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a laser intensity of 2.1 J /cm 2 and 5-Torr total pressure, the 
observed CPF(ethylene)totai = 19% and CPF(propylene) = 
28%. For a thermal rate constant ratio of 0.08, this yields a 
CPF(ethylene)iaser of 12%, indicating 64% of the ethylene 
produced was via the nonthermal, laser-augmented pathway 
under these conditions. 

Summary 

Our results demonstrate that under appropriate conditions 
a moderate-sized organic molecule can be induced to undergo 
a nonequilibrium reaction by multiple photon absorption from 
a high energy infrared laser pulse. The need to conduct such 
experiments at lower pressure and rather high laser intensities 
to minimize V-V and V-T,R intermolecular relaxation may 
be a general requirement particularly for large polyatomic 
molecules for which V- V relaxation rates are >0.1 of the gas 
kinetic collision frequency. Since the nonequilibrium laser-
induced reaction pathway follows the unimolecular pathway 
of lowest energy and since the laser pathway is competitive with 
collisional relaxation in the 1-Torr range, intramolecular re
laxation of the absorbed laser energy is implied.6'10 
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Structure-reactivity relationships in acyl transfer reac
tions are of interest in themselves and for the light they shed 
on the mechanism of the reactions. Structure-reactivity cor
relations for the reactions of primary, secondary, and tertiary 
amines with substituted phenyl acetates show a break from a 
large (/3nuc = 0.9 ± 0.1) to a small (/3nuc = 0.2 ± 0.2) depen
dence of the rate on the basicity of the attacking amine when 
the amine becomes some 4-5 pK units more basic than the 
leaving aryl oxide ion.2 This break has been interpreted as a 
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consequence of a change in rate-determining step, from rate-
determining amine attack with the most basic amines (/3nuc ~ 
0.2) to rate-determining aryl oxide expulsion from an addition 
intermediate, T=1=, with less basic amines (/3nuc ~ 0.9) (eq 
I).3-4 

The experiments reported in this and the subsequent paper 
were directed toward the goal of testing this interpretation 
directly in the closely related reactions of substituted diphenyl 
carbonates by generating the tetrahedral intermediate T* from 
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Table I. Experimental Conditions for the Determination of Rates 
of Reactions of Substituted Quinuclidines with Nitrophenyl 
Phenyl Carbonates0 

Amine 
Concentration, 
M (free base) PH 

No. 
of 

runs 

p-Nitrophenyl Phenyl Carbonate 

Quinuciidine 
3-Quinuclidinol 
3-Chloroquinuclidine 
3-Quinuclidinone 

0.22-0.63 X 10-3 

0.57-1.7 X 10-2 
0.14-0.43 X 10-' 
0.58-1.94 X 10-' 

9.47-9.50 
9.62-9.66 
9.47-9.48 
9.04 

/w-Nitrophenyl Phenyl Carbonate 

Quinuciidine 
3-Quinuclidinol 
3-Chloroquinuclidine 

0.076-0.57 X 10-
0.033-0.086 
0.18-3.1 X IO-2 

10.23-10.36 5 
10.33-10.34 5 
9.09-9.11 5 

3,4-Dinitrophenyl Phenyl Carbonate 

Quinuciidine 
3-Quinuclidinol 
3-Chloroquinuclidine 
3-Quinuclidinone 

0.012-0.24 X 10-5 

0.029-0.34 X 10-4 

0.24-4.3 X 10-4 

0.121-2.42 X 10"3 

7.20-7.22 
6.97-7.19 
7.14-7.19 
7.15-7.17 

2,4-Dinitrophenyl Phenyl Carbonate 

Quinuciidine 
3-Quinuclidinol 
3-Chloroquinuclidine 
3-Quinuclidinone 

0.012-0.22 X 10-5 

0.029-0.42 X 10-4 

0.12-2.0 X 10-4 

0.06-0.484 X 10~3 

7.19-7.22 
5-7.19 

7.12-7.19 
7.17 

" The experiments were done at 25 0C, 4% tetrahydrofuran by 
volume, and ionic strength maintained at 1.0 M with tetrameth-
ylammonium chloride. Sodium salts of carbonate, borate, and phos
phate were used as buffers at pH 10, 9, and 7, respectively. Buffer 
concentrations were 0.01 M. 

/ 
-N + COAr 

/ 

T ± 

OAr 
\ 

+ "OAr 

(1) 

another reaction pathway and determining its preferred di
rection of breakdown as a function of the pK of the amine and 
ary! oxide leaving groups. The rate-determining step in the 
aminolysis reaction is the step that occurs least readily in the 
partitioning of T*. As background for these experiments it was 
desirable to determine the structure-reactivity relationships 
for the aminolysis of diphenyl carbonates with polar substit-
uents in one phenyl group and compare them to the behavior 
of phenyl acetates. Substituted quinuclidines were selected as 
the amine nucleophile in order to avoid any possible am
biguities from proton transfer and variable steric effects in the 

series of substituted amines; however, the structure-reactivity 
behavior of primary, secondary, and tertiary amines does not 
differ significantly in the uncatalyzed aminolysis of phenyl 
acetates.2 The observed structure-reactivity correlations have 
been described in terms of the "effective charge" on the at
tacking and leaving groups in the two transition states for 
rate-determining amine attack and leaving group expulsion. 
These effective charges determine the effect of polar sub-
stituents on the partitioning of the addition intermediate and 
the change in rate-determining step. 

Experimental Section 

Materials. Aryl phenyl carbonates were prepared by a modification 
of a procedure for /w-methylphenyl phenyl carbonate.5 For illustration, 
the preparation of 2,4-dinitrophenyl phenyl carbonate is described 
in detail. 

2,4-Dinitrophenyl Phenyl Carbonate. 2,4-Dinitrophenol (1.17 g, 
6.4 mmol) was added to 1.0 g (6.4 mmol) of phenyl chloroformate in 
75 mL of dry toluene (distilled from calcium hydride). The mixture 
was cooled in an ice bath and 0.775 g (6.4 mmol) of /V,iV-dimethyl-
aniline (freshly distilled from calcium hydride under vacuum) in 10 
mL of dry toluene was added over 15 min with stirring. Moisture was 
carefully excluded. After stirring overnight at room temperature the 
solution was mixed with 50 g of ice and shaken and the ice was filtered 
off. The organic phase was washed with 5% hydrochloric acid and 10% 
sodium chloride (three times), dried over anhydrous calcium sulfate, 
and evaporated to dryness. The yellow solid thus obtained was crys
tallized from ethyl ether to give white flakes, mp 108-110 0C. Anal. 
Calcd for Ci3H8O7N2: C, 51.32; H, 2.65; N, 9.21. Found: C, 51.32; 
H, 2.66; N, 9.20 (Galbraith Laboratories, Inc.). 

3,4-Dinitrophenyl phenyl carbonate, mp 118-119 0C, p-nitrophenyl 
phenyl carbonate, mp 128-129 0C, and m-nitrophenyl phenyl car
bonate, mp 95-96.5 0C, were prepared similarly and gave satisfactory 
analyses. 

All other reagents used were commercially available and were 
purified by standard procedures to give melting or boiling points in 
agreement with the literature, except that carbonate, phosphate, and 
borate salts were used as received. Acetonitrile and tetrahydrofuran 
were distilled through a Vigreux column from calcium hydride and 
lithium aluminum hydride, respectively, and stored under dry nitro
gen. Quinuclidines or their hydrochlorides were purchased from Al-
drich Chemical Co. and were purified by recrystallization. 

Kinetics. The reactions were initiated by injecting a tetrahydrofuran 
solution of the substrate from a Hamilton CR 700-200 spring-loaded 
syringe into a 3-mL, 1-cm square cuvette containing the other com
ponents of the reaction solution which had been thermostated at 25 
0C. This technique was used in order to avoid the possibility that some 
of the relatively insoluble substrates might come out of solution before 
mixing was complete. The cuvette was then stoppered, inverted a few 
times to complete mixing, and inserted into the thermostated cell 
compartment of a Gilford or Cary 118 spectrophotometer. The release 
of aryl oxide was followed at 400 nm. Pseudo-first-order rate constants 
were determined in the usual manner from semilogarithmic plots of 
absorbance change against time. The plots were linear to at least 5 
half-lives. Second-order rate constants were determined from linear 
plots of pseudo-first-order rate constants against free amine concen-

Table II. Second-Order Rate Constants for the Reactions of Substituted Quinuclidines with m-Nitrophenyl Phenyl Carbonate (MNPPC), 
p-Nitrophenyl Phenyl Carbonate (PNPPC), 3,4-Dinitrophenyl Phenyl Carbonate (3,4-DNPPC), and 2,4-Dinitrophenyl Phenyl Carbonate 
(2,4-DNPPC)at25°C, Ionic Strength 1.0 M," 4% THF 

Amine 

Quinuciidine 
3-Quinuclidinol 
3-Chloroquinuclidine 
3-Quinuclidinone 

P^amine 

11.45 
10.02 
9.03 
7.53 

MNPPC (8.3K) 

6.26 
2.50X 10-' 
2.27 X 10-2 

k2/M~ 

PNPPC (7.\4C) 

1.07 X 102 

5.13 
5.2 X 10-] 

1.41 X 10-2 

1 S - ' 

3,4-DNPPC (5.33c) 

2.62 X 103 

5.55 X 102 

1.07 X 102 

3.34 

2,4-DNPPC (4.00') 

1.27 X 103 

4.12X 102 

2.45 X 102 

4.45 X 10 
a The ionic strength was maintained with tetramethylammonium chloride. * The pKz values of the conjugate acids of amines were determined 

from titration curves under the conditions of the rate measurements, with the exception that the rates were measured in 4% tetrahydrofuran, 
and the titration curves were not. c The pK of leaving group. pA"a values of the conjugate acids of leaving aryl oxides were estimated from pH 
measurements of solutions of the substituted phenol half-neutralized with sodium hydroxide, ionic strength maintained at 1.0 M with KCl. 
Glass-distilled, degassed water was used. 
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[MNPO^ x lO4 (M) 

Figure 1. The observed second-order rate constants for the reaction of 
3-chloroquinuclidine with m-nitrophenyl phenyl carbonate in the presence 
of added m-nitrophenoxide ion (MNPO -) . The solid line is calculated 
from eq 2 with k-]/k2 = 103 2 M - 1 . The rates were measured at 25 0C, 
ionic strength 1.0 M maintained with tetramethylammonium chloride, 
[3-Cl-Q]frcebase = 0.04M,pH9.01. 

tration. Conditions were chosen such that inhibition by the leaving 
group did not become significant during the reaction. The substrate 
concentrations used were such that the optical density at 400 nm at 
/«, was 0.2 or less with 2,4-dinitrophenyl phenyl carbonate, 3,4-dini-
trophenyl phenyl carbonate, and p-nitrophenyl phenyl carbonate and 
0.05 or less with /M-nitrophenyl phenyl carbonate. Measurements of 
pH were made with a Radiometer Model 26 pH meter and a 
GK2321C electrode. Experimental conditions for the rate measure
ments are shown in Table I. 

Results 

Second-order rate constants, £2, for the reactions of a series 
of substituted quinuclidines with a series of aryl phenyl car
bonates, XArOC(=0)OPh, are shown in Table II. The two 
slowest reactions studied, those of 3-quinuclidinone with p-
nitrophenyl phenyl carbonate and 3-chloroquinuclidine with 
w-nitrophenyl phenyl carbonate, were also studied in the 
presence of various concentrations of added aryl oxide ion in 
order to demonstrate that the measured rates represent nu-
cleophilic catalysis. Inhibitions of 30% for the former reaction 
by 3.2 X 1O-4 M p-nitrophenoxide ion and 60% for the latter 
reaction by 1.1 X 10~3 M w-nitrophenoxide ion demonstrate 
that the second-order rate constants determined for these two 
reactions represent at least substantially nucleophilic catalysis. 
These experiments also allowed conditions for the rate constant 
determinations to be chosen such that inhibition by aryl oxide 
released during the runs was not important. The inhibition of 
the reaction of 3-chloroquinuclidine with m-nitrophenyl phenyl 
carbonate by added w-nitrophenoxide ion is shown in Figure 
1. Approximate values of k-i/kz = 1032M -1 , for this reaction 
and 103'3 M - 1 for inhibition by added p-nitrophenoxide ion 
of the reaction of 3-chloroquinuclidine with /?-nitrophenyl 
phenyl carbonate were calculated from eq 2, based on the 
mechanism shown in eq 3. 

hk./ik. + k-^ OAr]) (2) 

O O 

PhOCOArX + N-
\ 

PhOCN-

hydrolysis products 

+ "OArX (3) 

3,4-DNP 
2,4-DNP 
P-NP 

m-NP 

pK Amine-l-r 

Figure 2. Logarithmic plot of the rate constants for reactions of m-nttro-
phenyl phenyl carbonate, V; p-nitrophenyl phenyl carbonate, O; 3,4-
dinitrophenyl phenyl carbonate, A; and 2,4-dinitrophenyl phenyl car
bonate, D, with substituted quinuclidines as a function of amine basicity 
at 25 0C and ionic strength 1.0 M (tetramethylammonium chloride). The 
solid lines were calculated from eq 5-7. The crosses were calculated based 
on the observed partitioning ratios for the addition intermediate, T*.20 

Discussion 

The dependence of the reaction rate on the basicity of the 
attacking amine for the different carbonate esters is shown in 
the Br^nsted-type plots of Figure 2. The data fall on lines with 
a slope, /3nUc, of 1.0 or 0.3, depending on the basicity of the 
amine and the leaving aryloxide anion. The lines for the two 
most reactive esters cross because of a relatively slow reaction 
of the 2,4-dinitrophenyl ester with basic amines. The depen
dence of the reaction rate on the pK of the leaving aryl oxide 
is shown in Figure 3. The limiting slopes, /3ig, of the lines in 
Figure 3 are —0.2 and —1.3. 

This pattern of reactivity of substituted diphenyl carbonates 
is similar to that for phenyl acetates.2-6 A large dependence of 
the rate on amine basicity, with /3nuc = 1.0, is observed for most 
of the reactions, even with amines that are more basic than the 
leaving aryl oxide anions. However, when the amine becomes 
more basic than the leaving group by 4 to 5 pK units, there is 
a break to a smaller dependence on the basicity of the nu-
cleophile, with a slope of 0nuc = 0.3. These two types of reaction 
are assigned to rate-determining breakdown of the addition 
intermediate, which requires a large amount of bond formation 
and charge development on the attacking amine, and to rate-
determining amine attack, which requires less bond formation 
and charge development, respectively.3 The corresponding 
dependencies on the pK of the leaving group (Figure 3) are (3\g 
= —1.3 for rate-determining aryl oxide expulsion and an ap
proximate value of /?ig = —0.2 for rate-determining amine 
attack. 

The structure-reactivity data alone do not prove the exis
tence of an addition intermediate with a finite lifetime. They 
demonstrate a change in the nature of the rate-determining 
step with changing reactant structure and could be accom
modated either by a two-step reaction with an intermediate 
or by a reaction coordinate with a plateau rather than a po
tential well near the center.7 The rate constant for breakdown 
to reactants of the intermediate that is formed from the addi
tion of methylamine top-tolyl acetate has been estimated4 to 
be ~3 X 109 s_1. This rate constant may be increased by 
electron-withdrawing substitutents on the amine, by electron 
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pK Leaving Group 

Figure 3. The dependence of the rate constants for the reactions of car
bonate esters with substituted quinuclidines on the pK of the conjugate 
acid of the leaving aryloxide ion, at 25 0C and ionic strength 1.0 M 
(tetramethylammonium chloride). Open symbols: observed rate constants. 
Closed symbols: corrected for the rate-retarding effect of the o-nitro group, 
as described in the text. The solid lines were calculated from eq 7-9. 

products and, in fact, provides a measure of this imbalance. 
For example, incomplete development of solvation of the 
charge on a leaving oxy anion in the transition state can result 
in a large negative effective charge on this oxygen atom, as 
measured by substituent effects, that is not balanced by 
changes in charge on other atoms of a reacting ester or nu
cleophile.8-9 

(d) The change in effective charge can serve as a useful 
measure of how far toward completion a reaction has pro
ceeded in the transition state. However, this measure will not 
be the same for different substituted atoms in the reactants if 
there is imbalance of different processes in the transition state, 
as just indicated. In a few instances, particularly for substit
uents on a central reacting atom, the change in charge is not 
monotonic during the reaction; i.e., it is larger in the transition 
state than in reactants or products, so that it is necessary to 
determine on which side of the maximum in charge develop
ment a given transition state lies in order to define its position 
along the reaction coordinate. 

The data shown in Figures 2 and 3 permit us to make a 
tentative assignment of the "effective charge" distribution for 
the reactions of tertiary amines with carbonate esters (eq 4). 

donation from the additional phenolic oxygen atom, and by 
steric effects in the series of phenyl carbonate reactions. 

It is useful to describe the effects of polar substituents on the 
aminolysis of carbonate and other esters in terms of the "ef
fective charges" on the reacting groups in the ground and 
transition states.2,8'9 The effective charge serves as a kind of 
shorthand for describing the change in charge at a particular 
position in going from a ground state to a transition state or 
product, as measured by the effect of polar substituents on rate 
or equilibrium constants. The effective charge has the following 
properties. 

(a) The change in effective charge in a reaction is defined 
by the slope, /3, of log k or log K against the pA" of the reacting 
atom or its conjugate acid in a Bro'nsted-type plot, defining the 
change in charge in the reference ionization reaction as +1.0 
or —1.0. Thus, one can say that a reaction which follows a 
slope, /3nuc, of 0.3 is 0.3 as sensitive to polar substituents in the 
nucleophile as is the protonation of the nucleophile so that, as 
far as substituent effects are concerned, the reaction behaves 
as / / there is a development of +0.3 charge on the nucleophile 
in the transition state. 

(b) The changes in effective charge on a given group are 
additive in the sense that the changes in charge in going from 
reactants to a transition state and then to products are equal 
to the change in charge in the equilibrium reaction. Thus, /3eq 

= /3f — (3r where /3eq refers to the effect of substituents on the 
equilibrium constant of the overall reaction and /3f and /3r refer 
to the forward and reverse rate constants of a reaction; for 
example, /3eq = /3„uc — &\g when the substituents are on the 
nucleophile in the forward reaction and on the leaving group 
in the reverse reaction. 

(c) The effective charges on different groups in a molecule 
are not necessarily additive. Neither the effective charges nor 
their sum is a measure of the absolute charge on a particular 
atom or group, although there is certainly some relationship 
to the absolute charge. This nonadditivity results in large part 
from the imbalance in the extent to which various processes 
have taken place in going from reactants to transition state to 

s + 0 . 3 I +0.4 

—-N-- -C—OAr 

OPh 

- +1.0 |j -0.7 

— N — C • • • OAr 

OPh 

( J N = 0.3 

IS0 = - 0 . 2 

% = - 0 . 6 
0 0 = 0.3 

O +0.6 

.N + 

PhO" 
/ 

-OAr 

+ 1.6 

\ 
- N - \ 

(4) 

- l.o 

+ OAr 

OPh 

From the values of /?nuc = +0.3 for the reactions of basic 
amines with esters that have a good leaving group and 0nuc = 
+1.0 for reactions of less basic amines with esters that have less 
good leaving groups (Figure 2), the effective charges on the 
attacking nitrogen atom are +0.3 in the transition state for 
rate-determining attack and +1.0 in the transition state for 
rate-determining breakdown of the tetrahedral intermediate, 
taking the charge on the free amine as zero. The values of /?nuc 

are 0.15 and 0.93 for the attack of substituted pyridines on 
methyl chloroformate under conditions of rate-determining 
attack and breakdown, respectively,10 and a value of/3nuc = 
0.4 has been reported for the reactions of primary amines with 
ethyl pyrocarbonate." A charge of +1.0 is assigned to the 
nitrogen atom in the tetrahedral intermediate T*.12 The charge 
of +1.6 on the cationic nitrogen atom of the reaction product 
is assigned by analogy with acylpyridinium compounds, the 
equilibrium formation of which exhibits a value of /3eq = +1.6; 
the same value of +1.6 ± 0.1 is found for amides and anilides 
if allowance is made for conversion to the cation by N-pro-
tonation.l6~18 

The solid lines in Figure 2 are calculated from the 
Br^nsted-type equations, 5 and 6, for rate-determining amine 
attack and aryl oxide expulsion, respectively, based on the 
values of C\ and Cb in Table III, and on the steady-state eq 7 
for the region in which both steps are partially rate determin-
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Table III. Constants that Describe the Reaction of Quinuclidines 
with Substituted-Aryl Phenyl Carbonates at 25 °C, Ionic Strength 
1.0 M 

ApAT 

m-Nitrophenyl" 
p-Nitrophenyl° 
3,4-Dinitrophenyla 

2,4-Dinitrophenyla 

Quinuclidine* 
3-Hydroxyquinucli-

dine* 
3-Chloroquinuclidine* 
3-Quinuclidinone* 

C1 

-0.59 
-0.02 
-0.30 

4.43 
3.95 

3.42 
2.82 

cb 
PK° 

-10.66 >12.5* 
-9.31 
-6.96 
-5.58 
11.55 
10.10 

9.02 
7.40 

12.5* 
9.9* 
7.56 

6.5C 

5.6C 

5.1c 

4.2C 

Obsd 

>5.3 
5.3 
4.6 
3.5 
5.0 
4.4 

3.9 
3.4 

CaIc 

5.6 
4.6 
3.8 
5.2 
4.7 

4.4 
3.9 

a Aryl group. * Amine. c Phenol. 

ing; the calculated lines show a satisfactory fit to the experi
mental data. 

logiti =0 .3p£ N + Ci (5) 

log kb= 1.0 pKN + Cb (6) 

kobsd = k\kb/(k\+ kh) (7) 

The slower rates for the 2,4-dinitrophenyl than for the 
3,4-dinitrophenyl ester (Figures 2 and 3) mean that there is 
a specific inhibitory effect of the o-nitro group on the rate that 
is sufficient to overcome the rate increase that is expected from 
the greater acidity of the 2,4-dinitrophenyl group under con
ditions of rate-determining amine attack. Possible explanations 
for this inhibitory effect include steric hindrance and special 
resonance effects of the o-nitro group. An approximate cor
rection for this effect was applied to the observed rate con
stants19 and the corrected rate constants are indicated by the 
solid symbols in Figure 3. The solid lines in Figure 3 are cal
culated from eq 7-9, in which pK\g is the pK of the conjugate 
acid of the leaving phenol, and the values of C\ and Cb in Table 
III; they show a satisfactory fit to the data. 

log ^i = -0.2 pATjg + Ci (8) 

logfcb=-1.3pA:,g + Cb (9) 

The corrected rate constants for the 2,4-dinitrophenyl esters 
are clearly less accurate than the measured rate constants for 
the other esters, but they do serve to indicate that the value of 
/3ig for rate-determining attack is small. A more reliable value 
of /3]g = —0.21 for rate-determining amine attack is available 
from the rate constants for the reaction of pyridine with sub
stituted phenyl chloroformates.21 

The effective charge of +0.6 on the phenolic oxygen atom 
of the starting ester (eq 4) was obtained from the value of /?eq 
= +0.4 for the equilibrium formation of carbonate half-ester 
anions, ROCO2-, and a correction of +0.2 for the effect of the 
negative charge.'3'22 Essentially the same value, /3eq = 0.7, has 
been found for the equilibrium formation of acetate esters from 
substituted alcohols and phenols.23 A charge of +0.4 is then 
assigned to the oxygen atom in the transition state for amine 
attack, based on the value of /3ig = —0.2, and a charge of —0.7 
is assigned to this atom in the transition state for rate-deter
mining aryl oxide expulsion, based on the value of/3]g = —1.3. 
A charge of 0 is assigned to the oxygen atom in the addition 
intermediate T± and —1.0 to the aryl oxide anion product. 

The position of the break in the structure-reactivity corre
lation for the reactions of 3,4-dinitrophenyl phenyl carbonate 
with substituted quinuclidines (Figure 2) shows that the change 
in rate-determining step occurs when the amine is 4.6 units 
more basic than the leaving aryl oxide ion; i.e., the amine is 
expelled faster than the aryl oxide ion from the tetrahedral 
intermediate unless it is more than 4.6 pK units more basic 
than the oxy anion. The change in rate-determining step occurs 

when k\ = &b(eq7) and the pA" values of the amine and leav
ing aryl oxide ion at which this occurs, pK°, were calculated 
from the observed rate constants and eq 5-9 and are given in 
Table III. The values of ApÂ , the difference in the pK values 
of the attacking amine and the leaving aryl oxide anion at 
which the change in rate-determining step occurs and the rates 
of expulsion of amine and aryl oxide from T* are equal are also 
given in Table III. The results suggest that this difference 
becomes larger as the amine and aryl oxide become more 
basic. 

The effect of polar substituents on the partitioning of the 
addition intermediate, T*, can be evaluated from the effective 
charges on T* and on the nitrogen and oxygen leaving groups 
in the transition states for the breakdown of T* with amine and 
aryl oxide expulsion (eq 4). The difference in the effective 
charge on the leaving group in the tetrahedral intermediate and 
the transition state gives a value of/3N = —0.7 for amine ex
pulsion with the rate constant &N and /3o = -0.7 for oxy anion 
expulsion with the rate constant ko, so that the dependence 
of leaving ability on basicity is similar for these two leaving 
groups. However, the rate of expulsion of a group depends on 
the push provided by the groups that remain behind as well as 
the pull provided by the leaving group. The push provided by 
the aryl oxide oxygen atom (1) is measured by the value Of1So 

1 
= +0.4 for amine expulsion, whereas the value of /?N = 0 ± 0.1 
for aryl oxide expulsion means that there has been little or no 
electron donation from the cationic amine to push out the 
leaving oxy anion. This difference is consistent with electron 
donation from oxygen by resonance to help expel the leaving 
group and stabilize the ester product and the absence of such 
electron donation from the cationic nitrogen atom. 

The effects of substituents on the relative rates of leaving 
of aryl oxide and amine, ko/k^, may be evaluated more di
rectly from their effects on the equilibrium constant K* for the 
interconversion of the transition states for these two processes 
(eq 4). A plot of log K* against the pK of substituted amines 
has a slope that is given by the difference in the effective 
charges on the nitrogen atoms in the two transition states, /SN 
= 1.0 — 0.3 = 0.7. The corresponding slope for substituted 
aryloxides is #0 = -0.7 - 0.4 = -1 .1 . Thus, the preferred 
leaving group is more sensitive to polar substituents on oxygen 
than on nitrogen and a plot of log K* or log ko/k^ against pA" 
will have a slope of S = 0.7 — 1.1 = —0.4 when the basicities 
of the amine and aryl oxide are increased by equal amounts. 
It should be noted that the partitioning depends only on the 
relative stability of the two transition states, not on the prop
erties of the intermediate T*. Qualitatively, the conclusion is 
that the partitioning of the tetrahedral intermediate will favor 
amine expulsion and the value of ApK, at which amine and 
oxyanion expulsion are equal, will increase as the basicity of 
the leaving groups is increased. 

The dependence of the partitioning ratio on the basicities 
of the aryl oxide and amine leaving groups, based on these ef
fective charges, is given by eq 10. 

log(*oAN) s s - l . lpKo + 0.7ptfN + C, (10) 

For the aminolysis of the 3,4-dinitrophenyl ester the value of 
pÂ N — P^o = 4.6 for equal partitioning at the change in 
rate-determining step, when k^ = ko, gives a value for Ct of 
-1.09. This equation indicates that, with an amine and aryl 
oxide with an equal pK of 5, the amine will be expelled faster 
by a factor of k^/ko = 103; with equal pA ŝof 10 the ratio of 
ku/k0is 105. 
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Figure 4. The p/w values of amine and aryl oxide at which the addition 
intermediate T* breaks down equally in both directions and the reaction 
undergoes a change in rate-determining step. Closed circles: varying amine 
pK for a constant ester (Figure 2 and eq 5 and 6). Open circles: varying 
aryloxide leaving group with a given amine (Figure 3 and eq 8 and 9). The 
solid line is calculated from eq 11. 
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The difference in pA" at which the change in rate-deter
mining step occurs, ApA", for the aminolysis of other esters is 
determined by eq 10 when ko = ^N and is given by eq 11. 

ApA: = pA"N - pA"o = 1.51 + 0.57 pAT0 (H ) 

The values of ApA" calculated from eq 11 are compared in 
Table III with the values estimated directly from the observed 
changes in rate-determining step (Figures 2 and 3). In Figure 
4 the pA" values at which the change in rate-determining step 
occurs are plotted as a function of the pAT of the amine nu-
cleophile and the aryl oxide leaving group and compared with 
the values calculated from eq 11, shown as the solid line. Al
though the available data permit only an approximate analysis 
at this time, the agreement is surprisingly good and the data 
summarized by Figure 4, Table III, and eq 11 provide strong 
support for the qualitative conclusion that ApA- increases with 
increasing basicity of the aryl oxide ion. Direct evidence for 
this conclusion is provided by the partitioning data in the ac
companying paper.20 

Reactions of Acetate Esters. It is of interest to compare the 
kinetic partitioning of T* through the transition states for 
amine or aryl oxide expulsion with the thermodynamic parti
tioning of the products, in which expulsion of the leaving groups 
is complete. Sufficient data are not available for such an 
analysis of the carbonate reactions, but an approximate 
analysis is possible for derivatives of acetic acid and the data 
reported here as well as the similarity of the two reactions 
suggest that the results will not be grossly different for the 
carbonate derivatives. The kinetic and equilibrium partitioning 
are given by A"* and AT3, respectively, in eq 4 and 12. The value 
of AT3 for amine and phenol leaving groups of the same pAT in 
the acetate series is approximately 1O-7-5, calculated from ATi 
and A~2 as follows. The values of ATE and ATA (eq 13 and 14) for 
a phenol and an amine of pA" 10 are 105-1 and 1O-5-6, respec
tively, based on the relationships of eq 15-18.16~18'23 Since the 
equilibrium constants for the formation of thiosemicarbazides 
from formic and acetic acid are the same,17 we assume that this 
equivalence will hold for other derivatives of these acids. The 
value ofAT, is then ATE/ATA = 1010-7. The value of A"am (eq 19) 
is estimated as 108-2 from eq 2017 and, with a value of Ko = 
10-' °, K2 is given by ATam/AT0 = 10'8-2. The value of AT3 is then 
given by Kx)K1 = 10~7-5. Since the effects of substituents in 

CH3COR 
O 

HCNC^ == 

iogA:E 

log ^ A 

XArOH 

I + 
RNH+ 

o I 
CH3CNHR+ 

P^am 

=s=fe CH3COOH + HOR 

4 / 
=* CH3COOH + HN \ 
= +12.1 - 0.7OpK0 

= - 0 . 5 0 - 0.51 p £ N 

Ko 
^5=- XArO-+H+ 

=JL RN^ +H+ 

^ O 

- ^ H j ^ N P + H 

= -18.6 + 1.04 pKN 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

the leaving group on the stability of esters and cationic amides 
are the same within experimental error, as shown by values of 
/3eq = 1.6 ± 0.1 for the formation of these compounds from 
substituted phenolate ions and amines, respectively, 16~18'23 the 
value of AT3 should not change significantly with changing pAT 
of the leaving groups as long as the pAT of the two leaving 
groups is the same. If the pK of one leaving group is varied, the 
value of AT3 will change with a /3 value of ± 1.6 according to eq 
21. Thus, if the amine is held constant at pAT = 10, the value 
of AT3 will be 1.0 when the pAT of the phenol is ~10.0 - 7.5/1.6 
= 5.3; it will also be 1.0 for any amine-phenol pair in which 
the pK of the phenol is 4.7 units less than that of the amine. 

1OgAT3 = - 7 . 5 + 1.6 (pATN- pA"o) (2O 

The kinetic partitioning of T=1= for acetates can be estimated 
from the effective charges in the transition state in the same 
manner as for carbonates. The results are summarized in eq 
12. The charge of +0.2 on the attacking amine is based on the 
small dependence of the rate of ester aminolysis on amine 
basicity, with |3nuc = 0.2 ± 0.2, under conditions of rate-de
termining amine attack.2-3'24 The charge of +0.9 and /3nuc = 
0.9 ± 0.1 for rate-determining aryl oxide expulsion are firmly 
established2'3-6-10'16'18'24'25 and the same charge is assigned to 
the nitrogen atom in T*. The value of /3nuc is the same or 
slightly smaller for the uncatalyzed aminolysis as for general 
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base catalyzed aminolysis, which is believed to involve the 
equilibrium formation of T* followed by proton transfer from 
T* to a second molecule of amine.3'6'25'26 The charge of +1.6 
in the product is based on equilibrium measurements.16~18 The 
charge of +0.7 on oxygen in the starting ester is also based on 
equilibrium measurements23 and an uncertain value of +0.4 
for rate-determining amine attack is consistent with the limited 
available data2 and analogy with the carbonate reaction. A 
formal charge of 0 on oxygen in T=1= is consistent with the ob
served value of 0ig = -0.6 for the general base catalyzed 
aminolysis of phenyl acetates under conditions in which the 
observed rate is believed to depend mainly on the equilibrium 
concentrations of the addition intermediate.3 The charge of 
-0.5 in the transition state for aryl oxide expulsion is based on 
values of/3!g = -1.2 ± 0.2 for ester aminolysis27 and is con
sistent with a value of /3„uc = 0.6 for the attack of two phen-
oxides on two acetylpyridinium ions in the reverse direction.28 

The product aryl oxide ion is assigned a charge of -1.0. 
As described for the carbonate reactions, the dependence 

of log K* on the pA: of the two leaving groups is given by /?N 
= 0.9 - 0.2 = 0.7 and /30 = -0.5 - 0.4 = -0.9, and the par
titioning ratio is given by eq 22. 

log(*o/*N) = log K* = -0.9 pATo + 0.7 pKN + C1 (22) 

The change in rate-determining step for the reactions of 
2,4-dinitrophenyl acetate with amines occurs when the amine 
is 4-5 pK units more basic than the aryl oxide, as in the car
bonate series.2'29 Thus, both the kinetic and the thermody
namic partitioning are equal (K* = 1.0, K3 = 1.0) when the 
phenolate is 4-5 pK units less basic than the amine. Taking 
Ap# = 4.5, the value of Ct is -2.4. For amine and aryl oxide 
leaving groups with an equal pK of 5, the calculated ratio of 
the rate constants for aryl oxide and amine expulsion, ko/k^, 
is 10-3-4; for groups with an equal pAT of 10 the ratio of &o A N 
is 10~4-4. Comparing this with the value of K3 = 1O-7-5, it is 
apparent that the kinetic partitioning is roughly half of the 
thermodynamic partitioning of the products. 

Although this analysis is far from exact, it does permit the 
conclusion that the greater leaving ability from T* of amines 
than of aryl oxide leaving groups with a given pK reflects the 
greater stability of the ester compared with the cationic amide 
that is the immediate product of the reaction. One of the rea
sons for this difference is that electron donation by resonance 
from the oxygen atom stabilizes both the transition state for 
nitrogen expulsion and the ester product, whereas there is no 
such stabilization from the nitrogen atom. Thus, the assump
tion30 that the rate constant for leaving group expulsion from 
T* is independent of the nature of the attacking nucleophile 
is not unreasonable for nitrogen nucleophiles, as indicated by 
the absence of a significant change in the effective charge on 
nitrogen in T* and in the transition state for aryl oxide ex
pulsion, but for oxygen nucleophiles there appears to be sig
nificant assistance to leaving group expulsion by electron 
donation from oxygen, as manifested in the development of a 
partial positive charge on this atom in going from T* to the 
transition state for amine expulsion in the carbonate and ac
etate series. The "effective charges" on the alcohol oxygen 
atom in the reactions of esters with oxy anions and thiol anions 
also require significant electron donation from oxygen (but not 
sulfur) to aid the expulsion of alcohol and thiol anion leaving 
groups8 and the value of /3nuc = 1.3 for the reactions of aryl 
oxide anions with acetylimidazole is larger than expected for 
the equilibrium formation of T*, suggesting that electron 
donation from the aryl oxide assists the rate-determining ex
pulsion of imidazole anion in this reaction also.31 

The values of log (*O/&N) = log K* for the reactions of 
pyridine and 4-methylpyridine with phenyl acetate and for the 
corresponding reactions with p-nitrophenyl acetate are -7.5, 
-7.0, -4.9, and -4.4, respectively, as calculated from eq 22. 

< 

20 

IO 

O 

-IO 

. 

-

/ 

; / 

: / 

• ^j 
AcOAr 

+ 
-Z

X
 

T i 

_A_± 

AcN^ 
I I 

+ "OAr I K 
I 3 

I 
1 
I 
\ 

AcNC 
+ H+ +"OAr 

Reaction Coordinate 

Figure 5. Semiquantitative reaction coordinate diagram for the aminolysis 
of an ester with pKmc = p#i g = 5.0, to show the relationship between the 
Gibbs free energy differences of the two transition states (A"*) and the two 
ground states (/C3). The dashed line on the right refers to proton loss from 
an N-protonated amide product. 

The values of log #3 for these reactions are available from the 
ratio of the directly measured rate constants in the forward and 
reverse directions and are -12.4, -11.0, -8.0, and -6.5, re
spectively.2-28 Again these results suggest that the kinetic 
partitioning reflects the thermodynamic partitioning of the 
products. The values of log K3 calculated from eq 21 are -14.7, 
-13.5, -10.1, and -8.7, respectively; these values are about 
2 log units smaller than those obtained from observed rate 
constants. The difference may reflect resonance stabilization 
of the acetylpyridinium ion product (which is not available to 
acylated aliphatic amines), solvation effects, or error. It must 
be emphasized that the equations given here, while useful for 
estimating the magnitude and direction of substituent effects 
over a large range of reactivity, are no more than a crude ap
proximation to a quantitative treatment. 

The structure-reactivity behavior of the acetate esters is 
generally similar to, although not identical with, that of the 
carbonate esters. The calculated values of log (&OAN) for the 
reactions of quinuclidine with 2,4-dinitrophenyl, p-nitrophenyl, 
and phenyl acetates of 1.0, -1.8, and -4.4, respectively, are 
similar to those for the corresponding carbonate esters of 1.6, 
-1.7, and -5.0 and may be compared with values of 0.4, -1.4, 
and -3.4 calculated for acetates from a correlation based on 
the N+ parameter for nucleophilic reactivity.30 The fact that 
the structure-reactivity behavior of primary, secondary, and 
tertiary amines is almost identical in their uncatalyzed reac
tions with phenyl acetates2 shows that the proton is not re
moved from the attacking amine in the transition state or im
mediate product and that this analysis is applicable to the 
different classes of amine. 

A semiquantitative reaction coordinate diagram for the 
aminolysis of an acetate ester with an amine and aryl oxide of 
pK = 5, based on the estimates reported here and elsewhere,2'4 

is shown in Figure 5. The Gibbs free energy differences for K* 
and K3 are indicated, showing how the kinetic and thermo
dynamic partitioning are related. In the case of primary and 
secondary amines the initial cationic amide product rapidly 
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loses a proton to give the uncharged amide in a reaction that 
makes the overall reaction strongly exergonic. 
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Ester Aminolysis. Partitioning of the Tetrahedral 
Addition Intermediate, T=1=, and the Relative Leaving 
Ability of Nitrogen and Oxygen1 
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Abstract. The tetrahedral addition intermediate T* that is presumably formed in the aminolysis of unsymmetrical carbonate 
esters was generated from two different reactions: (a) reaction of an aryl chloroformate with a tertiary amine followed by addi
tion of phenoxide ion and (b) reaction of a symmetrical bis(aryl) carbonate with amine followed by trapping with phenoxide 
ion. The partitioning between amine and aryl oxide expulsion is the same when T* is generated by these two paths. It also 
agrees with the partitioning estimated from kinetic data, confirming that the nonlinear Brjinsted-type plot for aminolysis rep
resents a change in rate-determining step from amine attack to aryl oxide expulsion. Equal partitioning with the 3,4-dinitro-
phenoxide leaving group occurs with amines that are 4.4 pK units more basic. The results provide evidence that T± is a discrete 
intermediate with a lifetime that is adequate for equilibration of solvation and rotation around the central carbon atom; there 
is no evidence that stereoelectronic control affects the partitioning ratio. The ApK for equal partitioning increases with increas
ing pK of the aryl oxide and aryl oxide expulsion is favored by increasing pK of the "acyl" substituent that is not expelled. 
These results suggest that electron donation by resonance from oxygen contributes significantly to leaving group expulsion. 
Amine expulsion is favored by addition of aprotic solvent. TV-Methylimidazole and 4-jV,/V-dimethylaminopyridine are less 
good leaving groups than aliphatic amines of the same pA". The results show that relative leaving group ability is controlled by 
the electron-donating ability of the remaining group, polar substituents on the "acyl" group, solvent, and probably electrostatic 
effects, as well as by the pK of the leaving group. 

The first problem in the analysis of the mechanism of acyl 
transfer reactions, such as ester aminolysis (eq 1), is to deter
mine whether the rate-determining step is the attack of the 

nucleophilic reagent on the acyl compound (k\) or the expul
sion of the leaving group from a tetrahedral intermediate, T*, 
that is formed in a rapid, equilibrium addition reaction {k0. 
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