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transition state for the cation-anion combination reactions
is such that part of this outer shell solvation around the cat-
ion has been released into bulk solvent, we then expect a
negative entropy contribution to AS*. Similarly, on going
from the neutral product, Ar;CX, to the transition state,
the solvation around the developing cation and anion is
largely electrostrictive, and the full second-shell solvation
disorder has not been attained.

These postulates may ultimately help in understanding
the relative reactivities of the cations, a topic which has
caused some difficulties arising from the previously! postu-
lated nature of the transition states.
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Cation-Anion Combination Reactions. XIII.! Correlation of
the Reactions of Nucleophiles with Esters

Calvin D. Ritchie
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Abstract: The N4 correlation of nucleophilic reactivities, previously shown to apply to the reactions of nucleophiles with or-
ganic cations, is now shown to apply to the reactions of nucleophiles with esters when explicit consideration of a two-step
mechanism is included. The consideration of this mechanism requires that leaving-group abilities of attacking nucleophiles
relative to leaving-group abilities of the ester leaving group be evaluated. This evaluation is accomplished by empirical data
fitting under the stringent restriction that the leaving-group ability of a given group is assumed to be independent of other
groups present in the intermediate. The new correlations extend previous observations to include reactions of 26 electrophiles
and 52 nucleophiles. Interpretations of the correlations considerably extend and slightly modify earlier conclusions regarding
the mechanisms of nucleophilic reactions with esters. The range of applicability of the N4 equation documented in the pres-
ent paper is far greater than could be anticipated on the basis of current theories of nucleophilic.reactivity. Our own earlier
rationalizations of these correlations are, at best, incomplete and need thorough reexamination.

The reactions of nucleophiles with acetate esters have
been the subject of numerous experimental studies. The
rate constants obtained in these studies, particularly those
obtained by Jencks and his coworkers,2-# probably furnish
the most extensive body of data obtained under a standard
set of conditions that is available for any class of reactions.
These data furnish a unique opportunity for testing of hy-
potheses concerning the effects of structure on reactivity.

Figure 1 shows plots of log k for reactions of nucleophiles
with phenyl acetate (PA) vs. log k for reactions of the same
nucleophiles with other acetate esters., Quite obviously, no
simple general linear correlation is shown by these data.
Previous interpretations of the rate data have relied on the

application of the Brgnsted catalysis relationship,2-* in
which limited “structural families” of nucleophiles, such as
primary amines, are examined individually.

The complexity of the general picture indicated in Figure
1 almost certainly has its origin in mechanisms of the reac-
tions, and interpretations of the Bre¢nsted relationships have
centered on this point. Early discussions of the mechanisms
of these reactions postulated the existence of a tetrahedral
reaction intermediate. Somewhat later, strong arguments
against the existence of the tetrahedral intermediate were
advanced.? These arguments were based on the apparently
reasonable assumption that such an intermediate would
have to be at equilibrium with respect to proton-transfer
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reactions. Recently, it has been shown that this assumption
is not valid for at least some cases.> In the most recent
work,3-% the reactions of nucleophiles with aryl acetates are
postulated to proceed by a simple two-step mechanism un-
‘complicated by proton-transfer reactions of the intermedi-
ate (eq I).

0 0
| by l b
C + XH = Ar0—C—CH;, —
a\ o
AI'O CH5 XH+
(0]
g + ArO" (D
N
HX CH,

Application of the Bodenstein approximation to this reac-
tion scheme gives:

ko'bsd = kx/[l + k-x/k-y] (1)

for the observed second-order rate constant of the reaction.

In our own work, !¢ we have demonstrated that the‘reac-
tions of a wide range of nucleophiles with various types of
organic cations are well correlated by the equation:

log # = log &, + N, 2)

where k is the observed second-order rate constant for the
reaction of a given nucleophile with a given cation in a
given solvent, kg is dependent solely on the identity of the
cation, and V4 is dependent on the identity of the nucleo-
phile and on the solvent in which the rate is measured. We
noted that eq 2 gives a very good correlation for the rates of
reactions of nucleophiles with N-acetoxy-4-methoxypyri-
dinium ion (AMPP) and with several substituted /V-acetyl-
pyridinium ions. These esters had been studied by Jencks24
as examples of esters with extremely good leaving groups. If
the two-step mechanism applies to these reactions, the ky
step should be rate determining at least for the most basic
nucleophiles. The good correlation of data by eq 2 suggests,
in fact, the the k, step is rate determining for reactions of
nearly all nucleophiles.

When we attempted® to apply eq 2 to reactions of nucleo-
philes with aryl acetates, we found reasonable correlation
for reactions of 2,4-dinitrophenyl acetate (DNPA), but
poor correlations for reactions of p-nitrophenyl acetate
(PNPA) and of phenyl acetate (PA). The correlation for
reactions of DNPA showed rather large deviations for
weakly basic nucleophiles. At this point, it was not clear
whether the deviations from eq 2 were due to mechanistic
changes in the reactions or simply due to inapplicability of
the equation to reactions of neutral electrophiles.

Kice’s observation’ that the reactions of nucleophiles
with phenyl a-disulfone (PDS) correlated well with reac-
tions of the same nucleophiles with AMPP, and, therefore,
must be correlated by eq 2, suggested strongly that the N4
equation might apply to reactions of nucleophiles with neu-
tral electrophiles if the attack of nucleophile is rate deter-
mining.

We hypothesize, then, that the rate constants, Ky, in the
above mechanism for reactions of nucleophiles with esters
are correlated by eq 2. Substitution of eq 2 into eq | gives

10g Rypeq = log kg + N, — log [1 + k/k,] (3)
X Y.

In order to test the validity of the hypothesis and the result-
ing eq 3, it is necessary to have some way of evaluating the
quantities k_,/k—, for various nucleophiles and esters. The
only available methods for this purpose appear to involve
data fitting. If the k—, parameters were allowed to vary for
different esters, the parameterization would involve enough
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Figure 1. Log-log plots of rate constants for reactions of nucleophiles
with phenyl acetate vs. those for reactions of other acetate esters. Open
circles are for reactions of anionic nucleophiles; closed circles are for
reactions of amines. DNPA is 2,4-dinitrophenyl acetate; AMPP is V-
acetoxy-4-methoxypyridinium ion.

adjustable quantities that even perfect data fits would not
be valid tests of our hypothesis.

The most restrictive condition imaginable for the evalua-
tion of the k_, and k—, parameters is that relative values of
k—_y be required to be independent of the identity of the
ester (i.e., k— is independent of k_,). This condition is
quite drastic. It requires, for example, that k_; be indepen-
dent of the attacking nucleophile. Thus, if the k_, step is
rate determining, the observed rate constant will be directly
proportional to the equilibrium constant for formation of
the tetrahedral intermediate. It also requires that the rela-
tive value of log k_ for an attacking nucleophile be identi-
cal with the relative value of log k_y when the nucleophile is
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TableI. Nucleophilic Parameters
No. Nucleophile (solvent) N, Log k_xrel Rms® dev Electrophiles studied=
1 H.O (water) 0 5.20 0.40 1,2,3,4,11,12,13,14,15,18,19,20,
21,23,(16,22,24,25,26)
2’ CH;OH (methanol) 1.18 0.38 1,11,12,13,14,15
3 DabcoH™* (water)® 1.4 4.5 0.08 18,23,24,(25)
4’ CF;CH:NH, (water) 2.89 3.47 0.21 2,14,15,18,19,20,21,23,24,25,26
5 H.NCONHNH,; (water) 3.17 4.22 0.27 2,14,15,18,19,23,24,25
6’ PiperazineH+ (water) 3.18 3.14 0.33 17,18,19,20,23,24,25,26,(22)
7 Imidazole (water) 3.66 1.42 0.29 16,17,26,27(18,23,24,25)
8’ C¢H;SO:~ (methanol) 3.67 0.06 4,5,6,7,8,9 .
9’ CN-~ (water) 3.67 <0 0.31 1.2,3,4,5,6,7,8,9,11,16,17,18,
23,24,25,27
10’ CH;ONH. (water) 3.88 3.20 0.12 1,2,26,(14,15)
11’ H.NCH,CH:NH;* (water) 3.91 1.95 0.23 2,14,15,17,18,23,24,25
12 p-0:NCeH O™ (water) 4.05 2.00 0.27 18,19,26,(25)
13 Aniline (water) 4.10 5.20 0.15 18,23,24,25
14’ H:NCH,CO,C;H; (water) 4.21 2.86 0.27 2,14,15,17,18,19,20,21,23,24,25
157 Ce¢H:NHNH: (water) 4.38 0.18 2,15
16’ H:NCH,CONHCH:CO,~ (water) 4.48 2.81 0.12 1,2,14,15.18,23,24,25
17’ OH- (water) 4.75 «0 0.19 1,2,3,4,5,6,7,8,9,11,12,13,14,
15,16,(17,18,19,20,21,22,23,
24,25,26,27)
8 Pyridine (water) 5.00 4.94 0.19 18,23,24,25
19’ CH;OCH:CH,NH: (water) 5.05 1.93 0.13 18,23,24,25,27
20’ H:NOH (water) 5.05 1.57 0.34 2,17,18,23,24,25,27
21’ H:NCH.COO~ (water) 5.22 2.09 0.19 2,15,16,23,24,25,26,27
22/ Morpholine (water) 5.25 3.02 0.16 16,17,18,19,20,21,23,24,25,26,
27,(22)
23 Dabco? (water) 5.3 3.8 0.27 18,23,24,25
24’ C.H;NH, (water) 5.31 0.82 0.27 2,15,16,18,23,24,25,26
257 H:NCH,CH:NH; (water) 5.37 1.52 0.18 2,15,17,18,23,24,25,27
26 4-Methylpyridine (water) 5.40 4.48 0.13 18.23,24,25
27 Quinuclidinol (water) 5.5 3.4 0.33 18,23,24,25
28’ CH;CH.CH,NH, (water) 5.55 1.21 0.12 16,18,19,20,21,23,24,25
29 CeH:0~ (water) 5.6 0) 0.27 16,18,19,26,(23,24,25)
30’ H.NNH. (water) 5.66 2.41 0.28 1,2,16,17,18,19,23,24,25,27,
(14,15)
31 p-CH,CeH.O~ (water) 5.8 0) 0.40 16,18,26,(23,24,25)
32’ CH;NHNH; (water) 5.78 0.22 2,15
33’ CN- (methanol) 5.94 0.12 4,5
34/ Piperazine (water) 5.94 2.75 0.23 16,17,18,29,20,23,24,25,26
35" Piperidine (water) 6.11 1.75 0.26 15,16,17,18,19,20,21,23,24,25,
26,(22)
36’ CF;CH,O~ (water) 6.42 «0 0.15 17,18,19,20,23,24,25,26,27(22)
37 CH;CONHO™ (water) 6.94 1.00 0.30 17,18,23,24,25,26
387 OCI~ (water) 7.13 2
39’ CH,;O~ (water) 7.28 <0 0.17 18,19,20,23,24,25,(22)
40’ CH,;O~ (methanol) 7.68 0.26 1,2,3,4,5,11,12,13,15
417 SO, (water) 7.90 0.24 1,2,3,4,5,7,15
42’ HOO~ (water) 8.08 <0 0.28 2,17,18,19,20,23,24,25,26
43’ CN-~ (dimethyl sulfoxide) 8.60 0.39 1,2,3,4,5,7,9,10
447 N;~ (methanol) 8.85 0.22 1,4,5,6,7,8,9,(10)
45’ CN- (dimethylformamide) 9.33 0.19 1,2,3
46’ N;~ (dimethyl sulfoxide) 10.07 0.26 4,5,6,7,8,9,10
477 C¢H.S~ (methanol) 10.51 0.38 1,2,4¢,5¢,6¢,7,8,9,10,15
48’ CsH,S~ (dimethyvl sulfoxide) 12.83 3
49 NO;~ (water) 3.04 5.37 0.10 17,18,23,24
50 F- (water) >3.45 >6.20 0.04 18,23,(17,24,25)
51 CH;COO~ (water) >2.95 >6.20 0.27 17,18,19,20,23,26,(24,25)
52 N~ (water) 7.6 8.3 0.20 16,17,18,23,(24,25)

* Numbers correspond to the electrophiles identified in Table 11. Those electrophiles whose identifications are within parentheses are not
included in the calculation of the root-mean-square deviation (rms dev). An italic number indicates that the difference between calcuiated
and observed log 4 is 0.5-1.0 unit. A boldface numbe; indicates that the difference between calculated and observed log k is greater than 1.0
unit. ® Dabco is diazabicyclo[2.2.2]octane. < The calculated rate constants are above diffusion-controlled limits; observed rate constants are

diffusion controlled.

the leaving group of the ester. For example, log k_x must
equal log k_, for the attack of phenoxide ion on PA. We
shall examine this condition in more detail in the Discussion
section. For the moment, the important point is that the
condition is sufficiently restrictive that fortuitous correla-
tions of data by use of eq 3 and a single set of log k— values
are extremely unlikely.

Treatment of Data
Reevaluation of N, Parameters. Before proceeding with

a consideration of the reactions of esters, we wished to have
a reliable set of V4 values for as many nucleophiles as pos-
sible. In our previous work,!¢ we have defined N, values
directly from the measured rate constants for reactions of
nucleophiles with either Malachite Green [bis(p-dimethyla-
minophenyl)phenylmethyl cation] or p-nitro(Malachite
Green) [bis(p-dimethylaminophenyl)-p-nitrophenylmethyl
cation]. For the present purposes, we have chosen a basic
data set to allow a statistical evaluation of the parameters
ineq 2.
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TableII. Electrophilic Parameters

Log k_y*
No. Electrophile Log k¢ rel Rms® dev  Range? Nucleophiles studied®

1 p-Nitro(Malachite Green) -3.91 Inf 0.24 10.7 1,2°,97,10°,167,17/,30’,40’,
417,43',44’ 45’ 47’

2 Malachite Green -4.13 Inf 0.26 9.7 1,4,5",97,10°,11,14",15",
16°,177,20’,217,24’,25’,
307,32%,387,40°,417,42’,
43,'45' 47’

3 Crystal Violet -5.42 Inf 0.36 12.1 1,9/,17,40°,41’,43",45’,48’

4 p-Nitrobenzenediazonium ion 0.68 Inf 0.29 10.4 1,87,9,177,337,407,41’ 43/,
44',46',47

5 p-Cyanobenzenediazonium ion 0.49 Inf 0.26 6.1 8,9,177,337,407,41’,43’,
447,46:,47

6 m-Chlorobenzenediazonium ion -0.12 Inf 0.24 6.8 8,97,17',44’,46' ,47

7 p-Chlorobenzenediazonium ion —-0.62 Inf 0.14 7.0 87,9/,177,41,43’,44’,46’,47’

8 Benzenediazonium ion -1.20 Inf 0.15 6.8 8/,9/,17',447,46' 47’

9 p-Toluenediazonium ion —~1.54 Inf 0.28 7.2 87,9/,177,43",44' 46' 47’

10 p-Methoxybenzenediazonium ion —1.84 Inf 0.30 2.6 437,46°,47',(44)

11 p-Chlorophenyltropylium ion 0.43 Inf 0.34 8.2 1,2/,97,17°,40’

12 Phenyltropylium ion 0.46 Inf 0.32 8.3 1,2,177,40’

13 p-Methoxyphenyltropylium ion —-0.02 Inf 0.30 8.4 1,27,17’,40'

14 Tropylium ion 0.68 Inf 0.28 5.1 1,2',4°,11°,147,16°,17/
(10,30)

15 p-Dimethylaminophenyltropylium ion —1.46 Inf 0.31 11.5 1,2’,4',5",11",14",15",16’,
177,21°,24’,25’,327,35,
40,417,47’,(10,30)

16 Tri-p-anisylmethyl cation’ -0.91 Inf 0.35 4.0 7,9,177,217,22/,24’,28,29,
30,31,347,35",52,(1)

17 CeH:sS0:.S0.CeH ¢ —-4.19 5.00 0.26 6.2 6’,7,9’,117,14’,20’,22°,25",

30,34’,35’,367,37,427,
49,51,52,(17,50)

18 N-Acetoxy-4-methoxypyridinium ion» —~1.85 5.20 0.20 8.3 1,3,4’,5',6°,9’,11",12°,13",
14’,16’,18°,197,20,22’,
23,247,257,26,27,28',29,
30,31,34’,35',367,37,39’,
427,49,50,51,52,(7,17)

19 N-Acetyl-4-methylpyridinium ion® 0.78 4.50 0.26 8.9 1,4’,6,127,14’,227,28",29,

30,347,357,36",397,42",51,
(17)

2 7.8 1,47,67,14,227 28" 34" 35",

36’,39°,51,(17)

1,47,147,227,287,35' (17)

6,7,22,35,36,40,(1,17)

1,3,4,6,9°,117,13,147,16’,18,
197,20°,217,22,23,24’,25",
26,27,287,30,347,357,36/,
37,39,42’,49,50,51,52,
(7,17,29,31)

24 p-Nitrophenyl acetate® —4.46 2.00 0.19 12.6 3,4,5,6,97,11,13,14,16,18,19,
20,21,22,23,24,25,26,27,
287,30,34,35°,367,377,39",
427,49,(1,7,17,29,31,50,
51,52)

25 Phenyl acetate® -5.41 [(8)] 0.11 14.0 4,5,6,9,11,13,14,16,18,19,
20,21,22,23,24,25,26,27,
28,30,34,35,36,37,39,42,
(1,3,1277,29,31,50,51,

52)

26 N-Acetylimidazolium ion* —-0.38 1.42 0.27 9.6 4,6,7,10,12,21,22,24,29,31,
34,35,36,37,39,51,(1,17)

27 CF3CH25—?—CH3‘ —-4.99 2.07 0.21 2.4 7,9,17,19,20,21,22,25,30,36

(0]

20 N-Acetyl-3,4-lutidinium ion* 0.62 4.74

21 N-Acetyl-4-methoxypyridinium ion? 0.09 4.50
22 N,O-Trimethylenephthalimidium ion/ 0.74
23 2,4-Dinitrophenyl acetate” —~3.45 3.80

coo o
o0
W
ey

~ O~

¢ Second-order rate constants in units of M~1 sec~; rate constants for reactions of water and methanol are pseudo-first-order constants in
units of sec~1. ® See eq 4.  Root-mean-square deviation of calculated and observed log k’s. ¢ Range of log k observed. ¢ Numbers correspond
to the identification of the nucleophiles given in Table I. Those numbers marked with a “prime” indicate reactions included in the basic
data set discussed in the text. Those numbers in parentheses were not included in the calculation of the root-mean-square deviation. An italic
number indicates a deviation of 0.5-1.0 unit between calculated and observed log k; a boldface number indicates a deviation of greater than
1 unit. / Data from C. A. Bunton and S. K. Huang, J. Amer. Chem, Soc., 94, 3436 (1972); 95, 2701 (1973); 96, 515 (1974). ¢ Data from J. L.
Kice and E. Legan, ibid., 95, 3912 (1973). » Data from W. P. Jencks and M. Gilchrist, ibid., 90, 2622 (1968). ¢ Data from A. R. Fersht and
W. P. Jencks, ibid , 92, 5442 (1970). / Data from N. Gravetz and W. P. Jencks, ibid., 96, 489, 499, 507 (1974). * Data from A. R. Fersht and
W P. Jencks, ibid., 93,178 (1971). ! Data from M. J. Gregory and T. C. Bruice, ibid., 89, 2121 (1967).

The basic data set was chosen by examination of plots ac- ed in Tables I and II by primed numbers. The log k¢ value
cording to eq 2 using previously evaluated N, parameters. for Malachite Green was arbitrarily set equal to —4.13 to
Points clearly deviating from the plots were excluded from preserve the magnitudes of the numbers previously re-
the data set. The reactions chosen for inclusion are indicat- ported.
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Starting with approximate values of N, and log ko ob-
tained from the plots mentioned above, iterative averaging
of, first, log ko for each electrophile, then, N values for
each nucleophile was carried out until further iterations led
to no changes greater than 0.01 unit in any of the parame-
ters.

The basic data set consisted of 204 rate constants for
which the final log ko and N+ parameters employed in eq 2
gave a correlation with an average deviation of 0.20 unit, a
root-mean-square deviation of 0.25 unit, and a maximum
deviation of 0.66 unit. The nucleophiles included in the
basic data set are referred to as “prime nucleophiles” in the
remaining discussion. Their identification numbers are
marked by primes in Table I.

Evaluation of Relative Log k_, for Prime Nucleophiles.
The empirical evaluation of relative log k_x parameters re-
quires initial estimates of log ko for DNPA, PNPA, and
PA. The values for DNPA and PNPA were obtained from
the basic data set described above. The log kg value for PA
was obtained by comparing rates of reactions of hydroxide,
peroxide, methoxide, and trifluoroethoxide ions with PA
with those for reactions of the same ions with DNPA and
PNPA. Since these nucleophiles are expected to be much
poorer leaving groups than any of the phenoxides, the rela-
tive rates of reactions of the three esters should depend only
on their log ko values.

The log k_, (and, therefore, the log k—,) value for phen-
oxide ion is arbitrarily set equal to zero. Initial estimates of
log k_ for other nucleophiles were obtained by application
of eq 3 to the data for reactions of PA, using the V4 values
for the prime nucleophiles and the initial estimate of log ko
for PA.

From this point, an iterative procedure was employed to
obtain the final log k—_ values for the nucleophiles, the log
ko values for DNPA, PNPA, and PA, and the log k-,
values for DNPA and PNPA, as follows.

(1) Obtain log k—, values for DNPA and PNPA by ap-
plication of eq 3 using the current values of log k_ for the
nucleophiles and log ko for the esters.

(2) Increment the log k—x value of each nucleophile so
that the sums of the squares of the deviations of eq 3 ap-
plied to reactions of PA, PNPA, and DNPA are minimized.

(3) Iterate steps | and 2 until further iterations lead to no
changes greater than 0.05 unit in any log k_4 or log k-,
values.

(4) Obtain new values of log ko for PA, PNPA, and
DNPA by averaging deviations from eq 3.

(5) Repeat steps | through 4.

The final values obtained are shown in Tables I and II.

Reactions of Nucleophiles with Acetylimidazolium Ion*
(AclmH*) and with Trifluoroethyl Thiolacetate® (TFSAc).
With the values of N, and log k_4 for the prime nucleo-
philes, values of log ko and log k—y for AcImH* and
TFSAc were obtained by iterative adjustment and applica-
tion of eq 3 to minimize the sums of squares of deviations
between observed and calculated values of log kopsd. The
values obtained are shown in Table II.

Reactions of Aniline, Pyridine, 4-Picoline, Quinuclidinol,
and Dabco with Esters. Rate constants for reactions of the
listed amines with AMPP, DNPA, PNPA, and PA have
been reported.? The values of N and log k—, for these nu-
cleophiles were obtained by iterative incrementation of
values to minimize sums of squares of deviations from eq 3,
subject to the restriction that log k—, for AMPP be equal to
log k—x + 0.3 for pyridine. This somewhat arbitrary, but
reasonable, restriction assumes that the leaving group abili-
ty of 4-methoxypyridine N-oxide is twice that of pyridine
and is found to be consistent with all the data available.

The parameters obtained are reported in Table 1. Values

of log k—, for N-acetyl-4-methylpyridinium ion (AMeP)
and for N-acetyl-4-methoxypyridinium ion (AMeOP) were
set equal to log k_, for 4-picoline.

Reactions of Imidazole and of Azide Ion. Rate constants
for reactions of these two nucleophiles with tri-p-anisyl-
methyl cation® (TAM) and with several esters?~* have been
reported. The NV, values for both nucleophiles, reported in
Table I, are based only on the reactions with TAM. The log
k_x value for imidazole is set equal to the log k—, value for
AcImH™. The log k_, value for azide ion is obtained from
the reported rate constant for reaction with AMPP by ap-
plication of eq 3.

Reactions of DabcoH*, Acetate, Fluoride, and Nitrite
Ions. Values of N, and log k—x for these four nucleophiles
were obtained in a manner analogous to that described
above for aniline, pyridine, etc., except that the reactions of
PA were excluded from the data considered. The reaction
of acetate ion with PA is known to be a case of general base
catalysis of the water reaction rather than nucleophilic at-
tack,!? and the other nucleophiles considered here have
pK’s similar to that of acetate ion. The reported rate con-
stants for reactions of acetate ion with DNPA and PNPA
have been corrected for the general base catalysis contribu-
tion!0 in the present analysis.

Since the log k—_ values found for fluoride ion and ace-
tate ion are greater than the log k_, values for any of the
esters, the only meaningful quantities for these nucleophiles
which are obtainable by application of eq 3 are the values of
[N+ — log k—]. Thus, the N+ and log k—_4 values found for
these nucleophiles are only lower limits.

The log k—, value for PDS was obtained by application of
eq 3 to the measured rate constant for reaction of PDS with
nitrite ion using the N4 and log k—, values found for this
nucleophile.

Reactions of Phenoxide Ions. Rate constants for the reac-
tions of phenoxide and p-toluoxide ions with TAM, AMPP,
DNPA, PNPA, PA, and AcImH™* have been reported. The
log k- value for phenoxide ion is set by the log k—, value
for PA, and we assume that the log k_, for p-toluoxide ion
is roughly equal to that for phenoxide ion. The values of N4
for these nucleophiles, reported in Table I, are based on the
reactions with TAM, AMPP, and AcImH*, but the calcu-
lated rate constants for reactions with the aryl acetates are
seriously above the observed values when these N, values
are used in eq 3.

Similarly, the N, value for p-nitrophenoxide ion reported
in Table I is based on the rate constants for reactions with
AMPP, AMeP, and AcImH™*, This value, along with the
log k— value which is equal to the log k_, for PNPA, gives
calculated rate constants for reactions of the aryl acetates
which are seriously above the observed values.

Reactions of N,O-Trimethylenephthalimidium Ion!!
(PHTH). The rate constants for reactions of several nucleo-
philes with PHTH are correlated very poorly by eq 2. Use
of the parameters shown in Table II for PHTH gives calcu-
lated log k values which are more than 1 unit off from the
observed values for four of the eight reactions studied.

Discussion

A summary of the reactions considered and the parame-
ters found and an indication of the quality of the correla-
tions are given in Tables I and II. In general, the correla-
tions are quite remarkable. Of the 382 rate constants in-
cluded in the present examination, only 24 show deviations
of more than 1 log unit between calculated and observed
values: another 23 show deviations of between 0.5 and 1.0
log unit.

Most of these large deviations are associated with partic-
ular reagents rather than being randomly distributed
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among the data, and many of them have rational explana-
tions in terms of known mechanistic detail. We shall consid-
er these deviant cases before proceeding to a general discus-
sion of the nucleophilic and electrophilic parameters.

Reactions of Water and Hydroxide Ion. The reactions of
water and of hydroxide ion account for nine of the devia-
tions of more than | log unit and for eight of the deviations
of between 0.5 and 1.0 log unit.

We have previously commented at length on the unique
nature of the reactions of water as a nucleophile.!:é In every
case that has been closely examined, the reaction of water
with an organic cation involves general base catalysis and is
not, therefore, a simple nucleophilic reaction analogous to
the reactions of other nucleophiles. The surprising fact in
the present examination is that most of the reactions of
water, even several of those with esters, are correlated by eq
2 and 3. Perhaps this is indicative of a similarity of mecha-
nisms for these reactions.

The reactions of hydroxide ion in aqueous solution are
also likely to be unusual types of reactions. For other nu-
cleophiles, it is obviously necessary that the nucleophile and
electrophile come into direct contact before formation of
the combination product can occur. In the case of the reac-
tion of hydroxide ion, however, a proton transfer from water
separating the electrophile from hydroxide ion, simulta-
neously with formation of a bond between the solvent mole-
cule and the electrophile, could furnish a unique reaction
path. This postulated path, of course, is nothing more than
general base catalysis of the water reaction by hydroxide
ion. We have commented earlier!? that the Bregnsted rela-
tionship applied to the general base catalysis of the reaction
of water with Malachite Green makes it appear reasonable
that hydroxide ion may be acting as a general base catalyst.

The reaction of acetate ion with PA is known!? to pro-
ceed essentially completely by general base catalysis of the
water reaction and has log k = —6.42.2 The rate constant
for reaction of hydroxide ion with PA gives log k = 0.10.
Thus, the hydroxide reaction could easily be general base
catalysis with a Br¢nsted slope of 0.6. The same conclusion
results from examination of the data for reactions of
PNPAZ10 and is not inconsistent with the data for reactions
of the other esters.

The postulate that hydroxide ion is acting as a general
base catalyst for the reaction of water with electrophiles is
not in accord with “the rule” formulated by Jencks!3 with-
out some modification of that rule. According to the strict
application of this rule, since the reaction of hydroxide ion
with water in a simple proton exchange does not involve an
unfavorable free-energy change, general base catalysis
would not be expected to occur. We believe, however, that
this interpretation is naive for the present cases.

The simple proton transfer between water and catalyzing
base which is pertinent to the application of Jencks’ rule to
the present case can be written

[HO" H,0 E] == [H,0 HO" E]

where E is the electrophile. Essentially, this exchange of a
proton places the electrophile in a position which was origi-
nally occupied by the solvation shell of the hydroxide ion.
Thus, the free-energy change for the process is expected to
be very unfavorable. General base catalysis would avoid
formation of the unstable intermediate [H,O HO~- EJ.
Thus, the postulated general base catalysis by hydroxide ion
is in accord with the basis of Jencks’ rule.

Reactions of DabcoH*, Fluoride, and Azide Ions. The
reactions of these three ions with PA give more than 1 log
unit deviation from eq 3, and the reactions of the two anions
with PNPA give deviations of more than 0.5 log unit.
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We have already pointed out above that the reaction of
acetate ion with PA is known to involve general base cataly-
sis and gives log k = —6.46. Both DabcoH* and fluoride
ion have basicities quite similar to that of acetate ion, and
the log k’s for reactions of these ions with PA are —6.60
and —6.50, respectively. The similarity of rate constants to
that for acetate ion strongly suggests that these reactions
are also general base catalysis rather than nucleophilic at-
tack.

In view of the smaller, but still significant, contribution
of general base catalysis to the reaction of acetate ion with
PNPA,!® we also expect some general base catalysis contri-
bution to the observed rate constants for reactions of Dab-
coH* and of fluoride ion with this ester. A 50% component
of such catalysis would bring the observed rate constants
into reasonable agreement with the calculated values.

The reported values of log k for reactions of azide ion
with PA and PNPA are —3.63 and —1.52, respectively.
These values are more than 3 units higher than those for
reactions of acetate ion with the same esters. Since acetate
ion and azide ion have similar basicities, it appears that the
large deviations from eq 3 for the reaction of azide ion with
PA (calculated log k = .—6.11) and with PNPA (calculated
log k& = —3.16) do not result from operation of the general
base catalysis mechanism. We can offer no reasonable ex-
planation for these deviations at this time.

For analogous reasons, it does not appear that the large
deviation between observed and calculated values of log k
(observed value = —0.75; calculated value = —1.97) for the
reaction of fluoride ion with PDS can be attributed to oper-
ation of the general base catalysis mechanism. It does seem
reasonable to suppose, however, that the intermediate re-
sulting from attack of fluoride ion on PDS has a greater
stability, relative to the one resulting from attack of oxygen
and nitrogen nucleophiles, than in the corresponding reac-
tions of the acetate esters. This could lead to the log k_,
value for fluoride ion being smaller for attack on sulfur than
for attack on carbon.

Reactions of Imidazole and Phenoxide Ions. Use of the
parameters shown in Table I gives poor results when ap-
plied to the reactions of phenoxide ion with DNPA, PNPA,
and PA; the reactions of p-toluoxide ion with TAM,
DNPA, PNPA, and PA; the reaction of p-nitrophenoxide
ion with PA; and the reactions of imidazole with AMPP,
DNPA, PNPA, and PA. For all the reactions of the phe-
noxides with aryl acetates, the observed log k’s are approxi-
mately | unit lower than the calculated values. Similarly,
the observed log k’s for reactions of imidazole with the four
esters listed are appreciably lower than the calculated
values. No other choice of parameters for these nucleophiles
would appreciably improve the situation even if we relaxed
the restriction that log k_x for the phenoxides must be
equal to the log k_y for the aryl acetate with the corre-
sponding phenoxide as leaving group.

Several of the rate constants above have been determined
by indirect methods which depend on interrelationships
among the rate and equilibrium constants for reactions of
phenoxide ions with AcImH™* and those for reactions of im-
idazole with aryl acetates. It is easily conceivable that some
of the rate constants could be in error by as much as a fac-
tor of 2. For example, the pK, of AcImH*, which is directly
used in the calculation of many of the rate constants, was
taken to be 3.6 in the original paper'* reporting rate con-
stants for reactions of phenoxides with AcImH™* but was re-
ported as 3.86, under similar conditions, in a later paper.4
We have used the later value to recalculate these rate con-
stants for our present examination. It is most unlikely, how-
ever, that the errors could account for the large deviations
found between observed and calculated values.

Ritchie / Correlation of the Reactions of Nucleophiles with Esters
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Figure 2. Data for reactions of nucleophiles with cationic esters as cor-
related by eq 3. Data for reactions of the different esters are identified
as follows: (@) AMPP; (0) AMeP; (&) AMeOP; (X) N-acetyl-3,4-lu-
tidinium ion. See text for other abbreviations.
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Figure 3. Data for reactions of DNPA with nucleophiles as correlated
by eq 3. ldentification numbers on the plot correspond to those given in
Table 1.
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Figure 4. Data for reactions of PNPA with nucleophiles as correlated
by eq 3. ldentification numbers on the plot correspond to those given in
Table 1.

There is little doubt that these reactions involve direct
nucleophilic attack since the substitution products have
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Figure 5. Data for reactions of PA with nucleophiles as correlated by
eq 3. ldentification numbers on the plot correspond to those given in
Table 1. See text for explanation of limiting points shown for DabcoH™
and fluoride ion.
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Figure 6. Data for reactions of acetylimidazolium ion with nucleophiles
as correlated by eq 3. ldentification numbers on the plot correspond to
those in Table 1.

been directly observed in several cases. Also, the rate mea-
surement for the reaction of phenoxide ion with PA was
made by observing the incorporation of 4C-labeled phenox-
ide into PA.13

At the present time, we can offer no rational explanation
for these deviations. In view of the excellent correlations ob-
tained for other reactions, however, it does not appear that
these deviations can be ascribed to a general breakdown of
the hypothesis that the relative values of log k_x for nucleo-
philes are independent of the leaving group of the ester.

Reactions of N,O0-Tetramethylenephthalimidium Ion. The
reactions of PHTH with nucleophiles are simply not corre-
lated by the N, equation even though the pKr (ca. —0.1)!!
and reactivity of this cation are within the range shown by
other cations considered here. A particularly striking illus-
tration of the odd pattern of reactivity of PHTH is fur-
nished by comparisons with reactions of AMeP. For reac-
tion of methoxide ion, log k for PHTH is 0.4 unit lower
than that for AMeP, and for reaction of piperidine, log k
for PHTH is 1.3 units lower than that for AMeP, but for
reaction of piperazineH*, log k for PHTH is | unit greater
than that for AMeP.

It is rather disappointing that the reactions of this cation
are not correlated with reactions of esters since some data
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are available which give estimates of leaving-group abilities
of nucleophiles from the tetrahedral addition product with
PHTH. From the measured rates of breakdown (acid cata-
lyzed) of the adducts of PHTH with secondary amines and
estimates of the pK’s of the adducts, rate constants for the
formation of amine plus PHTH were estimated!! as follows:
piperidine, log k = 1.52; N-methylpiperazine, log k = 3.56;
morpholine, log & = 3.92; imidazole, log k = 1.22; and pip-
erazineH*, log & = 6.5. The qualitative order of leaving-
group abilities, piperazineH* > morpholine > piperazine >
piperidine > imidazole, is the same as that given by the log
k_x values in Table I, but the quantitative agreement is
rather poor.

In view of the poor correlation of the forward reaction,
the qualitative agreement for the reverse reactions is proba-
bly all that could be expected.

Correlations and Mechanisms of the Reactions of Nucleo-
philes with Esters. The correlations of ester reactions by eq

3 using the parameters reported in Tables I and II are
shown graphically in Figures 2-6. All the data, including
the deviant points discussed above, are shown in these plots.
These figures may be compared with Figure | in which no
account of mechanism is taken.

We believe that the quality of these correlations provide
strong support for the validity of the mechanism assumed,
for the hypothesis that the attack of nucleophiles on esters
are governed by the N, equation, and for the supplementa-
ry assumption that the relative leaving-group abilities of nu-
cleophiles are independent of the ester leaving group. The
simplicity and lack of flexibility of eq 3 make it most un-
likely that these correlations are fortuitous.

We have already mentioned in the introductory section
that the assumption that relative leaving-group abilities of
nucleophiles are independent of the ester leaving group is
quite drastic. Jencks!'! has argued, for example, that the
leaving-group ability of an aryl oxide would be expected to
depend on the driving force which might be exerted by lone
pairs of another group in the tetrahedral intermediate:

C|>)

X——-C-—OAI
CH:%

Such an effect would, of course, invalidate the assumption
that we have used to allow evaluation of a single scale of log
k_x values. The fact that a single scale of log k—, values
works so well in the present correlations, then, argues
against the operation of the effect. In particular, the fact
that log k_, values which work for the reactions of aryl ace-
tates also work for the AMPP reactions is quite striking.
For reactions of aniline, pyridine, nitrite ion, and acetate
ion with both AMPP and the aryl acetates, the log k—,
terms contribute significantly to the calculated values of log
kobsd. All these reactions are well correlated by eq 3, indi-
cating strongly that the log k_, terms are not dependent on
nucleophile. Similarly, it is difficult to understand how the
reactions of both TFSAc and the reactions of PA with a
range of nucleophiles could be so well correlated by a single
scale of log k_, values if the sulfur and oxygen lone pairs
provided differential driving forces for leaving of the nu-
cleophile.

Another indication of the validity of the log k_, scale can
be gained by an examination of the quantities [N, — log
k—4] for the various nucleophiles. On the basis of the two-
step mechanism for ester reactions, these quantities are di-
rectly related to the relative values of log X for the equilib-
rium addition of the nucleophile to the ester to form the tet-
rahedral intermediate:
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TableIII. Comparison of Nucleophilic Parameters
[N+ — log pK. — [N,
Nucleophile k_y] Pk — log k_4]

Simple Primary Amines
CF;CH:NH, -0.6 5.8 6.4
H-NCH.CH,NH;* 1.9 7.4 5.5
H:NCH.CO.C.H; 1.3 7.9 6.3
H:NCH.CONHCH.COO~ 1.7 8.2 6.4
CH;OCH.CH:NH. 3.1 9.7 6.6
C.H;NH, 4.5 11.0 6.5
H.NCH.COO- 3.1 9.8 6.7
H.NCH.CH,NH, 3.9 10.2 6.3
CH;CH,CH,NH, 4.4 10.9 6.5
Aniline -1.1 4.8 5.9

Simple Secondary Amines
PiperazineH* 0.1 6.0 5.9
Morpholine 2.3 8.9 6.6
Piperazine 3.2 10.1 6.9
Piperidine 4.4 11.4 7.0

Tertiary Amines

Quinuclidinol 2.1 10.1 8.0
Dabco 1.5 9.2 7.7
DabcoH™ -3.1 3.5 6.6
Imidazole 2.3 7.2 4.9
Pyridine 0.1 5.5 5.4
4-Picoline 1.0 6.3 5.3

“a-Effect” Nucleophiles
H.NCONHNH, -1.0 3.9 4.9
CH;ONH, 0.7 4.6 3.9
HONH. 3.4 6.2 2.8
H.NNH, 3.3 8.2 4.9
CH;CONHO~ 5.9 9.4 3.5

Anions
CH,;COO~ -3.2 4.7 7.9
F- -2.8 3.1 5.9
NO;~ -2.3 3.4 5.7
p-Nitrophenoxide 2.0 7.1 5.1
Phenoxide 5.6 10.0 4.4
p-Toluoxide 5.8 10.1 4.3
N3~ -0.7 4.0 4.7
* The pKa values are taken from ref 2.

o} o
" —n K + (1~ "
C + X" = R—C—B*"* "

/\
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For a “structural family” of nucleophiles, such as a series of
primary or secondary amines, we expect that the equilibri-
um constants for this reaction will be linear functions of the
basicities of the nucleophiles. Jencks has argued,? for exam-
ple, that a 8, of close to unity (he actually uses a value of
0.9) indicates that the k_, step is rate determining. Table
III shows a comparison of the quantities [N+ — log k_4]
and pK’s for various types of nucleophiles.

The data for primary and secondary amines show, as ex-
pected, a reasonably constant difference between pK, and
[N+ — log k_4], except for the two monoprotonated amines.

Even more striking is the fact that the differences be-
tween pK, and [N, — log k_.] for “a-effect’” nucleophiles
are much smaller than those for primary and secondary
amines. Thus, the equilibrium constants for formation of
tetrahedral intermediates from “a-effect’”” nucleophiles are
unusually high relative to those for primary and secondary
amines of similar basicity. This conclusion is in agreement
with previous observations®!6 on the equilibrium constants
for reactions of amines and “a-effect’” nucleophiles with or-
ganic cations.!’

According to the present analysis, the attack of nucleo-
phile on ester is rate determining for those cases where log
k_, is greater than log k—y, and the breakdown of the tetra-

Ritchie [/ Correlation of the Reactions of Nucleophiles with Esters
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Figure 7. Bronsted plot of N, values for amines. ldentification num-
bers are from Table 1. (®) Primary and secondary amines: (O) tertiary
amines: (®) “a-effect™ nucleophiles.

hedral intermediate is rate determining in those cases where
log k—y is greater than log k—,. The general conclusions
concerning the identity of the rate-determining step which
result from examination of the parameters in Tables I and
II are in agreement with conclusions reached by Jencks?-3
from analysis of the application of the Br¢nsted relation-
ship. There are, however, some minor disagreements.
Jencks concludes, for example, that-the reactions of weakly
basic amines, such as trifluoroethylamine, with AMPP in-
volve rate-determining breakdown of the intermediate,
while the parameters in Tables I and II indicate that the
reactions of all the amines with AMPP involve rate-deter-
mining attack. Only in the cases of acetate, nitrite, fluoride,
and azide ions do the log k_, parameters exceed the log k—,
for AMPP. These minor disagreements result from dis-
agreements concerning the interpretations of curved
Br¢nsted plots given by Jencks.2-3

Nucleophilic Parameters and Br¢nsted Relationships. A
plot of N, parameters vs. pK, for the conjugate acids of
amines and “a-effect” nucleophiles is shown in Figure 7.
The points for aliphatic primary, secondary, and tertiary
amines define a moderately good straight line with a slope,
Bnue, of 0.56. If the primary amines are considered alone,
the Brgnsted slope is 0.49. Both of these values are consid-
erably greater than those considered by Jencks as indicative
of rate-determining attack of nucleophiles on esters.>!! In
most of the cases examined by Jencks, however, the Brenst-
ed plots are fitted by curved lines with only the most basic
amines falling on the portion with small slope. The most
convincing data to support the contention of very small
Bre¢nsted slope for rate-determining amine attack are de-
rived from Jencks’ study of the reactions of PHTH.!! In
this case, four amines, methylpiperazineH*, piperazineH*,
morpholine, and piperidine, gave a Br¢nsted slope of 0.1.
We have already noted that these reactions are not correlat-
ed by eq 2.

Since the N4 values shown in Table I correlate the reac-
tions of amines with several organic cations when employed
in eq 2,6 these reactions must give a Bronsted slope of ca.
0.5. We do not understand why this slope is so far different
from that for reactions of PHTH but note that many more
amines are included in the NN, correlation than in the
Bronsted correlation for reactions of PHTH. It seems to us
to be most unlikely that the N4 values would give such a
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Figure 8. Bronsted plot of V.. values for anions. 1dentification numbers
are from Table I.

Figure 9. Bronsted plot of leaving-group abilities for amines. 1dentifi-
cation numbers are from Table 1. (®) Primary amines; (O) secondary
amines; ('®) tertiary amines; (¢) aromatic amines; (©) “a-effect”
amines.

good correlation for reactions of AMPP (by use of the sim-
ple eq 2 for all the amines) if some of these reactions in-
volved rate-determining attack, while others involved rate-
determining breakdown. Thus, we believe that the data for
reactions of PHTH are misleading in showing the small
Brensted slope, and that rate-determining attack of amines
on esters will generally be characterized by Br¢nsted slopes
of ca. 0.5, consistent with the correlations given in the pres-
ent paper.

It is interesting to note in Figure 7 that the data for “a-
effect” nucleophiles give quite a good Br¢nsted correlation
with a slope of 0.62. Even the anionic reagents HOO™ and
CH;CONHO™ are included in this plot. It is surprising to
note that aniline, pyridine, and 4-picoline appear to behave
as “a-effect” nucleophiles in this respect, while imidazole
appears with the aliphatic amines.

The Brensted plot of N, values for anionic nucleophiles
is shown in Figure 8. There is certainly no simple relation-
ship between reactivity and basicity for these nucleophiles.

A plot of log k_4 vs. pK, for amine nucleophiles is shown
in Figure 9. Close inspection of Figures 7 and 9 makes sev-
eral conclusions obvious. (1) Imidazole (no. 7) is a much
poorer leaving group than expected from its pK value and
the behaviors of other tertiary amines. (2) Aniline (no. 13),
pyridine (no. 18), and 4-picoline (no. 26) are both better en-
tering and better leaving groups than expected from their
pK values relative to primary and secondary amines. The
leaving-group abilities of these amines, however, follow the
pattern of aliphatic tertiary amines. (3) The “a-effect” nu-
cleophiles are better entering groups but poorer leaving
groups than expected from their pK’s relative to primary
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and secondary amines. The very good Br¢nsted plot for en-
tering “a-effect’” nucleophiles does not appear for the leav-
ing-group abilities of these amines. (4) The monoprotonat-
ed diamines piperazineH™* (no. 6) and ethylenediamineH*
(no. 11) have entering-group abilities about as expected but
are poorer leaving groups than expected from their pK’s rel-
ative to other primary and secondary amines. (5) The sim-
ple alkoxide ions are much poorer leaving groups than
amines of similar pK, but the generalization does not apply
to acetate, fluoride, or nitrite ions.

Conclusions | and 5 are in agreement with results ob-
tained by Jencks!! concerning leaving-group abilities from
the tetrahedral intermediate formed from PHTH. Conclu-
sion 3 is not in agreement with the results obtained from
reactions of PHTH. In this latter connection, however, we
may note from Figure 9 that the “a-effect” nucleophiles
show a rather variable behavior. Hydrazine (no. 30) is quite
comparable to primary amines as a leaving group, but the
other “‘a-effect” nucleophiles are much poorer leaving
groups than other amines of similar pK.

General Features of the N, Correlations. The success of
the present application of eq 2 indicates a much greater
generality than we had anticipated. In fact, the observed
generality forces us to retract and reexamine virtually all
our earlier postulates concerning the fundamental factors
which give rise to such simple behavior.

At the present time, we are unable to formulate a consis-
tently rational model which will accommodate all the em-
pirical observations. In the following discussion, what ap-
pear to us to be some of the more important and confusing
of these observations are listed, and apparent paradoxes are
brought out.

(a) Rate vs. Equilibrium Behavior. In general, there is no
correlation between rate and equilibrium constants for the
nucleophile-electrophile reactions. There is also little or no
correlation of the equilibrium constants for reactions of a
series of nucleophiles with one electrophile vs. those for an-
other electrophile.!8-2! The conclusion seems obvious that
steric and specific bonding effects which are present in the
products of the reactions are not present at the transition
states. The implication, then, is that the nucleophile and
electrophile are separated by rather large distances at the
transition states for the reactions.

This implication appears to be contradicted by the obser-
vation of fairly large Br¢nsted slopes for reactions of amine
nucleophiles as discussed above. Similarly, the Hammett g
values for reactions of a series of aryldiazonium ions with a
given nucleophile or for reaction of a series of arylsulfinates
with a given aryldiazonium ion22:23 show that substituent
effects on rates are approximately one-half of the effects on
equilibria.

(b) Solvent Effects. The relative rates of reactions of cat-
ions are remarkably independent of solvent, even though the
relative equilibrium constants are appreciably solvent de-
pendent.!® We have previously argued?! that this indicates
that the solvation shell of the cationic moiety at the transi-
tion state is essentially the same as that of the reactant cat-
ion. It is difficult to understand, however, why different cat-
ions would react at such different rates if there is so little
change on going from reactant to transition state,

In earlier papers,?! we have rationalized this behavior by
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assuming that interactions between electrophile and nucleo-
phile at the transition state are relatively long-range cou-
lombic attractions. This rationalization is certainly incor-
rect. Anionic, neutral, and cationic nucleophiles reacting
with both neutral and cationic electrophiles show the same
orders of reactivity, as given by eq 2.

(¢) Relative Reactivities of Nucleophiles. From the limited
amount of data presently available, it appears that the rela-
tive reactivities of nucleophiles are solvent dependent. This
observation, along with those already mentioned above, led
us to postulate!8?! that the N4 values are determined by
the energy required to partially desolvate the nucleophile.
This postulate is not consistent with the observed Br¢nsted
slopes for reactions of amines nor with the observation that
amines are relatively unreactive when compared with an-
ions of similar basicity. One would expect the opposite be-
havior if solvation effects dominated.

It may be pertinent to note in this connection that the en-
tropy of activation for reactions of amines are much more
negative than those for reactions of anions.! Thus, the low
reactivity of amines may be ascribed, at least in part, to un-
favorable entropy factors.
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