must correspond with the carboxyl group pKa. 

Hydroxamic Acid Assays. Adaptations of the procedures of Hes-
trin21 and Bruice and Marquardt22 were employed in assessing the 
purity of the amide starting material. Benzamide was employed as 
the concentration standard. Compounds I and III were in that manner 
shown to be 99 and 98% amide, respectively, i.e., the tests were 
quantitative within the accuracy of the determination. 

Results 

Values of k0bsd at 50 0 C in H2O or D2O for hydrolysis of 
jY-(2-pyridyl)phthalamic acid (I) and yV-(2-phenanthrolyl)-
phthalamic acid (III) are given in Table I. In Figure 1 is shown 
a plot of log A:0bsd vs. pH or pD for reaction of I. The plot shows 
an apparent dependence of A:0bsd on the ionization of two 
groups with \->KA values of 3.22 and 3.95. The value of /c0bSd at 
the maximum in the profile is 6.51 X 10 - 3 min~'. This value 
is only slightly less when D2O is the solvent (5.25 X 10 - 3 

min~'). The neutral species or the kinetically equivalent 
zwitterionic species must provide maximum reactivity. The 
data give a satisfactory fit to eq 1 

h krKaan m 
K o b s d j . v . „ j , , (L) 

aH
2 + K3OH + Ka^a 

where K.d and K3' are the apparent dissociation constants and 
kT is the rate constant assumed to give the best fit of the data 
(kr= 1.31 X K r 2 min- ' ) . The ratio kr

H^°/kT
D^° is 1.4. 

In Figure 2 a plot is presented of log £0bsd vs. pH for hy­
drolysis of III. The plot shows dependence of /c0bsd on one group 
in the acid form. The rate constant for maximum participation 
by this group (A: 1) is 3.42 X 1(T3 min"1 in H2O and 3.10 X 
1O-3 min - 1 in D2O ( £ H 2 O / £ D 2 O = 1-10). Assuming that both 
the neutral and protonated species are reacting, the equation 
for k0bsd is that given in eq 2 

, _ ( ^ H Q H 2 + fciflH + k2Ka)aH 
Kobsd — is is / 1 is 1 •> ( 1 

KaKa' + KaaH + aH
2 

Compd 

/V-(2-Pyridyl)phthal-
amic acid 

iV-(2-Phenanthrolyl)-
phthalamic acid 

PH 

0* 
0.5 
1.25 
1.95 
2.20 
2.80 
2.90 
3.15 
3.50 
3.60 
3.98 
4.20 
4.60 
4.80 
5.30 
6.03 

0* 
0.50 
1.25 
1.95 
2.05 
2.35 
2.50 
2.60 
2.75 
3.10 
3.55 
4.17 
4.60 
4.98 
5.30 

pD" 

1.99 
3.39 
3.89 
4.36 
4.39 
4.84 
5.39 

1.05 
2.00 
3.40 
4.84 

''obsd X 103, min-1 

0.1 
0.158 
0.223 
0.663 
1.05 
2.87 
3.77 
5.95 
6.29 
6.51 
5.95 
3.83 
1.95 
1.18 
0.432 
0.136 
0.338 
4.23 
5.26 
4.79 
4.106 
1.35 
0.475 

37.03 
16.17 
6.03 
4.40 
3.99 
3.53 
3.50 
3.14 
3.33 
3.33 
2.08 
1.21 
0.772 
0.408 
0.295 
5.14 
3.10 
1.64 
1.02 

" In calculating pD at 50 0C, the glass electrode correction formula 
of Fife and Bruice was employed: T. H. Fife and T. C. Bruice, J. Phys. 
Chem., 65, 1079 (1961). * 1.0 M HCl. 

where K3 is the apparent dissociation constant for the carboxyl 
group (1O -4), K3 is the dissociation constant of the phenan-
throline conjugate acid (pKa = 5.10), A: 1 is the rate constant 
for participation by the carboxyl group (protonated nitrogen), 
and k-i is the rate constant for participation by the carboxyl 
group when the compound is neutral (4.30 X 1O-4 min~'). The 
apparent value of pK3 (4.0) was chosen to give the best fit of 
the theoretical line in Figure 2 and is slightly less than the 
experimentally determined thermodynamic pA'a of 4.5. 

Hydronium ion catalysis is observed in reactions of II and 
III, but not in the case of I at HCI concentrations as high as 1.0 
M. The points in Figure 1 for hydrolysis of I that deviate pos­
itively from the theoretical line at low pH probably represent 
a transition to hydronium ion catalysis at higher acid con­
centrations, but at 1.0 M HCl the rate constants are still de­
clining with decreasing pH. Rate constants for hydronium ion 
catalysis are given in Table II. Plots of log fc0bsd vs. log HCl 
concentration are linear with II and III with slopes of 1.10 and 
1.36, respectively. Significant buffer catalysis was not observed 
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III 

1.62 
3.70 
7.70 

16.44 
26.82 
40.03 

pH or pD 
Figure 2. Plot of log kobii vs. pH or pD for hydrolysis of A'-^-phenan-
throlyOphthalamic acid at 50 0C and n - 0.5 with KCl in H2O (O) and 
D2O (©). The line was calculated from eq 2 using appropriate values of 
the constants. 

Table II. Rate Constants for Hydronium Ion Catalyzed 
Hydrolysis of /V-(2-Pyridyl)benzamide (II) at 90 0C and 
.A/-(2-Phenanthrolyl)phthalamic Acid (III) at 50 0C 

HCl, M 

0.5 
1.0 
2.0 
3.0 
4.0 
5.0 

in hydrolysis of I or III at total buffer concentrations less than 
0.1 M, which was the concentration generally employed. 
However, there was evidence that &0bsd is increased slightly 
at very high buffer concentrations. Increasing total chloro-
acetate buffer concentration in the range 0.05-0.35 M at pH 
2.75 produced a 13% increase in &0bsd for I, and acetate buffer 
(0.05-0.5 M) at pH 4.50 increased /tobsd by 17%. 

Divalent metal ions (Co2 + and Ni 2 +) produce a small 
rate-retarding effect on the hydrolysis of I in the pH range 1 -6. 
Rate constants for these reactions in the presence of 0.002 M 
metal ion are given in Table III. Retardation of the rate in­
creases as the metal ion concentration is increased at pH 3.75 
as illustrated in Figure 3. This effect is greater when the anion 
is CIO4 - rather than C l - . 

Divalent metal ions complex very rapidly with III. The rates 
of complexation were measured spectrophotometrically at 270 
nm at pH 2.75 and 5.35 (30 0 C). Observed rate constants for 
these reactions at 30 0 C are listed in Table IV. Plots of £0bsd 
vs. metal ion concentration for complexation of Co2 + are shown 
in Figure 4. Similar plots for Ni 2 + , Cu2 + , and Zn 2 + were ob­
tained. Pronounced metal ion inhibition of the rate of reaction 
of III is observed. Rate constants at pH 2.75 in the presence 
of metal ions are presented in Table V. The metal ion com­
plexes of III are so stable at pH 5.35 that absorbance changes 
were not observed over a period of 7 days. 
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Figure 3. Plot of &0bsd vs. metal ion concentration (Co2+ ©, O or Ni2+ ©, 
• ) for hydrolysis of jV-^-pyridyOphthalamic acid at 50 0C and pH 3.75 
(M = 0.5 M) with KCl or LiCIO4. 

0.001 0.002 0.003 

Co M 

Figure 4. Plots of &0bSd vs. Co2+ concentration for complexation to N-
(2-phenanthrolyl)phthalamic acid at 30 0C and pH 2.75 or 5.35. 

Table HI. Effect of Metal Ions (0.002 M) on the Hydrolysis of TV-
(2-Pyridyl)phthalamic Acid" at 50 0C (p = 0.5) 

Metal ion PH ôbsd X 103, min" 

Co2 

Ni2+ 

1.25 
2.60 
3.10 
3.60 
3.98 
4.98 
2.60 
3.10 
3.60 
3.98 
4.98 
6.03 

0.185 
1.45 
2.92 
4.96 
4.21 
1.01 
0.964 
2.76 
4.02 
1.91 
0.733 
0.057 

a Amide concentration was 1O-4 M. 
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Table IV, Rate Constants for Complexation of Metal Ions with 7V-(2-Phenanthrolyl)phthalamic Acid" at 30 0C (M = 0.5 M with LiClO4) 

Metal ion 

Co 2 + 

Ni2+ 

Zn2+ 

Cu2+ 

Concn, M X l O 4 

2.0 
10.0 
30.0 

2.0 
10.0 
30.0 

2.0 
10.0 
30.0 

2.0 
10.0 
30.0 

2.0 

2.0 
10.0 
30.0 

2.0 

2.0 
10.0 
30.0 

PH 

5.35 
5.35 
5.35 
5.35 
2.75 
2.75 
2.75 
2.75 
5.35 
5.35 
5.35 
2.75 
2.75 
2.75 
2.75 
5.35 
2.75 
2.75 
2.75 
2.75 
5.35 
2.75 
2.75 
2.75 
2.75 

^obsdi S 

4.19 
15.21 
41.55 

0.0562 
0.145 
0.372 
0.0665 
0.324 
1.094 

0.00101 
0.00431 
0.0122 

127.0 

0.947 
3.747 
9.742 

230. 

3.535 
25.18 
64.22 

^ , s - ' 

1.46 

0.0325 

0.00035 

0.384 

0.923 

k(
b X 10- 6 - s - ' 

0.064 

0.0022 

1.76 

11.8 

Lil.c kf X JO - 6 , s - ' 

0.31 

0.0031 

2.0 

10.0 

Li t / kd, S
- 1 

0.0159 

0.00001 

4.0 

0.04 

" Amide concentration was, 10-4 M. * Intercept of a plot of kobii vs. metal ion concentration (Me pher.2+ (kA) — Me2+ + phen (/cf)). The 
k f values were calculated from the slopes of plots of kobsi vs. metal ion concentration employing the equation ot R. S. Bell and N. Sutin, Inorg. 
Chem., 1,359 (1962), where K/ is the acid dissociation constant and K, \s kA/kf. kobsi = kd(\ + K^(Me2+)ZK](H+). c Rate constants for 
1,10-phenanthroline calculated from the data of R. H. Holyer, C. D. Hubbard, S. F. A. Kettle, and R. G. Wilkins, lnorg. Chem., 3, 929 
(1965). 

Table V. Divalent Metal Ion Inhibition of the Hydrolysis of yV-(2-
Phenanthrolyl)phthalamic Acid" at 50 0C (M = 0.5 with LiClO4) 

Metal ion 

None 

Co2+ 

Cu2+ 

Ni2+ 
Zn2+ 

pHb 

2.75 
5.35 
2.75 
2.75 
3.00 
3.25 
5.35 
2.75 
2.75 
2.75 
2.75 
2.75 
5.35 

Concn., M 

2 X 10-4 

1 X 10"3 

2 X 10"4 

2 X 10-4 

2 X 10"4 

2 X 10~4 

1 X 10-3 

2 X 10-4 

2 X 10-4 

1 X 10-3 

2 X 10~4 

^obsdX 105, 
min - 1 

333.0 
29.46 

8.87 
11.6 
6.63 
3.71 
0C 

12.96 
14.9 
0<* 

15.63 
19.4 
0* 

*°obsd/ 
t M e 2 + 1, A 
K obsd 

37.5 

25.7 

21.3 

" 1 X 10"4 M. * pH 2.75, 3.00, and 3.25 were maintained with 
HClO4 and pH 5.35 was maintained with 0.1 M cacodylate buffer. 
' No observable absorbance change over a period of 7 days. d No 
observable absorbance change over a period of 10 days. 

Discussion 

The previously determined pH-rate constant profiles for 
intramolecular carboxyl group attack on amides have invari­
ably shown a dependence of the observed rate constants on an 
un-ionized carboxyl group,7~10 although the hydrolysis of 
jV-^-carboxypheny^phthalamic acid8a and diisopropyl-
maleamic acids derived from /3-amino acids23 have pH-rate 
constant profiles that are bell shaped. Since the nucleophilic 
reaction is most likely proceeding with attack by the anionic 
species, it is reasonable to assume that the amide function is 
protonated to assist the nucleophilic attack and/or to aid de­

parture of the leaving group. A characteristic of nucleophilic 
reactions of amides appears to be a requirement for protonation 
of the leaving group to avoid expulsion of a highly unstable 
amine anion from the tetrahedral intermediate.2'24-25 In the 
intramolecular aminolysis of the amide 2-aminomethylben-
zamide to phthalimidine, proton transfer and C-N bond 
breaking are concerted.25 General acid catalysis is observed 
in cyclization of substituted maleamic acids to anhydride with 
a = 0 at pATa < 4, implying that in those cases proton transfer 
is diffusion controlled and rate limiting.10 Thus, a generalized 
scheme for intramolecular carboxyl group attack on amides 
can be formulated as in eq 3 in which proton transfer to the 

O 

•NHR 

•OH =̂ = 

+ OH 

C -NHR 
5 ^ 

OH 
\ / 

O 
NHR 

/ 

O 

O 

RNH, + Q)O 

O 

Q 

/ 

NH2R 

(3) 

O 

O 

leaving group may be a preequilibrium process with C-N bond 
breaking rate determining, or in which proton transfer is 
concerted with bond breaking or wholly rate limiting. It is a 
reasonable expectation that breakdown of the tetrahedral in­
termediate would normally be rate limiting in view of the low 
basicity of a carboxylate anion. Hawkins8b has presented evi-
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H NH 

of the dissociation constants for the two groups being closely 
similar. This is supported by the fact that at 275 nm the ex­
perimental value is slightly higher (4.10). The bell-shaped 
curve can be interpreted as indicating that maximum reactivity 
is displayed by the neutral form of the compound or the kine-
tically equivalent zwitterionic species. Therefore, a reasonable 
reaction scheme is that given in eq 4. 

At pH 3.5, A:0bsd for hydrolysis of I (50 0C) is 104 larger than 
ôbsd for II (90 0C) even with a temperature difference of 40 

0C. A large rate advantage is also associated with the pyridyl 
nitrogen in the ortho position; iV-(4-pyridyl)phthalamic acid 
hydrolyzes at pH 3.5 20-fold more slowly at 90 0C than I at 
50 0C.26 These structural features and the bell-shaped pH-rate 
constant profile of I might suggest a concerted bifunctional 
reaction, but a stepwise reaction with a tetrahedral interme­
diate, as in eq 4, is chemically more reasonable.26 The relatively 
rapid rate of hydrolysis of I could be due to a favorable equi­
librium constant for ring closure or to the ease of proton 
transfer to the leaving group in breakdown of the tetrahedral 
intermediate (XI). The small D2O solvent isotope effect 
{kr

H2°/kT
D2° = 1.4) indicates that proton transfer is either 

nearly complete in the critical transition state or has not pro­
gressed to a significant extent. Transition state XI could be 

H NH 

~°~r\ 

products 

dence supporting rate-limiting tetrahedral intermediate 
breakdown in hydrolysis of phthalanilic acid in 0.1 M HCl. 
Nucleophilic attack can only be rate determining if departure 
of the amine leaving group is more favorable than breakdown 
to starting materials. 

The extremely rapid rate of hydrolysis of I and III in com­
parison with II and with simple amides such as benzamide7 

shows convincingly that the neighboring carboxyl group is 
participating in the reactions. The D2O solvent isotope effects 
close to unity indicate that the carboxyl group is functioning 
as a nucleophile. A general base or general acid mechanism 
would be expected to proceed much more slowly in D2O than 
in H2O. If phthalic anhydride is formed as an intermediate in 
a nucleophilic reaction it would hydrolyze rapidly to phthalic 
acid in a fast step. Phthalic anhydride has been indirectly 
demonstrated to be an intermediate in the hydrolysis of 
phthalamic acid7 and phthalate monoesters.6 It hydrolyzes in 
the pH range 1.6-5.7 in a pH-independent reaction with a rate 
constant of 0.739 min-1 at 30 0C,6b which is several orders of 
magnitude greater than the &0bsd values for I—III in that pH 
range at higher temperatures. TV-Methylphthalimide is formed 
in addition to hydrolysis products in reactions of /V-methyl-
phthalamic acid,19 but in the present study of I and III there 
was no evidence for imide formation. Likewise, Hawkinssb 

found no evidence for imide formation during hydrolysis of 
phthalanilic acids in aqueous solution. 

The pH-rate constant profile for hydrolysis of /V-(2-pyri-
dyl)phthalamic acid (I) (Figure 1) is quite different than those 
profiles obtained previously. The bell-shaped profile suggests 
that the ionization state of two functional groups is important 
with kinetic pA"app values of 3.2 and 3.9. Only one pKa could 
be detected in a spectrophotometry titration at 50 0C in the 
pH range 0-12 at 295 nm (3.65), which is very likely the result 

important if the reaction proceeds through the zwitterionic 
species. The lack of buffer catalysis provides a measure of 
support for XI since it might reasonably be expected that 
buffer catalysis would be observed in hydrolysis of I in the 
absence of competing internal catalysis. Buffer catalysis has 
been found in the hydrolysis of aryl-substituted maleanilinic 
acids and has a small Bronsted coefficient, indicating a con­
certed reaction.27 The bell-shaped profile could also be the 
result of a favorable reaction of the neutral species with inhi­
bition by the pyridine nitrogen conjugate acid. Protonation of 
the leaving group by hydronium ion or a general acid would 
be difficult with a protonated pyridine nitrogen in close prox­
imity. This is very likely the explanation for the absence of 
hydronium ion catalysis in hydrolysis of I at low pH. 

The pH-rate constant profile for hydrolysis of the phen-
anthroline derivative III is quite different than that for I. The 
apparent dependence of the rate on the un-ionized carboxyl 
group is similar to what has been observed previously in amide 
reactions involving participation by a carboxyl group.710 The 
maximum in the pH-rate constant profile must correspond to 
reaction of the protonated species. A striking difference be­
tween I and III is the absence of hydronium ion catalysis at low 
pH in the cyclization of I. Whereas the values for /c0t,Sd are 
approximately threefold greater for I in the pH range 3.5-6, 
III hydrolyzes much faster than I at low pH. At pH 0 (1 M 
HCl) the difference in /e0bSd is a factor of more than 400, which 
probably reflects the difficulty in protonating the amide 
function of the conjugate acid of I. Thus, the steric situation 
in monoprotonated I and III must be different. The ortho ni­
trogen of III has a similar steric relationship with the amide 
function as the pyridine nitrogen of I, but the proton in the 
monoprotonated species must partially or wholly reside on 
N-IO. The much more favorable hydronium ion catalysis with 
III very likely results because positive charge is further from 
the amide group and provides less electrostatic repulsion to 
approach of hydronium ion to the amide. The differently 
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shaped pH-rate constant profiles for I and III can be explained 
in terms of a sterically less favorable internal proton transfer 
to the leaving group with III than I and/or to the lack of re­
activity of the protonated species of I. 

Metal Ion Effects. The divalent metal ions Ni2+ and Co2+ 

produce a small inhibitory effect on the hydrolysis of I. In the 
presence of 0.002 M metal ion, the pH-rate constant profile 
is still bell shaped but the values of A:0bsd are reduced by ap­
proximately twofold. This small inhibitory effect could arise 
from partial complexing to the carboxylate ion, which would 
inhibit nucleophilic attack, or it could be due to complexing 
of the pyridine nitrogen which would make protonation of the 
leaving group more difficult. 

In contrast with I, divalent metal ions have a large inhibitory 
effect on hydrolysis of III. At pH 2.75, where the hydrolysis 
reaction is pH independent and where protons strongly com­
pete with metal ion for binding to the substrate, k0bsd is 20-
40-fold less when the ratio of metal ion (Cu2+, Co2+, or Zn2+) 
to substrate is 2/1. In the presence of Ni2+ a hydrolysis reac­
tion is not observed. At pH 5.35, III is so stable when the metal 
ion to substrate ratio is 2/1 with all the metal ions that no 
significant absorbance changes were detected over a period of 
7 days. Coordination of the carboxyl group would not explain 
complete loss of reactivity, especially since only small metal 
ion effects are observed in the cyclization of I where an equal 
opportunity for carboxyl group complexing exists. The rates 
of complexing of metal ions with III were measured spectro-
photometrically with a Durrum stopped-flow spectropho­
tometer, and the rate constants are similar to those for chela­
tion of 1,10-phenanthroline28 (Table IV). Thus the metal ions 
must be binding the phenanthroline nitrogens of HI. It would 
be expected that metal ions would bind much more readily to 
III than I because of the possibility of chelation with a second 
nitrogen. 

The pronounced metal ion inhibition most likely results from 
inhibition of protonation of the amine leaving group. Even 
though nucleophilic attack of the carboxylate ion might be 
greatly enhanced by chelation of a metal ion to the carbonyl 
oxygen, the overall kinetic effect would be inhibition because 
the attack step is not rate limiting and breakdown of the tet­
rahedral intermediate to products would be retarded unless the 
metal ion can duplicate exactly the ability of a proton to fa­
cilitate departure of the leaving group. This is not necessarily 
the case, especially when binding of metal ion to the leaving 
group nitrogen might be sterically unfavorable as with III 
(four-membered ring).29 With a metal ion bound to III in the 
manner of eq 5, breakdown of the tetrahedral intermediate to 
products should be strongly retarded. Lone pair orbital ori­
entation may be important in the partitioning of a tetrahedral 
intermediate in amide hydrolysis reactions,30 specific cleavage 
of a carbon-nitrogen bond being allowed only if the oxygens 
of the tetrahedral intermediate each have an orbital oriented 
antiperiplanar to the leaving group. Thus, part of the large rate 
inhibition could also be due to this factor, if indeed metal ion 
chelation has an unfavorable influence on the conformation 
of the tetrahedral intermediate resulting from carboxyl group 
attack. Metal ions can exert a catalytic effect on the hydrolysis 

of amino acid amides31 and peptides,14,32 but these effects are 
small. 

Conclusions 

The following conclusions can be drawn from the present 
study. 

(1) Nucleophilic attack on amides by a neighboring car­
boxyl group will give a bell-shaped pH-rate constant profile 
and an enhancement in the rate of the reaction at the rate 
maximum in the presence of a second ionizable group that can 
transfer a proton to the leaving group. 

(2) Protonation of the leaving group is very likely a re­
quirement in nucleophilic attack by carboxyl on amides, as is 
the case with other intramolecular nucleophiles. 

(3) Divalent metal ions strongly inhibit intramolecular 
nucleophilic reactions of III, an amide capable of chelating the 
metal ion. 

(4) It seems clear that a nucleophilic role for glutamic 
acid-270 in reactions of carboxypeptidase A could lead to large 
rate enhancements. This is especially true considering the 
possibilities for facile proton transfer from other functional 
groups in the active site. Evidence has been presented for the 
existence of an anhydride intermediate at low temperature in 
the reaction of carboxypeptidase A with an ester substrate.33 

A nucleophilic mechanism is also to be preferred at the present 
time over a general base role34 for glutamic acid-270 in the 
hydrolysis of amides since, when possible, nucleophilic attack 
is normally the more favorable process and is capable of gen­
erating much larger rate enhancements. However, whatever 
the role of Glu-270, protonation or comparable stabilization 
of the leaving group must occur. 

Possibly a catalytic role for Zn2+ in carboxypeptidase A 
catalyzed hydrolysis of amide and peptide substrates'' 13-35 

should be reconsidered. It is difficult to see how a metal ion 
chelated to a tetrahedral intermediate could have a large fa­
cilitating effect on the bond-breaking process. It is possible that 
the effect of Zn2+ is to maintain proper positioning of the 
substrate carbonyl group during formation of the enzyme 
substrate complex. Internal attack of metal bound hydroxide 
ion has been shown to lead to rapid hydrolysis of esters,36 

amides,37 and anhydrides,38 and so might also be considered 
as a possibility for carboxypeptidase A catalyzed hydrolysis 
reactions. 
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Abstract: The effect of added LiCl, LiBr, LiC104, and NaN3 and the effect of solvent nucleophilicity on the polarimetric and 
titrimetric rates of solvolysis of (/?)-(—)-l-bromo-3-methyl-l,2-pentadiene and its racemic modification are reported. The 
data are reconciled with a mechanism of solvolysis involving nucleophilic attack on a tight ion pair. Marked increases in /irac 
with added Br- in 97:3 (w/w) 2,2,2-trifluoroethanol-water and with added N 3

- in 60:40 (v/v) ethanol-water and /crac ^ 0 
in the absence of added nucleophile are key elements in this interpretation. Internal return with rearrangement is also dis­
cussed. 

The previous paper in this series2 reported the effect of 
changing solvent nucleophilicity on the rate of solvolysis of a 
variety of di- and trisubstituted haloallenes. In general these 
compounds exhibited behavior typical of saturated halides 
undergoing solvolysis by a limiting mechanism but with notable 
exceptions.3 Typical of these exceptions is the behavior of 1 

CH3 Br 
\ / 

C = C = C 
CH3 H 

1 

which yields m = 0.88 vs. Y in aqueous ethanol, ( & H M D ) < * = 

1.20 in 50E,4 1.23 in 7OT,4 and 1.28 in 97T,4 and (&H ACD 3 ) ,3 
= 1.33 in 50E, 6OE,4 70T, and 97T. Interestingly, however, the 
( T / E ) K

5 rate ratio exhibited by 1 is 0.63. We concluded that 
while the former data might imply solvolysis via a limiting 
mechanism, the lower rate of solvolysis in the nonnucleophilic 
solvent at constant Y was more consistent with the behavior 
of saturated substrates undergoing solvolysis with considerable 
assistance by solvent attack on neutral substrate or ion pair.3b'6 

Nor is the phenomenon unique to 1. In fact, the 70T/50E rate 
ratio diminishes along the series (7-04Hg) 2C=C=C(H)Br 
> / - C 4 H 9 ( C H 3 ) C = C = C ( H ) B r > ( C H 3 ) 2 C = C = C ( H ) B r , 
being 8.2, 3.7, and 1.8 respectively.2 In addition 2 (X = Cl) 

/-C4Hg X 
\ / 

2 

'-C4H9 Cl 

CH3 /-C4Hy 

3 

exhibits a 97T/60E rate ratio of 900 while 3 reacts only 12 
times as rapidly in this nonnucleophilic solvent.2 These data 
thus imply the possibility of an increasingly important com­
ponent of nucleophilic solvent assistance as steric hindrance 
is removed. Indeed the relatively low CH3/H ratio, 1/4 = 104-3 

in 80E at 25 0 C, provides some support for this contention, 
particularly when one notes that the /-C4H9/H ratio 2 (X = 
Br)/5 = 103 1 . It might be expected that the greater elec­
tron-releasing effect of the /ert-butyl group would result in a 
larger ratio than is observed for methyl substitution. Impor-
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