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Second-order rate constants have been measured spectrophotometrically for the reactions of p-nitrophenyl 
phenylacetate (1) and benzoate (2) with a series of alicyclic amines in H2O containing 20 mole % DMSO at 
25.0 °C. 1 appears to be more reactive than 2 toward all the amines studied, although phenylacetic acid is a 
weaker acid than benzoic acid. The higher reactivity of 1 can be attributed to resonance and/or steric effect, 
since the ground state of 2 can be stabilized by resonance and 1 would experience less steric hindrance due to 
the presence of CH2 group between phenyl and C느O group. The reactivity of the amines increases with in­
creasing their basicity. The Bronsted-type plots for aminolysis of 1 and 2 show good linearity with pMUC values 
of 0.81 and 0.85, respectively, indicating that the TS structures of the aminolyses of 1 and 2 are similar. Be­
sides, the linear Bronsted plots obtained in the present system clearly suggest that there is no mechanism 
change for the given series of the amines and the reactions of 1 and 2 proceed in a same mechanism.

Introduction

Aminolysis of carbonyl esters has been intensively stu­
died due to the interest in biology and chemistry, and the 
reaction mechanisms have been fairly well known.1'5 The 
most frequently used tool for mechanistic investigation is 
linear free energy relationships such as Bronsted and Ham­
mett type correlations.6 A break in Bronsted type plots has 
often been observed in aminolysis of carboxylic esters con­
taining a good leaving group such as 2,4-dinitrophenoxide, 
and the break has been suggested as evidence for a change 
in the rate determining step (RDS).1'5 In general, the RDS 
of aminolysis of carboxylic esters has been suggested to be 
dependent on the basicity of the leaving group and the in­
coming amine, i.e. the RDS changes from rate-determining 
leaving group departure (k2 step) to nucleophilic attack (kx 
step) as the basicity of the nucleophilic amine increases.1~5

Recently, Lee and Yoh performed the reaction of p-ni- 
trophenyl phenylacetate (1) with 4 secondary cyclic amines 
in H2O at 40 °C, and observed a curvature at pKa near 10 in 
the Bronsted type plot.7 Accordingly, the curvature was at 
tributed to a change in the RDS.7 However, the observation 
of the curvature at pKa 10 appears to be quite unusual in 
aminolysis of carboxylic esters, since a change in the RDS 
for aminolysis of aryl acetates has been generally suggested 
to occur when the basicity of the incoming amine becomes 
about 4-5 pKa units higher than that of the leaving arylox-
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n=l, p-nitrophenyl phenylacetate (1)
n=0, p-nitrophenyl benzoate (2)

ides.1~5
Aminolysis of 1 may proceed either by BAC2 pathway or 

by ElcB mechanism. The latter mechanism would be 
predominant when the nucleophilic amine is bulky and 
basic enough to deprotonate the a-hydrogens in I.8 There­
fore, the curvature observed by Lee and Yoh could be pos­
sibly due to a change in the reaction pathway from BAC2 to 
ElcB mechanism as the basicity of the secondary amine in­
creases. In order to reexamine the reaction mechanism of 
the aminolysis of 1, we performed the reactions of 1 with 6 
cyclic amines as shown in Eq. (1).

Experimental

Materials. p-Nitrophenyl phenylacetate was prepared 
easily from the reaction of phenylacetyl chloride and p-ni- 
trophenol in the presence of triethylamine in methylene chlo­
ride (mp 61-63 °C, lit7 60-61.5 °C). Other chemicals includ­
ing the amines used were of the highest quality available 
from Aldrich (or Tokyo Kasei for 3-methylpiperidine) and 
generally recrystallized or distilled before use. Doubly glass 
distilled water was further boiled and cooled under a nitro­
gen atmosphere just before use.

Kinetics. The reactions were followed by monitoring 
the appearance of the leaving p-nitrophenoxide at 410 nm 
(or p-nitrophenol at 350 nm for the reaction with piper- 
azinium ion) using a Hitachi U-2000 UV-VIS spectrophoto­
meter equipped with a Neslab RTE-110 model constant tem­
perature circulating bath to keep the temperature in the reac­
tion cell at 25.0±0.1 °C. All the reactions were perfonned 
under pseudo-first-order conditions in which the amine con­
centrations were in much excess of the substrate con­
centration. The amine solutions were prepared by dissolving 
equivalent amount of free amine and the conjugate acid of 
the amine to keep the pH constant. 20 mole % of DMSO 
was added to the reaction medium (H2O) to eliminate solu­
bility problems. All the solutions were transferred by Ham­
ilton gas-tight syringes under a nitrogen atmosphere. Other 
detailed methods for the experiment were described in pre­
vious papers.5
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Table 1. Experimental Conditions and Pseudo-first-order Rate 
Constants (&加)for Aminolysis of p-Nitrophenyl Phenylacetate (1) 
in H20 Containing 20 mole % DMSO at 25.0 °C±0.1 °C

Amine; >NH [>NH]free/10-3,M PH ^obs/W3 s'1

piperazinium ion 91.3-103 5.95±0.04 0.235-0.285
1 -formylpiperazine 42.7-66.3 7.98±0.02 2.83-4.36
morpholine 9.40-39.3 8.65±0.03 4.40-16.3
piperazine 9.60-26.2 9.85±0.02 40.0-100
3-methylpiperidine 1.98-9.50 10.80±0.03 26.0-134
piperidine 1.96-9.60 11.02±0.02 35.3-163

Result and Discussion

Pseudo-first-order rate constants (Zrobs) were obtained from 
the equation, In kobs - f+c, and apparent second-
order rate constants (^app) were calculated from the slope of 
plots of kg versus amine concentration. The estimated error 
in any particular measured rate constant is less than 3%. 
The kinetic results are summarized in Table 1 together with 
the kinetic conditions.

As shown in Figure 1, the plots of kobs V5 amine con­
centration give good linear correlation, indicating that gen­
eral acid/base catalysis is absent. The intercepts of Figure 1 
are close to zero, implying that contribution by H2O or HO" 
from solvolysis of amines to ^obs is negligible. Other amines 
(not shown in Figure 1) also give similar results.

In Table 2 are summarized apparent second-order rate 
constants for the reaction of 1 with 6 secondary amines in 
H2O containing 20 mole % DMSO at 25.0土 0.1 °C. For a 
comparison purpose, the data for the corresponding reaction 
of p*nitrophenyl benzoate (2) in 20 mole DMSO at 25.0 °C 
and for the reaction of 1 in H2O at 40 °C are also given. As

Figure 1. Plots showing dependence of kobs on amine con­
centration for the aminolysis of p-nitrophenyl phenylacetate (1) 
in H2O containing 20 mole % DMSO at 25.0±0.1 °C. •; mor­
pholine, ㊀；piperazine, O ; 3-methylpiperazine.

Table 2. Summary of Apparent Second-order Rate Constants 
侬app) for Aminolysis of p-Nitrophenyl Phenylacetate (1) and Ben­
zoate (2) in H2O Containing 20 mole % DMSO at 25.0±0.1 °C

Amine pK：
此/"广

1 2h
1. piperazinium ion 5.95 2.74X10'5 4.66X10-4
2. 1 -formylpiperazine 7.98c 0.0641 (0.0200/ -
3. morpholine 8.65 0.390 (0.0590) 0.0841
4. piperazine 9.85 3.68 (0.294) 0.841
5. 3-methylpiperidine 10.80 14.5 3.55
6. piperidine 11.02 16.5 (0.186) 5.29
apKa values are obtained from ref. 5a measured in 20 mole % 
DMSO, otherwise noted. "Rate data are taken from ref. 5a. cpka 
value from ref. 2d. dThe rate data in parentheses are obtained 
from ref. 7 measured in H2O at 40 °C.

shown in the table, the reactivity of amines increases with 
increasing amine basicity for all the systems. Interestin읺y, 1 
appears to be about 3-6 folds more reactive than 2 toward 
all the amines studied. It has been recently reported that the 
reactivity of p-nitrophenyl substituted benzoates increases 
with increasing acid strengthening ability of the acyl sub­
stituents.9 Since phenylacetic acid is a weaker acid than ben­
zoic acid, one might expect that 2 is more reactive than 1. 
However, the present result is contrary to the expectation. 
Accordingly, the difference in acidity between benzoic and 
phenylacetic acids is not considered to be responsible for 
the difference in reactivity between 1 and 2. The insertion 
of a CH2 group between the phenyl ring and the carbonyl 
group in 2 would reduce the crowdedness of the reaction 
center, the carbonyl carbon. Furthermore, 1 cannot have 
resonance stabilization as in 2 as shown below. Therefore, 
the reduced steric hinderance or absence of resonance effect 
in the ground state of the substrate 1 is considered rather to 
be responsible for the high reactivity of 1 compared with 2.

^~^-C-OAr * Q=앙-OAr —*
etc

In order to see the effect of amine basicity on the reac­
tivity of 1 and 2, Bronsted type plots have been constructed 
in Figure 2. Excellent Bronsted type correlation is obtained 
for the aminolysis of 1 and 2, when log Arapp and pK^s are 
statistically corrected by using p and q, i.e. p-2 (except p=4 
for piperazinium ion) and q=l (except q=2 for piperazine) 
for all the amines studied.10 Such a good linearity obtained 
in Figure 2 clearly indicates that there is no RDS change 
for the aminolysis of 1 and 2.

The magnitude of Pnuc value has been understood to give 
useful information about the reaction mechanism, par­
ticularly about the degree of charge development at the tran­
sition state (TS).6 The pnuc value for the aminolysis of 1 ap­
pears to be similar to the one for the corresponding am­
inolysis of 2, Le. pnuc values are calculated to be 0.81 and 
0.85 for the aminolysis of 1 and 2, respectively. Therefore, 
it is considered that the aminolysis of 1 and 2 proceeds in a 
same reaction mechanism with a similar TS 가ructure based 
on the magnitude of the Pnuc values. ElcB mechanism is not 
possible for the aminolysis of 2 due to the absence of an a-
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phenyl phenylacetate (O) and benzoate (•) in H2O containing 20 
mole % DMSO at 25.0±0.1 °C. The identity of the point is 
given in Table 2.

hydrogen in 2. Besides, aminolysis of 2 has been suggested 
proceed via BAC2 mechanism in which the rate-determining 
step is leaving group departure.53 Therefore, one can expect 
that the aminolysis of 1 in the present system also proceeds 
via Bac2 mechanism with rate-determining leaving group de­
parture but not via ElcB mechanism, and the nonlinear Bro 
nsted type plot observed by Lee and Yoh for the aminolysis 
of 1 is not due to a change in the reaction mechanism from 
Bac2 to ElcB mechanism as the amine basicity increases.

It is also interesting that the reactivity of 1 toward a 
given amine is higher in 20 mole % DMSO at 25.0 °C than 
in H2O at 40 °C. The reactivity difference becomes larger as 
the basicity of the amine increases. One might attribute the 
reactivity difference to solvent effect. It has been well 
known that the negative end of the dipole in dipolar aprotic 
solvents (e.g. DMSO, MeCN, DMF, etc) is exposed, 
whereas the positive end is buried in the middle of the 
molecule.11 Consequently, the addition of dipolar aprotic sol­
vent into the reaction medium (H2O) would destabilize the 
ground state (GS) of anionic nucleophiles due to decreasing 
H-bonding and increasing repulsion between the negative di­
pole end and the anionic nucleophile. This argument can be 
nicely supported by the fact that anions are significantly 
more basic in dipolar aprotic solvents, e.g. phenoxide ion is 
known to be 6.4 and 17.2 pKa units more basic in DMSO 
and MeCN, respectively, than in H2O.12 Therefore, one 
might expect significant rate enhancement upon solvent 
change from H2O to dipolar aprotic solvent such as DMSO, 
MeCN, DMF, etc. In fact, Bruice observed rate enhance­
ments of about 106 times upon solvent change from H2O to 
1 m이e H2O in DMSO for the reaction of p-nitrophenyl ace­
tate (PNPA) with HO ion at 25 °C.13 However, rate 
enhancements upon solvent change from H2O to 20 mole % 
DMSO-H2O mixture have been reported to be not larger 

than 4 folds for reactions of aryl acetates with various an­
ionic nucleophiles.14 In some cases, even rate retardations 
have been observed upon additions of DMSO (or MeCN) 
into H2O up to near 30 mole %. Besides, solvent effect on 
rates wo니d be smaller for the reaction with neutral amines 
than for the one with anionic nucleophiles, since neutral am­
ines would not be destabilized as significantly as anionic nu­
cleophiles in dipolar aprotic solvents. In fact, the basicity of 
the amines studied in the present system has been reported 
to be almost identical in H2O and in 20 mole % DMSO?죠 

Therefore, rate enhancements would not be significant in 
the present system upon the addition of 20 mole % DMSO 
in the reaction medium. However, the lowering temperature 
from 40 to 25 °C would result in rate retardation over 2 
folds. Accordingly, one might expect rate enhancement 
upon the solvent change would be compensated by rate re­
tardation upon the lowering reaction temperature, and the 
difference in reaction conditions is not considered to be 
responsible for the difference in reactivity for the am­
inolysis of 1 in 20 mole % DMSO at 25 °C and in H2O at 
40 °C.

Since general acid catalysis is not operative in the am­
inolysis of 1 with the present cyclic amines, the conjugate 
acid of these amines (>NH2+) would not participate in the 
reaction, and the contribution of >NH2+ to the ^obs values 
would be zero. Accordingly, the concentration of free amine 
(>NH) should be used to calculate apparent second-order 
rate constants (^app) instead of total amine concentration (the 
free and the protonated amine). Therefore, the apparent 
second-order rate constants calculated by Lee and Yoh us­
ing the total amine concentration are considered to be small­
er than they should be. Since the fraction of free amine be­
comes smaller for the more basic amine at a given pH, the 
error involved in the second-order rate constant becomes 
larger with increasing amine basicity. This explains the 
downward curvature observed in the Bronsted type plot by 
Lee and Yoh. Therefore, it is proposed that the aminolysis 
of 1 in the present system proceeds via a rate-determining 
leaving group departure without a change in the RDS for 
all the amines studied.
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Nucleophilic substitution reactions of 1-phenylethyl chlorides (1-PEC; YC6H4CH(CH3)C1) with phenoxides 
(XC6H4O ) and thiophenoxides (XC6H4S_) are investigated theoretically using the PM3 method. The Bronsted 
a and P values are greater for the phenoxides indicating a more advanced reaction in the transition state (TS) 
than for the thiophenoxides. This is supported by a greater magnitude of px (- 6.4~ - 7.4) and Pxy (一 0-76) for 
the phenoxides than for the thiophenoxides (px=-3.6~-4.4 and pxY=- 0.60). The percentage bond order 
changes, %&产，suggest that the extents of bond making and breaking are similar for the phenoxides and 
hence the TS is symmetrical, but bond making is somewhat greater than bond cleavage for the thiophenoxides 
indicating an unsymmetrical TS. The reactions in the gas phase for both nucleophile series proceed by a SN2 
mechanism with a tight TS and negative charge development on the reaction center carbon, Ca. The reactions 
in water investigated with model systems of benzyl and 1-phenylethyl chlorides using the Cramer-Truhlar sol­
vation model (PM3-SM3) indicate that the reactions of 1-PEC are far more complex due to enhanced sta­
bilization of the carbocation by the methyl substitution for a benzylic hydrogen.

Introduction

Nucleophilic substitution reactions of 1-phenylethyl deri­
vatives in solution have been stutied extensively.1 The reac­
tions are reported to display a variety of mechanisms de­
pending on the substituent (Y) in the substrate, nucleophile 
and solvent. Tidwell et tz/.lb,c reported that solvolyses of 1- 
phenylethyl tosylates in protic solvents proceed by a step- 
wise mechanism in which nucleophilic solvent attack on an 
ion-pair plays a major role (SV2C+ mechanism), whereas 
Richard and Jencks18 showed that 1-phenylethyl derivatives 
react with azide ion through a concerted SQ mechanism.

Okamoto et al? observed products with retention of con­
figuration in their phenolysis studies of 1-phenylethyl deri­
vatives, which was mtionalized by a mechanism involving a
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