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York, N.Y., 1973, for several cogent discussions). The mere fact that the 
thermodynamic properties of solvation for an homologous series of or
ganic ions are correlated with their reciprocal volumes or reciprocal radii 
cannot by itself justify the invocation of a simple electrostatic interpreta
tion. 
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Novel Activation Parameters and Catalytic Constants 
in the Aminolysis and Methanolysis of p-Nitrophenyl 
Trifluoroacetate1 

Sir: 

We wish to report here that the third-order reaction of 
w-butylamine with p-nitrophenyl trifluoroacetate is accom
panied by substantial negative activation energies when car
ried out in both chlorobenzene and 1,2-dichloroethane sol
vents. Although small negative activation energies are 
known, we are not aware of any previous report of one of 
the present magnitude2,3 (ca. —10 kcal). Table I records the 
third-order rate constants and activation parameters. Con
ventional stopped-flow kinetic methods have been used to 
obtain the kinetic results. 

In contrast, a normal (but small) positive activation ener
gy is observed for the methanolysis of />-nitrophenyl trifluo
roacetate in aprotic solvent containing methanol. Rate con
stants obtained from 13.5 to 37.8° in 1,2-dichloroethane 
containing 4.92 M methanol give: E3, = 5.0 kcal; AG* = 
18.3 (298 0 K); AH* = 4.4 kcal; AS* = -46 .7 eu. 

The aminolysis of /?-nitrophenyl acetate in polar aprotic 
solvents has been studied recently by the groups of Watson 
and of Menger. Watson4 reports the reaction to be cata
lyzed by general bases, but, rather than Bronsted law catal
ysis, the third-order catalytic constants are closely correlat
ed by the hydrogen-bonding parameters, PA"HB-5 Menger6 

has observed very large meta- and para substituent effects 
in the aminolysis of phenyl acetate esters in aprotic solvents. 
This and other observations have led Menger to conclude 
that the reaction proceeds through a zwitterionic tetrahe-
dral intermediate.6 '7 

We have also found general base catalysis of the «-butyl 
aminolysis of /?-nitrophenyl trifluoroacetate in aprotic sol
vents. First-order kinetics with respect to each ester, w-bu-
tylamine, and catalyst are observed. The third-order cata
lytic constants, however, do not follow the Bronsted cataly
sis law, as may be seen from the data of Table II. The only 
satisfactory correlation of the third-order catalytic con
stants which we have been able to find is shown in Figure 1, 

Table I. Rate Constants and Activation Parameters0 for the 
Third-Order6 n-Butyl Aminolysis of p-Nitrophenyl 
Trifluoroacetate 

1,2-Dichlor 

Temp, 0C 

4.3 
16.5 
24.9 
31.2 
Ea, kcal 
A/ /* , kcal 
AG*, kcal 
AS1*, eu 

ethanec 

105^3. 
M-1 

sec - 1 

22.1 
10.3 

5.83 
4.20 

-10 .9 
-11 .5 

9.62 
-70 .9 

Chlorobenzene^ 

Temp, 0C 

5.6 
16.7 
24.9 

E&, kcal 
A # * , kcal 
AG*, kcal 
AS*, eu 

1 0 % 
M - 2 

sec-1 

8.92 
5.16 
3.01 

- 9 . 9 
-10 .5 

10.02 
-68 .9 
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Figure 1. Correlation of the catalytic constants for the n-butyl aminol
ysis of p-nitrophenyl trifluoracetate by eq 1: ordinate, log £3, in 
C1(CH2)2 Cl, 24.9°; abscissa, 1.37 ApA:HB + 0.25 ApK A. 

Table II. Catalytic Constants for the n-Butyl Aminolysis of 
p-Nitrophenyl Trifluoroacetate in 1,2-Dichloroethane, 24.9° 

Catalyst 

DMFc 
DMSO^ 
DMA* 
(C6H5)3PO 
C5H5N 
4-MeC5H4N 
Et3N 
N-MeIA/ 
K-BuNH2 

4-NMe2C5H4N 

Log (*/*„) 

-0 .98 
-0 .68 
-0 .59 
-0 .20 
(0.00)* 
0.64 
1.51 
1.69 
2.07 
2.48 

AP^A 

-6 .51 
-7 .01 
-5 .41 
-8 .6 
(0.00)* 
0.72 
5.54 
1.99 
5.43 
4.34 

Ap^HB 

0.18 
0.65 
0.50 
1.28 

(0.00)* 
0.15 
0.05 
0.62 
0.23 
0.93 

Log 

(£Ao)calcda 

-1 .17 
-0 .66 
-0.46 
-0 .19 

0.20 
0.59 
1.65 
1.55 
1.87 
2.56 

"Calculated from eq 1 witha = 1.37, b = 0.25, c = 0.20; SD = 
0.14, SD/RMS = 0.101. If a is constrained to zero: b = 0.21, c = 
0.79, SD = 0.51, SD/RMS = 0.386. IfA is constrained to zero: a = 
0.064, c = 0.56, SD = 1.19, SD/RMS = 0.900. bk0 = 4.96 X 103I.2 

mol-2 sec-1; pA:A = 5.21, H2O, 250;pArHB = 1-88, CCl4, 25°. cN<N. 
Dimethylformamide. ^Dimethyl sulfoxide. eA',A'-Dimethylacetam-
ide. /7V-Methylimidazole. 

which illustrates application of eq 1 to the n-butyl aminol
ysis of p-nitrophenyl trifluoroacetate in 1,2-dichloroethane 
at 24.9°. 

log (k/k0) = aApKHB + bApKA + c (D 

flThe standard temperature is 25°. * First order in ester and 
second order in amine. cSolvent. 

Pyridine has been taken arbitrarily as the reference cata
lyst with catalytic constant, &n. ApK\ is the aqueous pKA 

of the catalyst relative to that of pyridine. ApA^HB is the 
value of the hydrogen-bonding complex formation parame
ter of the catalyst relative to that for pyridine. The pA~HB 
scale has been generated5 from the formation constants for 
hydrogen-bonded complex formation between p-fluoro-
phenol and bases in CCI4, 25°. 

Table III summarizes the fitting parameters for eq 1 ob
tained from results such as those of Table II in the solvents 
chlorobenzene and 1,2-dichloroethane for both the n- butyl 
aminolysis and the methanolysis (a fixed methanol concen
tration of 0.495 M was used) of p-nitrophenyl trifluoroace
tate. 

The large a/b ratios for n- butyl aminolysis of /7-nitro-
phenyl trifluoroacetate indicate that the energetics of hy
drogen-bonded complex formation are dominant in the 
transition states for this reaction. The importance of proton 
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Table III. Summary of Fitting Results for Catalytic Constants of 
p-NitrophenylTrifluoroacetate from Equation 1 

Solvent a b a/b c SD 

1. rc-Butyl Aminolysis 
Chlorobenzene, 24.9° 2.08 0.22 8.86 0.41 0.22 
1,2-Dichloroethane, 24.9° 1.37 0.25 5.49 0.20 0.14 

2. Methanolysis (MeOH = 0.495 M) 
Chlorobenzene, 25.0° 0.61 0.48 1.28 -0.17 0.21 
1,2-Dichloroethane, 25.0° 0.14 0.48 0.29 0.03 0.41 

transfer energetics8 is increased somewhat (a/b decreases) 
in the more polar solvent 1,2-dichloroethane. The apprecia
bly weaker Lewis acid strength of p-nitrophenylacetate 
leads to a substantial decrease in the contribution of proton 
transfer energetics (a/b increases). The n-butyl aminolysis 
catalytic constants of Watson for this ester in chloroben
zene,43 25°, are fitted by eq 1 with the following results: a 
= 1.17, b = 0.01, a/b > 120, SD = 0.14. Clearly, only the 
first term of eq 1 is significant in this case. 

The relatively small a/b ratios for methanolysis (Table 
III) indicate that proton transfer energetics are dominant 
for the transition states of this reaction. In 1,2-dichlo
roethane, only the second term of eq 1 is significant for the 
methanolysis reaction, i.e., Bronsted catalysis is observed. 

Mechanisms for ester aminolysis and methanolysis in hy-
droxylic solvents have been detailed by Jencks and others.7 

We believe an additional distinction63 to be made between 
these reactions under the former conditions as compared 
with the aprotic solvents employed in this work derives from 
the inaccessibly high energies required for the formation of 
free ions in the latter solvents. The fact that catalysis for 
both reactions (Table III) follows eq 1 suggests common 
mechanistic features. The fact that tertiary amines as well 
as the other catalysts follow this relationship further rules 
out bifunctional cyclic mechanisms.7 The following reac
tions sequences are consistent with all of our results. 

CT 

CF.CC' + NuH + B +=+ CF3COAr (a) 
OAr I 

N u H + - B 

CF1C^OAr Z=Z CF 3 C^ + BH+ - OAr (b) 

K + ^ Nu 
N u - H - B 

BH+ -"OAr Z=Z B - H O A r Z=Z B + HOAr (c) 

Reaction a may either be termolecular or consist of two se= 
quential bimolecular reactions giving the hydrogen-bonded 
zwitterionic tetrahedral intermediate. The unimolecular 
collapse of this intermediate must involve essentially simul
taneous breaking of the N u - H and C-O bonds in order that 
completely free ion formation is avoided.9 This is, reaction 
b, pictured as the conversion of a zwitterionic-like interme
diate to an ion-pair intermediate, a process we believe to be 
energetically accessible under the aprotic solvent condi
tions. 

The substantial negative activation for aminolysis (Nu = 
n-BuNHi) we believe results from the strong Lewis acidity 
of the trifluoroacetate ester and the strong base strength of 
the amine. The weaker base strength of CH3OH (Nu in 
methanolysis) leads to an appreciably higher activation en
ergy (actually the normal positive kind) as well as transition 
states with increased contributions from proton transfer en
ergetics relative to hydrogen-bonded complex energetics. 

More specifically, the substantial negative activation en

ergy for aminolysis we believe tends to exclude any single 
elementary step mechanism for .this reaction. Step a is 
strongly exothermic for aminolysis and thermoneutral or 
endothermic for methanolysis. Step b has small postive acti
vation energies for both reactions. For aminolysis, A//*0bsd 
= A/ / ° ( a ) + Ai/*(b) = ~ . s i n c e - A i / 0 ( a ) > A//t(b); further, 
aprotic solvation and translational (and other) entropy loss 
leads to AG°(a) = A7/° ( a ) - TAS0I3) = +, in accord with 
our inability to detect the intermediate spectroscopically. 
The same qualitative relationships (and interpretation) be
tween standard free energy and enthalpy have been ob
tained by Baba10 for the reaction of />-nitrophenol with tri-
ethylamine to form a hydrogen-bonded ion-pair in 1,2-di
chloroethane. Small activation parameters, AH\b), are ra
tional on the grounds of the partial proton transfer involved 
and the loss of the excellent leaving group/7-nitrophenolate 
ion from an electron-rich center. Methanolic solvation of 
the hydrogen-bonded zwitterionic intermediate for methan
olysis 

O - -HOMe 

I 
CF5COAr 

I + MeOH-B 

is expected to reduce the endothermicity of step a, but to in
crease A//(b) through dispersal of the negative charge. A 
neutral tetrahedral intermediate, e.g. 

OH 

CF1COAr 

I 
Nu 

is apparently kinetically ineffective for similar reasons. Evi
dence for these assertions comes from the fact that the neg
ative activation energy for the aminolysis reaction disap
pears when the reaction is carried out in the presence of 
0.487 M methanol in 1,2-dichloroethane solvent. Activation 
parameters obtained for these conditions are: AG* = 17.10 
kcal mol-1 , AHX =* 0, AS* = -57 .4 eu. 

It is possible that step a is the rate determining step for 
the methanolysis reaction. However, step b as rate deter
mining step seems to accommodate better the low a/b ratios 
of Table III, and the isotope effect, kH/ko = 2.16, obtained 
in 0.495 M CH 3OH or CH3OD.1 1 

It will be noted that the marked change in activation pa
rameters between "hydrophobic" and "hydrophilic" envi
ronments may provide a model for temperature regulatory 
action in certain enzymatic processes. Effective catalytic 
activity of carbonyl and other dipolar groups at the active 
site of enzymes is also suggested by the catalysis observed 
for aminolysis in aprotic solvents.4*3 
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Equilibrium Studies by Electron Spin Resonance. 
XIII. Determination of Ion Association Constants 
for Diamagnetic Salts by the Use of Electron Spin 
Resonance 

Sir: 

Since the classic work of Brauman,' it is well understood 
that solvation energies are just as important in the determi
nation of the thermodynamic stability of anions in solution 
as are the intramolecular considerations. One of the most 
important phenomena in the determination of solvation en
ergy is ion pairing. 

Although it has been shown that ESR is the most power
ful tool in the investigation of the nature of ion pairing, this 
technique has been limited to the study of paramagnetic 
salts. For diamagnetic salts a variety of experimental tech
niques have been employed for the determination of ion pair 
association constants. These include NMR,2 visible spec
troscopy,3 and conductivity.4 Although conductivity is 
clearly the most versatile, even it is often useless for the de
termination of ion pair dissociation constants in strongly 
solvating solvents like hexamethylphosphoramide 
(HMPA). 5 Only with difficulty can conductivity be utilized 
in highly solvating aprotic solvents.6 Consequently, for a se
ries of potassium salts, on which conductivity measurements 
were carried out in HMPA, only KNO3 yielded data allow
ing the calculation of the ion association constant (Ka). 
Here we wish to describe a new and more sensitive tech
nique for the determination OfA 2̂ of diamagnetic salts. 

The reduction of 2,6-di-/e/-?-butylbenzoquinone in 
HMPA by potassium metal results in the formation of the 
free anion radical, which exhibits an ESR signal consisting 
of a triplet due to two equivalent protons with a coupling 
constant of 2.346 ± 0.005 G.7 Successive additions of potas
sium nitrate to this solution result in a gradual decrease in 

T 

Figure 1. Plot of I/(A0 - A) vs. the reciprocal of (K+
free) for the 2,6-

di-ferr-butylbenzoquinone anion radical with added potassium nitrate. 
The (K+free) was calculated from the total amount of dissolved potassi
um nitrate and the K^ of 59 ± 8 reported by Monica and coworkers.5 

This plot yields a value for the equilibrium constant controlling eq 1 of 
0.076. 

Table I. Observed Coupling Constant of the 2,6-Di-re/-f-butyl-
benzoquinone Anion Radical in PIMPA at 25° with Added KNO3

0 

(KN0 3 ) t o t a l , M 

0 
0.0143 
0.0184 
0.0254 
0.0311 
0.0532 
0.0637 

(K+
 f r e e ) , M 

0 
0.0093 
0.0111 
0.0139 
0.0160 
0.0227 
0.0255 

X, G 

2.346 
2.323 
2.319 
2.299 
2.294 
2.276 
2.270 
2.05 

a Only a representative set of data are shown. 

the observed coupling constant. This decrease is due to the 
formation of the ion pair (/3), which is in rapid equilibrium 
with the free ion (a), eq 1.7 

: + K+ (D 
The observed coupling constant (A) has been previously 

shown to be a weighted average between that for the free 
ion (A0) and that for the ion pair (A').1 This weighted aver
age is given by 

A = \(a)A° + W)A'\/{(a) + (0)| (2) 

Combining this expression with that for the thermodynamic 
equilibrium constant for eq 1, A"diss = (a)(K+r r ee)/(/?) leads 
to the following expression. 

I/(A - A0) = AW(K+ f r e e)( .4 ' - A0) + \/(A' - A0) (3) 

Knowing the ion association constant for KNO3, K3 = 
(K+ , N 0 3

- ) / ( K + f r e e ) ( N 0 3 - ) , the free potassium ion con
centration can be calculated for any amount of KNO3 that 
is added to the anion radical solution. A plot of the recipro
cal of the potassium ion concentration free of ion pairing vs. 
1 /(A — ,4°) should be linear and have a slope of K^I(A' 
- A0) and an intercept of \/(A° - A'). Treated in this 
manner our data did yield a straight line, Table I, Figure 1. 

Each time the experiment is performed, a sample is first 
taken without the addition of salt, then salt is dissolved and 
another sample is taken. Using the dual cavity technique, 
the sample containing added salt is placed in one cavity and 
the standard without added salt in the other. The coupling 
constant for the sample containing salt is then accurately 
determined by comparison with the standard sample, which 
is assigned a coupling constant of exactly 2.346 G. 

KNO3 is the only salt for which Kz is known in HMPA. 
However, a salt with an unknown A"a can now be added to 
the anion radical solution and the coupling constant deter-
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