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Stereochemical Studies. Part 11 2.t Geometrical Dependence of Intramolecular 
Catalysis in the Hydrolysis and Aminolysis of Aryl Esters 
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Jnstitute of Pharmaceutical Chemistry, University Medical School, Szeged, PO Box 12 I ,  H-670 7, Szeged, 
Hungary 

The spontaneous hydrolyses of a series of p-nitrophenyl esters of 2-aminocarboxylic acids show rate 
enhancements of ca. lo3. These can be attributed to  intramolecular general base catalysis by the 
neighbouring amino group, or to hydrogen- bonding/electrostatic stabilisation of the tetrahedral 
intermediate formed in the kinetically equivalent mechanism of hydroxide ion attack on the ammonium 
ion ester. The hydrolysis of the esters catalysed by phosphate and carbonate ions shows rate 
enhancements of 1 O3 and 1 02, respectively, attributable to electrostatic/hydrogen - bonding catalysis. 
Conversely, the aminolysis of the esters with trifluoroethylamine shows a rate enhancement of 1 O2 
attributable to intramolecular general base catalysis. In  all these reactions there is little dependence of the 
rate enhancement upon the geometrical relationship between the amino and ester functions. These 
observations support the suggestion that proton transfer/hydrogen bonding requires relatively little loss 
of entropy. 

The geometric relationship between atoms undergoing chemical 
reaction is of widespread interest. This is particularly the case 
for enzyme-catalysed reactions, for which there have been 
several suggestions that the relationship is critical.' It appears 
that the requirement for an optimal arrangement of atoms in an 
enzyme-catalysed reaction or an intramolecular one is 
dependent upon the mechanism involved.2 Reactions involving 
hydrogen bonding or proton transfer attract attention because, 
although the importance of a linear hydrogen bond has been 
empha~ised,~ the energetic cost of deviations from linearity is 
the subject of controversy. The majority of hydrogen bonds are 
not linear4 and half the population in an intermolecular 
hydrogen-bonded system deviates by 20" or more from 
linear it^.^ 

In an attempt to contribute to the understanding of the 
geometrical relationship between reaction centres and intra- 
molecular stabilisation sites, we report here studies of acyl- 
transfer reactions of some esters. The systems studied are of the 
general type (I), containing a suitably placed intramolecular p- 
amino group which may potentially act as a general base 
catalyst, as a general acid catalyst in its conjugate acid form, or 
simply as a hydrogen-bonding or electrostatic stabilising site. 
By varying the carbon skeleton the geometrical relationship 
between the catalyst and the reaction site has been examined. 

Experimental 
Materials.-The syntheses of the esters studied have been 

previously described; the esters were purified by recrystallisation 
of the halide salts6 Inorganic salts were of AnalaR grade, and 
freshly boiled deionised water was used throughout. 

Kinetics.-The ionic strength was maintained at 0 . 2 ~  by 
addition of potassium chloride unless otherwise stated. The 
reactions were initiated by the addition of 25 pl of a stock 
solution of the ester to 2.5 cm3 of the aqueous buffer solution, 
pre-incubated at 30.0 +_ 0.05 "C, with thorough mixing. The 
disappearance of the substrate was followed spectrophoto- 
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metrically with a Gilford 240 spectrophotometer. The output 
from the spectrophotometer was fed into a Solartron data 
logger equipped with a Facit tape punch, thus enabling voltages 
proportional to the absorbance to be punched at constant time 
intervals. Rate constants were calculated from the results with 
an IBM 1130 or ICL 2960 computer, using a generalised least- 
squares method which treated the absorbances at time zero and 
infinity and the first-order rate constant as disposable 
parameters.' 

Some kinetic measurements were collected with a Gilford 
2600 spectrophotometer which fed the data directly into an 
Apple I1 Europlus microcomputer; the calculated parameters 
were then displayed on a visual display unit while an Epson 
printer gave a permanent record of calculated and observed 
absorbances and the calculated rate constants. 

Fast reactions were followed by using a Nortech SF-3A 
stopped-flow spectrophotometer. The signal from the 
photomultiplier was fed into a Datalab DL901 transient 
recorder which was automatically triggered and simultaneously 
triggered the display on a Gould Advance OS-Z5OB oscillo- 
scope. The change in absorbance with time was output from the 
transient recorder to a chart recorder. The slopes and intercepts 
of linear relationships were determined by a linear least-squares 
method. The pH of all solutions was checked before and after 
each kinetic experiment and if it had changed by more than 0.03 
the experiment was rejected. 

Results and Discussion 
The main reactions studied were the hydrolysis and 

aminolysis of cis- and trans-p-nitrophen y12-aminocyclohexane- 
carboxylate, (2) and (3), respectively, cis-2-aminocyclopentane- 
carboxylate (4), p-alaninate (5), and cyclohexanecarboxylate (6). 
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Figure 1. The pH-rate profile for the hydrolyses of (a) cis- and (b) trans- 
2-aminocyclohexanecarboxylic acid p-nitrophenyl esters at 30 "C and 
I = 0.2~ (KCI) (solid lines are calculated from the constants given in 
Table 1 )  

Hydrolysis.-The pH-rate profiles for the hydrolyses of the 
esters are shown in Figure 1. The pseudo-first-order rate 
constants, kin,, were obtained by extrapolation of the observed 
rate constants, kob, to zero buffer concentration. The shape of 
the pH-rate profile indicates that hydrolysis occurs according to 
the rate law of equation (1). Below pH 2 the dominant term in 

rate = k,[H+][ENH,+] + k;[ENH,+] + 

the hydrolysis of p-nitrophenyl cyclohexanecarboxylate is the 
acid-catalysed reaction, which has a second-order rate constant, 
kH.  The esters with a protonated amino group (ENH,') do not 
show this reaction, presumably owing to the retardation 
brought about by the positively charged amino group. 
Quaternary a-ammonium groups decrease the rate of acid 
hydrolysis of esters 2000-foId.* Between pH 2 and 4 there is a 
pH-independent reaction due to the spontaneous hydrolysis of 
the amino-protonated ester with a first-order rate constant k:. 
From pH 4 to 11 either the spontaneous hydrolysis of the ester 
with an unprotonated amino group (ENH,) occurs, with a 
pseudo-first-order rate constant k,, or else the kinetically 
equivalent hydroxide-ion-catalysed hydrolysis of the ester with 
a protonated amino group takes place, with a second-order rate 

Table 1. Summary of the rate constants for the hydrolysis of p-  
nitrophenyl esters in water at 30 ' C  and I = 0 . 2 ~  

Substrate pKa" 
k+' 
s- I 
0 

(6)  6.10 x lo-' 4.50 
(2) 8.42 2.11 x 6.31 x 1.60 x lo3 2.83 
(3) 8.57 1.26 x 2.52 x lo-' 4.53 x lo3 1.15 
(4) 8.36 6.42 x 1.55 x lo-' 4.58 x lo3 4.82 
(5) 9.17 7.63 x 1.48 x 6.80 x lo2 15.6 

a Acid dissociation constant of the alkylammonium group. Second- 
order rate constant for acid hydrolysis, k,, = 5.36 x 1 mol-' s-'. 

First-order rate constant for the uncatalysed hydrolysis of the 
protonated ester; see equation ( I )  and text. First-order rate constant 
for the uncatalysed hydrolysis of the unprotonated ester. Calculated 
second-order rate constant for the hydroxide-ion-catalysed hydrolysis 
of the protonated ester. Second-order rate constant for the hydroxide- 
ion-catalysed hydrolysis of the unprotonated ester. 

constant k,K,/K, (K, is the acid dissociation constant of the 
amino group and K,  the ionisation constant for water). Finally, 
at high pH, hydroxide-ion-catalysed hydrolysis of the unproton- 
ated amino ester occurs, with a second-order rate constant, koH. 
The values for the various rate constants are summarised in 
Table 1. 

There is a slight variation in the magnitude of the rate of 
hydroxide-ion-catalysed hydrolysis of the p-nitrophenyl esters 
(Table 1). This reaches a maximum difference of 13-fold between 
the acyclic p-alaninate and the trans-2-aminocyclohexane- 
carboxylate. As both cis- and trans-2-aminocyclohexane- 
carboxylates have second-order rate constants smaller than the 
unsubstituted cyclohexanecarboxylate, the rate differences 
probably result from a combination of electronic and steric 
effects. Because of the relatively small differences in rates these 
will not be discussed further. 

The p-ammonium substituent causes a rate increase of up to 
10-fold in the rate constant for the spontaneous hydrolysis [ k l  
cf: k, for (6)] (Table 1). Again this is the order of magnitude 
expected for a normal substituent effect and these values will 
also not be further discussed. 

The term in the rate law which is unusual is the rate constant 
for the spontaneous hydrolysis of the unprotonated amino- 
esters, k,, or its kinetic equivalent, the hydroxide-ion-catalysed 
hydrolysis of the protonated amino ester, k,K,/K, (Table 1). 
The former rate constants are all about 104-fold greater than 
that for an unsubstituted p-nitrophenyl ester. This is far greater 
than expected for a normal substituent effect and could be taken 
as evidence for intramolecular general base catalysis by the 
neighbouring amino group [see (7)]. Intramolecular nucleo- 
philic catalysis is also a possible explanation, but as this would 
involve the formation of a four-membered ring it is unlikely to 
occur. However, the rate constants for the kinetically equivalent 
mechanism of hydroxide-ion attack on the ammonium ion ester 
are 103-fold greater than that for hydroxide-ion attack on an 
unsubstituted ester. A P-protonated amino group is expected to 
increase the rate of hydroxide-ion-catalysed hydrolysis by 10- 
fold, owing to its inductive effect.' The observed rate en- 
hancement could therefore suggest intramolecular general acid 
catalysis by the neighbouring ammonium group [see (S)], or 
simple electrostatic catalysis by stabilisation of the presumed 
tetrahedral intermediate [see (9)].  The rate enhancements do 
not appear to be very sensitive to the geometrical relationship 
between the amino and ester groups. It  makes little difference 
whether the system is conformationally mobile as in (5) or is 
held in a more rigid relationship such as that in (2), (3), or (4). 
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Figure 2. Plot of the observed first-order rate constant for the 
hydrolysis of cis-2-aminocyclohexanecarboxylic acid p-nitrophenyl 
ester as a function of total phosphate buffer concentration at the 
indicated pH, at 30 "C and I = 0.20W (KCI) 

Previous studies on the effect of positively charged nitrogen 
substituents on the rate of hydrolysis of esters have concluded 
that the effect is predominantly an electrostatic one.8-1 O There 
is little difference between the rates of reactions of substrates 
containing -NHR, and -NR,. There have been several reports 
on the hydrolysis of choline esters in which the positively 
charged nitrogen is in the alcohol part of the ester."*" One has 
shown that there is little difference in the rate of hydrolysis of 
cis- and trans-ester s of 3-trimethylammonionorbornan-2-01. l 2  
Cox has recently shown that a neighbouring positively charged 
nitrogen s ta bilises an incipient enolate anion electrostatically 
rather than by a hydrogen-bonding me~hanism. '~  

In an attempt .o distinguish between these mechanisms 
[ ( 7 j - ( 9 ) ]  for our systems, it was of interest to see if nucleophiles 
other than hydroxide or water showed similar rate enhance- 
ments. Nucleophiles subject to general base catalysis, e.g. 
amines, may show a rate enhancement if mechanism (7), but not 
(9), is operative, whereas the reaction of oxyanion nucleophiles 
will be accelerated for (9) but not (7). 

+ + 

Reaction with 0xyanions.-Oxyanions more basic than 
acetate catalyse the hydrolysis of p-nitrophenyl esters by the 
nucleophilic mechanism. l 4  If electrostatic stabilisation/hydro- 
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Figure 3. Dependence of the observed catalytic rate constant k,,, for 
the phosphate-buffer-catalysed hydrolysis of cis-2-aminocyclohexane- 
carboxylic acid p-nitrophenyl ester on the fraction of free base 
(H PO, - ) 

gen bonding occurs in the tetrahedral intermediate formed by 
attack of hydroxide ion as in (9), then it would also be expected 
to occur when other anions attack the ester. The kinetically 
equivalent mechanism of intramolecular general base catalysis 
by the amino group as in (7) is not expected to occur with the 
conjugate acid of the oxyanion if the latter and the oxyanion are 
present in significant concentrations when used as a buffer. l 5  

A plot of the observed pseudo-first-order rate constant as a 
function of total phosphate buffer concentration at different pH 
values is given in Figure 2. The slopes of these graphs are 
designated k,,,, and contrasting plots for k,,, for phosphate, 
carbonate, and acetate buffers as a function of the fraction of 
free base (FFB) in the buffer are shown in Figures 3-5. 
Catalysis by phosphate buffer becomes more important as the 
pH increases, whereas the amount of catalysis by carbonate 
buffer decreases as the pH increases. 

Clearly from Figure 5, only acetate ion, and not acetic acid, 
reacts with the esters. As the pH of the acetate buffers is well 
below the pK, of the ammonium ion esters, the intercept at 
FFB = 1.0 gives the second-order rate constant kAcO- for the 
reaction of acetate ion with the ammonium ion ester (ENH,+) 
[equation (2)]. The pH values of the carbonate and phosphate 

rate = kAcO- [AcO-][ENH,+] (2) 

buffers used are close to the pK, of the ammonium group of the 
ester. A correction must therefore be applied to the observed 
pseudo-first-order rate constants so that they refer to the same 
species of substrate. To standardise the rate constants to the 
conjugate acid of the ester, i.e. with the amino group protonated, 
all rate constants were multiplied by ( K ,  + [H+J)/[H+] where 
K, is the dissociation constant of the ammonium group. 
Replotting the values of k,,, against the fraction of free base 
gives the second-order rate constants for carbonate and 
phosphate dianions reacting with the ammonium ion form of 
the ester (Table 2). 

There are two important observations to make from the data 
in Table 2. Carbonate ion and phosphate dianion show rate 
enhancements of 3.7 x lo2 to 4.5 x lo3 as compared with the 
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Table 2. Summary of the second-order rate constants (1 mol-' s - ' )  for the catalysed hydrolysis ofp-nitrophenyl esters in water at 30 C and 1 = 0.2~" 

Acetate Carbonate Phosphate (H PO,*-) Trifluoroethylamine Propylamine 
Substrate k t N H J  ' ~ E N H ~  4 k t N l l J  ktNI12 k t N I 4 ,  

(6) 2.87 x 10-6 4.97 x 10-3 5.84 x lC5 1.75 x 2.72 
(2) 4.52 x 10-5 22.4 8.10 x lo-' 2.55 x lo-' 0.456 
(3) 6.45 x 10-5 16.3 3.67 x lo-' 1.38 x 0.175 
(4) 1.05 x 1P 12.1 2.56 x 10-2 1.26 x lo-' 0.148 
(5) 5.83 x 10-5 9.75 1.93 x 10-' 9.64 x 10-3 0.125 

a Rate constants refer to the ester containing the ammonium ion for acetate, carbonate, and phosphate, but to the ester containing the free amine for 
amine nucleophiles. 
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Figure 4. Dependence of the observed catalytic rate constant k,,, for 
the carbonate-buffer-catalysed hydrolysis of trans-2-aminocyclohexane- 
carboxylic acid p-nitrophenyl ester on the fraction of free base 
(co,2 -) 

unsubstituted ester (6). This is indicative of an inductive effect l 6  

or electrostatic catalysis9," [as (9)], but is also not 
inconsistent with intramolecular hydrogen-bond stabilisation 
of the tetrahedral intermediate (9) or even intramolecular 
general acid catalysis (8). The second important observation is 
that the rate enhancement shows a very small dependence on 
the geometrical relationship between the ester and ammonium 
ion groups. The rate constants for the conformationally mobile 
acyclic system (5) are similar to the analogous ones for the more 
rigid systems (2)-(4). 

Both these observations are consistent with electrostatic 
stabilisation. The rate enhancement is of the magnitude 
expected, and electrostatic interactions between cations and 
anions do  not show strong directional dependences.' * How- 
ever, the energetic penalty for deviations from optimum 
geometry for proton transfer and hydrogen bonding is also 
generally small."6 We were unfortunately unable to synthesise 
the quaternary ammonium salt derivatives, the study of which 
might have allowed a distinction between these mechanisms of 
stabilisation. 

The hydrolysis of esters containing a suitably placed amino 
group may proceed by intramolecular general base catalysis,' 
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Figure 5. Dependence of the observed catalytic rate constant k,,, for 
the acetate-buffer-catalysed hydrolysis of cis-2-aminocyclopentane- 
carboxylic acid p-nitrophenyl ester on the fraction of free base 
(AcO-) 

and it is shown in the next section that this mechanism can also 
occur in the aminolysis of f3-amino esters. 

Aminofysis.-The reaction of amines with the p-amino esters 
presents the opportunity of studying the effects of the ester 
amino substituent with an electrically neutral nucleophile. 
However, this type of reaction usually requires base catalysis to 
remove a proton from the attacking arnine.,* The intra- 
molecular amino group in the ester could carry out this 
function. 

The aminolyses of the esters by tritluoroethylamine and 
propylamine follow the rate law of equation (3), where ENH, 

rate = k,[RNH,][ENH,] + k,[RNH,][ENH,+] (3) 

and ENH, + represent the free base and the protonated forms of 
the amino ester, respectively. The rate constants were obtained 
using five different concentrations of amine at  three or four 
different pH values, and are given in Table 2. 

The only detectable reaction with propylamine was with the 
free base form of the amino ester. The second-order rate 
constants for this reaction are of similar magnitude to that 
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observed for the cyclohexanecarboxylate ester lacking an amino 
group (6), and up to an order of magnitude smaller than that 
previously reported for p-nitrophenyl acetate.2 There is thus 
no evidence of intramolecular general base catalysis in this 
reaction. 

By contrast the observed second-order rate constants for the 
reaction of trifluoroethylamine with the amino esters are up to 
100-fold greater than that for (6) or p-nitrophenyl acetate.2' 
This rate enhancement is indicative of intramolecular general 
base catalysis, (7). 

The aminolysis of esters is subject to general base catalysis 
with weakly basic amines and when the leaving group alcohol 
is basicz2 Thus the aminolysis of p-nitrophenyl esters does 
not generally exhibit general basis catalysis, whereas esters of 
aliphatic alcohols undergo aminolysis predominantly by a 
general base-catalysed p a t h ~ a y . ~ ~ * ~ ~  Conversely, weakly basic 
amines exhibit general base catalysis even for the more reactive 
esters. The effective molarity for intramolecular amine general- 
base-catalysed aminolysis by diamines is small.20 It  was 
therefore expected that if intramolecular general base catalysis 
occurs as in (7), a rate enhancement may be observed with the 
reaction of weakly basic amines, but not with basic ones, in their 
reactions with the amino esters. Conversely, if (8) or (9 )  are 
effective mechanisms of stabilisation, then a term in the rate law 
proportional to the protonated ammonium ester and free amine 
should be apparent unless there is relative destabilisation in the 
tetrahedral intermediate (10) due to adjacent positive charges. 
There is no evidence of a significant term in the rate law 
consistent with this mechanism. 

Again, there is little or no geometric dependence on the rate 
enhancement for intramolecular general base-catalysed amino- 
lysis. The rate constants for all amino esters reacting with 
trifluoroethylamine (Table 2)  are similar. This is consistent with 
a previous report involving the aminolysis of acetylimidazole 
where the base catalyst and the nucleophile were in the same 
molecule.20 Catalysis occurs here with the base catalyst in the 
same molecule as the ester function. It therefore appears that 
there is little geometrical constraint on intramolecular general 
base catalysis involving proton transfer between electronegative 
atoms. 18.20.24 
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