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Abstract: The pH-log kbyit profiles for the hydrolysis of a series of a-substituted o-nitrophenyl acetate esters 
[XCOO-o-NP where X = CH3CH2, CH3, PhCH2, CH3CH2SCH2, (CH3)3N+CH2, PhOCH2, BrCH2, ClCH2, C5H5-
N+CH2, and Cl2CH] have been determined in water at 30°, ionic strength = 1.0, between pH 1 and 12.53. The 
values of kkydT at all pH values are quantitatively provided by summation of rates for spontaneous general base 
catalyzed hydrolysis (fcHso) and hydroxide ion catalyzed hydrolysis (&OH[HO-]). For the esters in which the a-
substituent group equals CH3, CH8CH2, and PhCH2 a specific acid catalyzed term (ICQOH) must be included to provide 
taydr at low values of pH. A plot of log &H,o vs. log k0H for all esters, including the positive charged species, was 
found to be linear and to follow the equation log kos = 0.84 log kBt0 + 8.0. The fact that esters containing formal 
positive charges do not show positive deviations from the plot of log k0H vs. log kHi0 is indicative that electrostatic 
facilitation for the nucleophilic displacement of o-nitrophenoxide by hydroxide ion is unimportant. 

Although it is likely that the mechanisms available 
L for enzymic catalysis are those established by 

physical organic studies (general base, general acid, 
nucleophilic), the efficiency of enzymic reactions is 
presumably the result of lowering of AF* by orientation 
of catalytic groups and/or by directly lowering of 
ground- and increasing transition-state stabilities via 
distortion of substrate. The forces available for orien
tation which have been used to explain the efficiency of 
enzymatic processes include charge-transfer interac
tions,4 hydrophobic5'6 and hydrogen bonding,7 van 
der Waals forces,6,8 and electrostatic interactions. 
Examples of orientation by electrostatic effects of small 
molecules at the surface of enzymes include the acetyl-
cholinesterase-catalyzed hydrolysis of acetylcholine in 
which the substrate acetylcholine is apparently elec
trostatically attracted to an anionic center on the en
zyme8 and the reaction of a-halo acetates9-10 and o-
nitrophenyl oxalate11 with ribonuclease A in which a 
protonated histidine imidazolium ion in the active 
site reportedly facilitates these reactions. Also in 
attempts to mimic the surface or active sites of enzymes, 
studies of reactions in micelles12 and on the surface of 
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polymers containing large numbers of charged residues13 

have resulted in the observation of large rate accelera
tions and retardations presumably due in part to elec
trostatic effects. 

The role of electrostatic effects in determining the 
rate constants for reactions between small molecules in 
aqueous solution remains in question. Formal at
traction between unlike charges may account for the 
abnormal reactivity of anionic nucleophiles with acetyl-
imidazolium ion14 and cations with /i-nitrophenyl 
phosphate dianions16 and isopropyl methylphosphono-
fluoridate;16 however, in other cases where similar 
effects might be expected as in the reaction of formally 
negative, neutral, and positively charged nucleophiles 
with o-nitrophenyl oxalate anion1 or the reactions of 
anions with l-(N,N-dimethylcarbamoyl)pyridinium 
chloride,17 no facilitation or retardation was noted. 
By comparing the rates of alkaline hydrolysis of esters 
of the type XCH2C(=0)OEt to the corresponding 
rates for ethyl acetate, Bell, et a/.,18 have concluded that 
substantial facilitation is found when X is a charged 
substituent (trimethylammonium and dimethylsulfo-
nium). However, on a plot of <rT

19 vs. log &0H of all 
charged and neutral esters studied by Bell, et ah, we 
find that log k0H for all esters fits well to a line of slope 
3.89. 

In this and the following paper, nucleophilic attack 
upon neutral and charged a-substituted o-nitrophenyl 
esters is studied to try to further clarify the importance 
of electrostatic effects on collision frequency or stability 
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of the transition states for nucleophilic attack. Com
parison of the rates of attack of water, hydroxide, and 
other bases are used as a means of measuring the sig
nificance of these effects. In this paper a comparison is 
made of the rates of hydrolysis of a-substituted o-
nitrophenyl acetate by neutral water and charged 
hydroxide ion. 

Experimental Section 
Apparatus. Kinetic measurements were determined on a 

Gilford Model 2000 spectrophotometer equipped with four thermo-
spacers through which water at 30 ± 0.1° was circulated or a 
Durrum-Gibson Model 13001 stopped-flow spectrophotometer 
equipped with an all KeI-F valve and cuvette assembly through 
which water at 30 ± 0.2° was circulated. pH measurements were 
made with a Radiometer Model 22 pH meter equipped with a 
Model PHA 630 Pa scale expander. The combined glass electrode 
(Radiometer G. K. 2021C) was thermostated at 30 ± 0.1 °. Infra
red spectra were recorded on a Perkin-Elmer Model 137 spectro
photometer and ultraviolet spectra on a Perkin-Elmer Model 350 
recording spectrophotometer. Melting points were measured on a 
Mel-Temp melting point apparatus and have not been corrected. 
Analyses were performed by Alfred Bernhardt, Max Plank In
stitute, Germany. 

Materials. Potassium phosphate monobasic, potassium bi
carbonate, potassium chloride, potassium hydroxide, and tris-
(hydroxymethyl)aminomethane (trizma base) were of reagent 
quality and used without further purification. Acetic acid was 
freshly distilled. Methoxyamine was recrystallized from ethanol-
diethyl ether (mp 149-150°). 2-Aminopyridine was recrystallized 
from chloroform-petroleum ether (bp 30-60°), mp 59-60°. Imid
azole was recrystallized from acetone-petroleum ether, mp 88-89°. 
The bromide salt of o-nitrophenyl a-dimethylsulfonioacetate was 
from another study.80 All crystalline solids were stored over P8O6 
prior to use. Deionized freshly double-glass-distilled water was 
used to prepare all solutions. Dioxane (Matheson Coleman and 
Bell) was of spectral quality. Since only very small amounts of 
pure material were necessary for the kinetic studies, yields in the 
preparation of the esters were not considered and are not reported. 

o-Nitrophenyl Propionate (I). To 1.4 g (0.01 mol) of o-nitro-
phenol and 7 g (0.095 mol) of propionic acid dissolved in 25 ml 
of chloroform at 0° was slowly added 2 g (0.01 mol) of dicyclo-
hexylcarbodiimide (DCC) dissolved in 20 ml of chloroform. After 
complete addition the mixture was allowed to remain at 5 ° for 8 hr 
after which the solid dicyclohexylurea was filtered off and the 
chloroform removed by flash evaporation. The resulting yellow 
oil was taken up in 10 ml of absolute ethanol and cooled to 0° 
to allow crystallization. The crystalline material thus obtained 
was recrystallized from absolute ethanol to give the pure material 
as light yellow crystals: mp 26°; v™ 1780, 1620, 1540, and 1130 
cm-1. 

Anal. Calcd for C9H9NO4: C, 55.38; H, 4.64; N, 7.17. 
Found: C, 55.22; H, 4.77; N, 7.33. 

o-Nitrophenyl acetate (II) was prepared by the method of Bender 
and Chow21 and was recrystallized from ether-petroleum ether, 
mp 4(Ml0Oh.1140.5-41°). 

o-Nitrophenyl phenylacetate (IQ) was prepared in the same man
ner as for I using phenylacetic acid and ethylene dichloride as 
solvent. The yellow oil obtained by flash evaporation of the 
ethylene dichloride was zone sublimed.l Pure ester was obtained 
as a light yellow oil: nt3v> 1.5747; v™ 1790, 1630, 1460, and 1120 
cm-1. 

Anal. Calcd for C14HnNO1: C, 65.36; H, 4.31; N, 5.44. 
Found: C, 65.26; H, 4.46; N, 5.57. 

o-Nitrophenyl ethylthiolacetate (TV) was prepared by the DCC 
method as for I. The yellow oil obtained on removal of chloro
form from the reaction mixture was zone sublimed to give the 
product ester as the last liquid band: n'3D 1.5535; v*?.' 1780,1620, 
1540,1350, and 1100 cm-1. 

Anal. Calcd for C10Hi8NO4S: C, 49.78; H, 4.60; N, 5.80; 
S, 13.29. Found: C, 49.72; H, 4.88; N, 5.95; S, 13.36. 

l-(Carboxymetbyl)trimethylammonium chloride o-nitrophenyl 
ester (V) was prepared by the addition of excess anhydrous tri-

(20) See B. Holmquist and T. C. Bruice, ref 19. 
(21) M. L. Bender and Y-L. Chow, J. Amer. Chem. Soc, 81, 3929 

(1959). 

methylamine (1.8 g, 0.03 mol) at 0° to 2.94 g (0.014 mol) o-nitro
phenyl chloroacetate dissolved in 20 ml of benzene at 0°. The 
reaction mixture was maintained at 0° for 3 hr after which the 
precipitated ester was removed by filtration, washed with diethyl 
ether, and recrystallized three times from methanol-ether to give 
the pure material: mp 165-170° dec; v™l 1790, 1620, 1530, 1340, 
and 1160 cm-1. 

Anal. Calcd for CnH15ClN8O4: C, 48.09; H, 5.46; N, 10.19; 
Cl, 12.94. Found: C, 47.93; H, 5.73; N, 9.81; Cl, 12.39. 

o-Nitrophenyl pnenoxyacetate (VI) was prepared from phenyl
acetic acid by the DCC method as for I using instead tetrahydro-
furan as solvent. The product was recrystallized from anhydrous 
ethanol to give white crystals: mp 51-53°; v *?; 1780, 1590, 1530, 
1330, and 1440 cm-1. 

Anal. Calcd for C14H13NO6: C, 61.54; H, 4.06; N, 5.12. 
Found: C, 61.59; H, 4.28; N, 5.23. 

o-Nitrophenyl bromoacetate (VTI) was prepared using DCC as 
for I but with ethylene dichloride as solvent. The crude ester 
crystallized directly on removal of the ethylene dichloride from the 
filtered product, and was further purified by sublimation which 
afforded white crystals, mp 53-54° (lit." 55.5-56°). 

o-Nitrophenyl chloroacetate (VHI) was prepared by the DCC 
method as used for I using ethylene dichloride as solvent. The 
yellow oil remaining on evaporation of solvent was taken up in a 
minimum volume of hot petroleum ether. Cooling of the solution 
afforded the product which on further recrystallization gave the 
pure product as white crystals, mp 62-62.5 ° (lit." 63 °). 

l-(Carboxymethyl)pyridinium bromide o-nitrophenyl ester (DO 
was prepared by the addition of excess pyridine (3.2 g, 0.04 mol) 
to 50 ml of diethyl ether containing (5.2 g, 0.02 mol) o-nitrophenyl 
bromoacetate. After 12 hr the precipitated ester was removed by 
filtration and recrystallized three times from acetonitrile to give 
the pure ester as white needles: mp 156-158°; ?** 1770, 1640, 
1530, and 1360 cm-1. 

Anal. Calcd for C18H11N8O4Br: C, 46.13; H, 3.49; N, 8.32; 
Br, 22.76. Found: C, 46.02; H, 3.27; N, 8.26; Br, 23.57. 

o-Nitrophenyl dichloroacetate (X) was prepared by stirring a 
mixture of 5 g (0.037 mol) of dichloroacetic anhydride, 2.9 g (0.021 
mol) of o-nitrophenol, and three drops of pyridine in 25 ml of 
diethyl ester for 12 hr. Evaporation of the ether gave a yellow 
oil as product which was zone sublimed to give the pure ester as 
the last liquid band: «£?„' 1790,1620,1540, and 1350 cm" K 

Anal. Calcd for C9H7ClNO4: C, 38.31; H, 2.18; N, 5.46; 
Cl, 28.13. Found: C, 38.43; H, 2.00; N, 5.60; Cl, 28.36. 

Kinetics. AU kinetic measurements were carried out in water at 
M = LO with KCl unless otherwise noted. The appearance of the 
product o-nitrophenol was monitored spectrophotometrically by 
recording the rate of increase in optical density at 372.5 rmt, an 
isosbestic point for the o-nitrophenol-o-nitrophenolate equilibria. 
Kinetics were measured under pseudo-first-order conditions by 
maintaining constant pH through the use of buffers at concentra
tions greater than 0.01 M and substrate concentrations less than 
2 X 10~4 M. Kinetic runs were initiated by the addition of one 
drop of the appropriate ester dissolved in dioxane'4 to a thermo
stated cuvette containing a solution of buffer. In cursory experi
ments the substitution of ethanol or water for the dioxane and 
acetonitrile used to make the stock solutions of esters had no mea
surable effect on rate constants. The pH of the reaction solutions 
were measured before, and periodically after, to ensure constancy. 
The values of pseudo-first-order rate constants were calculated 
employing a Programma 101 computer using a weighted-least-
square analysis in determining the slopes of plots of log (OD0, — 
OD0)/(OD„ - OD,) vs. time. 

Results 
The dependence on the pH for the hydrolysis of esters 

of the type between pH 1 and 14 are shown in Figure 1. 
The points of Figure 1 are experimental, being deter
mined by extrapolation of plots of [bufferT] vs. the 
pseudo-first-order rate constants for hydrolysis (kobad) to 
zero buffer to provide values of kbydT dependent on lyate 
species alone. Figure 2 shows a typical series of buffer 

(22) W. A. Jacobs and M. Heidelberger, / . Biol. Chem., 21, 469 
(1915). 

(23) C. Mannich and W. Dhauzburg, Arch. Pharm., 250, 532 (1912). 
(24) Due to their insolubility in dioxane, stock solutions of esters V 

and IX were made up in reagent grade water and acetonitrile, re
spectively. 
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Figure 1. Hydrolytic profiles for the lyate species catalyzed hy
drolysis of esters I (O), II (V), III (D), IV (A), V (T), VI (•), YH 
(O), VIII (•), IX (A), and X (•). 

dilutions at three pH values for the reaction of phos
phate buffer with VII. The lines of Figure 1 are theo
retical having been derived from eq 1 for esters I—III and 

1,X = 
II, X . 

Ill, X-
IV1X. 
V 1 X. 

O 

X—C—O--O 
NO2

7 

• CH3CH2 
= CH3 

-PhCH2 

• CH3CH2SCH2 
. (CHJ) 3 N + CH 2 

VI1X = 
VII1X = 

VIII1X = 

IX1X = 

X1X = 

= PhOCH2 

= BrCH2 

.ClCH. 

•O* 
= Cl2CH 

eq 2 for esters IV-X, where aH is the hydrogen ion activ
ity as determined by the glass electrode. Values used 

fchydr = fcH!o[H20] + ko^KJa-a) + kaaa (1) 

fchydr = ^ H 1 0 [ H 2 O ] + W ^ W M H ) (2) 

for construction of the theoretical profiles are given in 
Table I. The value for the autoprotolysis constant of 
water, K„, at 30° is 1.47 X 10~4 M.25 The buffers and 
pH ranges used for determining kbydr are: HCl, pH 
1-3; acetate, 4.63-5.67; phosphate, 6.50-8.14; meth-
oxyamine, 4.25-4.86; imidazole, 7.10; Tris, 7.80-8.77; 
carbonate, 8.75-9.75; hydroxide, 11-13.5. 

Discussion 

The mechanisms expected for the hydrolysis of acyl-
and aryl-activated esters26 are those found in the hy-

(25) R. A. Robinson and R. H. Stokes, "Electrolyte Solutions," 
Butterworth and Co. (Publishers), Ltd., London, 1959, p 544. 

0.2 
[Plwiphote] ,M 

Figure 2. Plot of A;0bsd (sec-1) vs. concentration of total phosphate 
buffer for the hydrolysis of ester VII at pH 7.52 (O), pH 7.00 (D), 
and pH 6.53 (A). 

drolysis of the a-substituted o-nitrophenyl acetates I-X 
of this study. The plateau regions between pH 2 and 5 
as found for all esters is undoubtedly the result of water-
catalyzed hydrolysis (&HSO). This is in agreement with 
the results found for other o- and /?-nitrophenyl ace
tates.120,27 Above pH 6 the positive slope of + 1 

Table I. Experimental Values of Hydrolytic Rate Constants 
for Esters I-X . 

Ester 

I 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 
X 

&H20, 

1. mol-1 sec-1 

6.84 X 10-" 
1.32 X 10-8 

2.71 X 10-8 

1.08 X 10"' 
6.64 X 10-' 
1.00 X 10-6 
3.48 X 10-« 
7.10 X 10-s 
5.65 X 10-5 
8.94 X IO-4 

fc0H, 
1. mol-1 sec-1 

1.37 X 101 

2.50 X 10l 

4.36 X 10* 
2.15 X 102 

2.09 X 103 

4.81 X 10J 

4.94 X 10' 
5.54 X 10' 
2.29 X 10* 
9.10 X 104 

* H , 

1. mol-1 sec-1 

4.26 X 10-s 

3.16 X 10"5 

1.90 X 10-6 

is indicative of normal base-catalyzed ester hydrolysis 
by nucleophilic attack of hydroxide ion (koa). Below 
pH 3 esters, I, II, and III exhibit an acid catalysis (kH)— 
slope —1 in Figure 1—which is characterized by an 
expected negative p* ( « —2.3). 

Comparison of the reactivities of the neutral water 
molecule and the hydroxide anion with the various 
esters of neutral and positive charge can best be accom
plished by a plot of log k0n

 DS- l°g kmo with inclusion of 
all esters. In Figure 3 the plot of log kOH

 vs- 1°8 ^H.O is 

(26) T. C. Bruice and S. J. Benkovic, "Bioorganic Mechanisms," 
Vol. I, W. A. Benjamin, Inc., New York, N. Y., 1966. 

(27) B. Holmquist and T. C. Bruice, / . Amer. Chem. Soc, 91, 2993 
(1969). 
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shown. The points of Figure 3 are experimental and 
the line drawn from eq 3. Included in Figure 3 are the 
points found for o-nitrophenyl oxalate anion,* ethyl-o-
nitrophenyl oxalate1 and o-nitrophenyl dimethylcyano-

log fcOH = 0.84 log kmo + 8.00 (3) 

acetate.M Examination of Figure 3 reveals that a good 
correlation between log kos and log &Hso exists and no 
significant deviations occur for the reactions of hydrox
ide with the negatively or positively charged esters. Al
though the trimethylammonium ester shows a slight posi
tive deviation this is not significant since the neutral esters 
VI and VII also show deviations of the same order. The 
pyridinium ester IV also falls very close to the line. 
Thus, electrostatic effects, on rates arising from either 
unit charge repulsion or attraction or from ion-dipole 
or dipole-dipole28 interactions, are no more important 
in the case of H O - than with H2O reacting with a-
substituted o-nitrophenyl acetates. From eq 3 it fol
lows that (POH-/PHIO) = 0.84 and, therefore, even 
though &OH » &HSO for all esters investigated the rela
tive sensitivity of ArH!o to substituent effects is not greatly 
larger than for fc0H. In the following paper we examine 
the reaction of other nucleophiles with esters I-X in a 
further attempt to determine in what cases electrostatic 
effects can be important in the reactions between small 
molecules in aqueous solution. 

(28) K. Koehler, R. Skora, and E. H. Cordes, /. Amer. Chem. Soc, 
88,3577(1966). 
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Figure 3. Plot of the log of the second-order rate constants for 
the hydroxide-catalyzed hydrolysis vs. the log of the second-order 
rate constant for the hydrolysis catalyzed by water for esters of 
type XCOs(O-NOsC6H4). The substituent groups X are indicated 
for each point. 
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Abstract: Second-order rate constants for reaction of a variety of charged and uncharged nucleophilic reagents 
with a series of neutral and charged o-nitrophenyl acetates of the type XCOO-o-NP where X = CH3, CH3CH2, 
PhCH2, PhOCH2, CH3CH2SCH2, BrCH2, ClCH2, Cl2CHCH2, C6H6N

+CH2, (CH3)3N+CH2 have been measured in 
aqueous solution at 30°, ionic strength = 1.0. The importance of electrostatic effects was adjudged for each 
nucleophile from plots of the log of the second-order rate constants for water-catalyzed hydrolysis vs. the log of 
the second-order rate constants for the individual nucleophile It is established that the positive charged esters 
exhibit abnormally rapid reactions with the anionic nucleophiles, acetate, phosphate, and carbonate, but not with 
hydroxide nor trifluoroethoxide, and abnormally slow reactions with the amines, ethylenediamine, methoxyamine, 
and glycine ethyl ester. Since the deviations are observed with neutral amines and certain anionic nucleophiles 
and not others, electrostatic effects on collision frequency are adjudged to be insignificant. These results find ex
planation through electrostatic stabilization or destabilization of transition states. 
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