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Abstract: The substitution of the trifluoroethoxy group of l,l-dicyano-2-p-dimethylaminophenyl-2-trifluoroethoxyethylene 
(6) by aliphatic monoamines and diamines in acetonitrile was studied. With 1,2- and 1,3-diamines and their A^N-dimethyl de
rivatives the reactions were first order in the amine with low AH* and high negative AS* values. Differences between the 
rates of most of the diamines were small and the reactions were much faster than the uncatalyzed reaction of the monoamines. 
The rate equation for the monoamines contains both a first-order, noncatalyzed (k') and a second-order, amine-catalyzed (k") 
term in the amine. Sterically hindered secondary amines gave a curved &0bsd vs. [amine] plot. Most of the k"/k' ratios followed 
the amine basicity and were low for hindered amines. The AH* values were low or negative and the AS* values were highly 
negative. It is suggested that the reactions initiate by an equilibrium addition of the amines to 6 to form the zwitterion 2. With 
the diamines this is followed by a rate-determining intramolecular proton transfer to the free amino group of 2. The rate-deter
mining step for the noncatalyzed route involves an intramolecular assisted leaving-group departure by the ammonium ion 
while the catalyzed route involves an intermolecular deprotonation by another amine molecule. Steric effects are important 
in the addition and the deprotonation steps. The activation parameters and the solvent and substituent effects were discussed 
and alternative reaction routes were excluded. 

In nucleophilic vinylic substitution via addition-elimina
tion3 4 the cleavage of the bond to the leaving group (LG) is 
usually faster than the rate of addition of the nucleophile to 
the double bond. Regardless of the rate-determining step, a 
second-order kinetics is predicted if the intermediate is formed 
in steady-state concentrations. Hence the usually observed 
second-order kinetics3 cannot distinguish between a concerted 
one-step mechanism and a multistep reaction via a carbanionic 
intermediate. A probe used to distinguish between these al
ternatives is the comparison of the reactivities of systems which 
carry different leaving groups, since the cleavage of the C-LG 
bond is part of the concerted process. The similar reactivities 
of otherwise identical substituted vinyl chlorides and bromides 
argue strongly for a multistep process.3'5-6 A consequence of 
this mechanism is that if the C-LG bond cleavage becomes 
slower while the rate of the nucleophilic attack is only slightly 
affected, a point may be reached when the lifetime of the in
termediate may become long enough making the C-LG bond 
cleavage rate determining. Structural and medium changes 
which are likely to favor this change are better negative charge 
stabilizing a substituents, a dipolar aprotic solvent where the 
anionic leaving group is destabilized, a nucleophile whose at
tachment to the /3 carbon of the intermediate reduces the ease 
of the C-LG cleavage, and especially a leaving group of low 
nucleofugacity. 

This goal was achieved in our recent work on replacement 
of "sluggish" leaving groups in appropriately substituted 
electrophilic olefins by amines in aprotic solvents (eq I).7"11 

Scheme I 

R, X 

C = C + R'R"NH 

LG Y' 

R Y 

C = C + HLG 

R'R"N Y' 
(1) 

Y, Y' = electron-withdrawing groups 

The details of the reaction are given in Scheme I. The inter
mediate formed by the initial nucleophilic attack of amine on 
the electrophilic olefin 1 is the zwitterion 2, and the combi
nation of a sluggish leaving group and the strong electron 
withdrawal by the ammonium moiety at C^ slows down the 
C-LG bond cleavage as to make it sometimes rate determining. 
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e.g., base= R'R"NH 

A special feature of 2 is that formation of the final product 4 
can take place by two routes: (a) A slow C-LG bond cleavage 
(rate constant ki) is accompanied by a fast loss of the proton 
from the N-protonated 4. (b) Slow amine-promoted depro
tonation of the ammonium ion gives the carbanion 3 (rate 
constant £3) from which the C-LG bond cleavage is fast. 

Regardless of the detailed mechanism, the observation of 
an appreciable "amine-catalyzed" reaction is a strong evidence 
for a multistep mechanism. 

The analogous reaction in nucleophilic aromatic substitution 
has been known for many years12 and was extensively inves
tigated,12"15 but the prediction of amine catalysis in vinylic 
system was borne out only recently. Both a third-order cata
lyzed reaction, second order in the amine with rate constant 
k", and a second-order uncatalyzed reaction, first order in the 
amine with rate constant k', were observed.7"11 The relative 
importance of the two routes is usually evaluated in terms of 
the k"/k' ratios. Catalysis was not observed with good leaving 
groups such as brosylate or tosylate in system la,6 but when 
the electron-withdrawing ability of the a substituents increases 
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Table I. Reaction of Diamines with 6 in Acetonitrile" 

amine 

H2NCH2CH2NH2 

H2NCHMeCH2NH2 

H2NCH2CH2CH2NH2 
Me2NCH2CH2NH2 
Et2NCH2CH2NH2 
Me2NCHMeCH2NH2 

Me2NCH2CHMeNH2 
Me2NCH2CH2CH2NH2 

in H2O* 
P*i 

9.93 

10.00 
10.30 
9.53 

10.02 

9.91 

pK2 

6.85 

7.13 
8.29 
6.63 
7.07 

7.67 

in MeCNc 

PAT, 

18.46 

19.70 

pKi 

13.01 

14.98 

concn 
range, 

1 O 4 M * 

2-16 
3-10 
2-7 
3-10 
2-12 
2-7 
2-7 
2-7 
2-7 

k', M-
at30°C 

5.66 ± 0.08 
5.13 ±0.06* 
2.57 ±0.12 
8.80 ±0.23 
3.78 ±0.09 
5.49 ± 0.08 
6.10 ±0.07 
0.88 ± 0.02 
5.61 ±0.20 

• i s - i P 

at 45 0C 

8.21 ±0.05 
6.89 ±0.17* 
4.68 ±0.12 
12.0 ±0.70 
6.02 ± 0.07 
7.53 ±0.11 
6.97 ±0.12 
1.41 ±0.04 
8.39 ±0.23 

AH*/ 
kcal mol-1 

4.1 ±0.8 
3.1 ±0.04« 
7.0 ±0.1 
3.3 ±0.1 
5.3 ±0.1 
3.4 ±0.04 
1.1 ±0.1 
5.3 ± 0.04 
4.5 ± 0.05 

AS* (303 0 C ) / 
calmol-' K-' 

-43 ± 3 
-46 ±0.1« 
-35 ±0.5 
-45 ±0.3 
-40 ±0.3 
-45 ±0.1 
-53 ±0.2 
-43 ±0.1 
-42 ±0.2 

a [6] = (0.5-5) X 10 -5 M. * Z. Rappoport, "Handbook of Tables for Organic Compounds Identification", 3rd ed., Chemical Rubber Publishing 
Co., Cleveland, Ohio, 1967. c J. F. Coetzee, Prog. Phys. Org. Chem., 4, 45 (1967). d Concentration range of the amine used for establishing 
the second-order kinetics. ' Average of at least four experiments. / The errors in the activation parameters were calculated according to R. 
C. Petersen, J. H. Markgraf, and S. D. Ross, J. Am. Chem. Soc, 83, 3819 (1961). s Reaction in tetrahydrofuran. 

P-O2NC6H4 CO2Et P-O2NC6H4 CN 

C=C / C = = C \ 
X ^CO2Et X CN 

Ic 

as in system lb, catalysis is shown even with good leaving 
groups such as chloride and bromide, although the k"/k' ratios 
are low." On the other hand, in reactions with Ic with the 
notoriously slow cyano leaving group,16 the third-order process 
is dominant and is nearly exclusive with several amines. Ex
tensive studies of system 5,X = Cl,7 F,7'8 OEt,9 CN,9 OAr,17 

showed that the kinetic behavior varies with the nature of the 
leaving group. With X = Cl, a weak catalysis was observed in 
acetonitrile7a but not in alcohols,7b while with X = F with 
anilines72 or with X = CN with morpholine in acetonitrile9 

only the catalyzed process was observed. With ethoxy9 and 
substituted phenoxy17 as the leaving groups both catalyzed and 
uncatalyzed terms were found. While it is clear that k"/k' 
ratios are low or zero for good leaving groups and high for 
sluggish leaving groups, the extent of catalysis for the latter 
does not follow expected measures of leaving-group ability such 
as the pA"a of the conjugate acid of the leaving groups. Since 
steric effects may be important in this respect, it seemed de
sirable to study a leaving group more reactive than ethoxy but 
less reactive than fluoride but with identical steric bulk with 
the former. We therefore chose for our study the trifluoro-
ethoxy derivative of system 5, i.e., l,l-dicyano-2-/>-dimeth-
ylaminophenyl-2-trifluoroethoxyethylene (6). 

P-Me2NC6H4 CN P-Me2NC6H4 CN 

X X N CFdCH2O CN 
5 6 

In addition there are several questions concerning the role 
of the "catalytic" amine molecule which were either little 
studied or deserve further study. Although we presented above 
the catalyzed process as involving a rate-determining proton 
transfer on the basis of evidence for systems Ic 1 0 and 5 ,X = 
F,7 '8 other alternatives are specific base-general acid catalysis, 

electrophilic catalysis, or bifunctional catalysis. The details 
of the catalysis may depend on the leaving group and have to 
be investigated for each system. Another question is whether 
an internal base may compete favorably with an external amine 
molecule. Furthermore, although the effects of the basicity, 
the steric bulk of the amine, and the polarity of the solvent on 
the k"/k' ratios were investigated in the past,7 ' ' additional 
information is required for extending our understanding of 
these effects. 

For these reasons we studied the reactions of compound 6 
with amines of different electronic and steric requirements. 
We especially investigated the reactions of diamines where one 
amino group serves as the nucleophile while the other may 
serve as an internal catalyst in the substitution process. To our 
knowledge only one such system was previously studied in vi-
nylic substitution,8 but to our surprise substitution by diamines 
in nucleophilic aromatic substitution was studied only in a few 
cases.18"20 The monoamines also had different basicities and 
steric bulk and involved primary, secondary, and tertiary 
amines. For comparison with previous work, acetonitrile was 
mostly used as the solvent. 

Results 

Reaction with Diamines. The reactions of 6 with 1,2-diam-
inoethane, 1,2- and 1,3-diaminopropane, and their mono-
A^N-dimethyl derivatives were studied in acetonitrile under 
pseudo-first-order conditions. The amine concentrations were 
changed between 2.5- and eightfold for different amines and 
the concentration of 6 was changed by a factor of 2 in the re
action with each amine. All the reactions were found to be of 
an overall second order (rate constant k'), first order in 6 and 
in the amine. The reactivity differences between most of the 
amines were small and the statistically corrected reactivity for 
the terminal diamines was close to that of their mono-A^N-
dialkyl derivatives. The reactivity differences for the substi
tuted 1,2-diaminopropanes were larger and 2-amino-l-di-
methylaminopropane was much less reactive than the other 
amines. The activation enthalpies were low but positive and 
the activation entropies were highly negative. The reaction of 
1,2-diaminoethane in tetrahydrofuran was also of a second 
order and had kinetic parameters similar to those in acetoni
trile. The data are given in Table I and examples of k' vs. 
[amine] plots for 1,2-diaminoethane and its mono-Ar,Ar-di-
methyl derivative are given in Figure 1. 

Reactions with Monoamines. The reactions with primary 
and secondary, hindered and nonhindered monoamines were 
conducted in acetonitrile under conditions similar to those used 
for the diamines. In all the systems the observed second-order 
rate constant £0t,sd increased with the increase in the amine 
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-o- io4 [Amme]/M 
4 6 8 IO 12 

4 6 8 10 
-•- IO3 [Amine]/M 

Figure 1. /c0bsd vs. [amine] plots for the reactions of 6 in acetonitrile at 30 
0C with (1) 1,2-diaminoethane; (2) MTV-dimethyl-1,2-diaminoethane 
(upper and right scales); (3) n-propylamine; (4) ethanolamine; (5) 2-
methoxyethylamine (lower and left scales). 

<- IO IPiperidinel/M 
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Figure 2. fcobsdvs. [amine] plots for the reactions of 6 with morpholine (O, 
lower and left scales) and piperidine (X, upper and right scales) in ace
tonitrile at 30 0C. 

concentration. Except for the reactions of diisopropylamine 
and diisobutylamine at 30 0C, the rate increase was linear 
according to 

fcobsd - k' + k" [amine] (2) 

This is demonstrated in Figure 1 for the primary amines n-
propylamine, ethanolamine, and 2-methoxyethylamine and 
in Figure 2 for the secondary amines piperidine and morpho
line. The least-squares intercepts, which are the "uncatalyzed" 
second-order rate coefficients k', and the slopes, which give 
the "amine-catalyzed" third-order rate coefficients k", and 
their ratios are given in Table II.21 The k"/k' ratios are high 
for all the systems except for rerf-butylamine and with imid
azole the relative contribution of the uncatalyzed process at 
30 0C is so low that the reaction is of an overall third order. 
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Table III. Second-Order Rate Constants for the Reaction of Hindered Amines with 6 in Acetonitriie at 30 °Ca 

103[/-Bu2NH],M 
lO'fcobsd/Lmol-'s-' 
[*otad/(*i-*otad)]/[i"-Bu2NH]1M-1 

103[/-Pr2NH],M 
lO^obsd/Lmot-1 s-' 
[feobsd/(fc! - fcobsd)]/[»-Pr2NH],M-' 

' [6] = (5.6-6.5) X 10-5 M. * [6] = 2.5 X 10~5 M. 

50 
21.6 
4.4 
50 
66 
5.9 

100 
32.8 
3.8 
100 
87 
4.3 

100* 
33.2 
3.8 
200 
150 
5.4 

200 
52.3 
3.9 
300 
192 
6.5 

300 
65.3 
4.0 
400 
205 
6.0 

400 
75.5 
4.2 
500 
214 
5.6 

500 
82.9 
4.4 
500* 
208 
5.1 

600 
86.9 
4.4 

2 3 4 5 
IO1 [Amine] / M 

Figure 3. £0bsd vs. [amine] plot for the reactions of 6 with diisobutylamine 
(•) and diisopropylamine (A) in acetonitriie at 30 0C. 

IO 15 

[Amine]"' /M" 

Figure 4. l/fc0bsd vs. 1/[amine] plots for the reactions of 6 with diiso
butylamine (•) and diisopropylamine (A) in acetonitriie at 30 0C. 

Table IV. Kinetic Parameters for the Reaction of 6 with Sterically 
Hindered Amines in Acetonitriie at 30 0C 

amine 

(Me2CHCHz)2-
NH 

(Me2CH)2NH 

k'", k"", 
M M2 

d > S 

885 195 

345 58.5 

I0sku 

M - ' s - ' 

113±7 

290 ± 10 

105-
k]k3/k-u 
M- 2 S- ' 

514 ± 17 

1710 ±40 

ki/k-i, 
M-' 

4.6 ± 0.4 

5.9 ± 0.4 

With diisobutylamine and diisopropylamine the k0bsd values 
at 30 0C increase nonlinearly with the amine concentration 
(Table III). The curved dependence indicates an approach to 
a plateau in the fc0bSa vs. [amine] relationship at high amine 
concentration (Figure 3). An inverse plot of l/fc0bsd against 
1/[amine] for these two amines is linear (eq 3, Figure 4). The 
intercepts (k'") and the slopes (k"") of these relationships 
together with their reciprocals (see Discussion section) are 
given in Table IV. 

l/*obsd«fc"' + *"7[amine] (3) 

The reactions of 6 with morpholine, piperidine, and «-bu-
tylamine in tetrahydrofuran and that of morpholine in di
methyl sulfoxide showed a similar kinetic behavior and the data 
are in Tables II and V. 

The activation parameters for the uncatalyzed and the 
catalyzed processes are given in Table V. Almost all the AH* 
values for the uncatalyzed process are negative and the AS* 
values are extremely highly negative. The AH* values for the 
catalyzed reaction are mostly low or negative and the activation 
entropies are negative, but less than for the uncatalyzed pro
cess. Obviously, the errors in some of the low AH* values and 
in the derived AS* values are very high. Since the values seem 
unusual few experiments were repeated after 1 year with 
freshly distilled solvent and reagents. The results were identical 

within the experimental error with those given in Tables II and 
V. 

For comparison with the reactions of the /V,iV-dimethyldi-
amines the stability of 6 in the presence of triethylamine, N-
methylpiperidine, and l,4-diazabicyclo[2.2.2]octane (Dabco) 
was studied. It was found that the absorption at the Xmax of 6 
at 400 nm decreased in a pseudo-first-order reaction with a 
concomitant formation of a new maxima at 303 nm with tri
ethylamine and N-methylpiperidine and at 515 nm with 
Dabco. The products were not isolated. The &0bsd values were 
approximately constant for Dabco, followed eq 2 for triethyl
amine (Table II), and were irreproducible for A^-methylpip-
eridine. 

Aromatic and heterocyclic amines such as p-anisidine, p-
phenylenediamine, pyridine, 2-aminopyridine, and pyrazole 
were unreactive in their reaction with 6 even at [amine] > 0.2 
M for 5 h at 45 0C. 

Discussion 
The present results suggest a different reaction mechanism 

for the monoamines and for the diamines. Points of interest 
involve the nature of the uncatalyzed process for the diamines 
and its relationship either to the catalyzed or to the uncatalyzed 
process with the monoamines, the extreme values of the acti
vation parameters, and the effects of the solvent, the leaving 
group, and the structure of the amine on the competition be
tween the catalyzed and the uncatalyzed routes. 

A steady-state treatment of Scheme I gives eq 4 for the 
observed second-order rate constant and four kinetic behaviors 
may be observed. 

*obsd ~ ' (4) 
_ ^1(^2 + ^[amine]) 

k-\ + &2 + f amine ] 
(a) For good leaving groups one of the forward reactions of 

2 or both reactions are faster than the reverse reaction, k2 + 
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Table V. Activation Parameters for the Second- and Third-Order Processes in the Reaction of 6 with Amines0 

amine 

HOCH2CH2NH2 
MeOCH^CH2NH2 
HOCH2CH2CH2NH2 

piperidine 
morpholine 
imidazole 
CH3CH2CH2NH2 
CH3(CH2)3NH2 
(CHj)3CNH2 

(CHj)2CHCH2NH2 

Et3N 
piperidine 
morpholine 
CH3(CH2J3NH2 

solvent 

MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
THF 
THF 
THF 

"uncatalyzed' 
A//*, 

kcal mol-1 

- 4 ± 2 
—15 ± 7 
- 8 ± 1 

-30 ± 1 
0 ± 4 

- 3 ± 10 
— 14 ± 3 
- 1 3 ± 2 
— 17 ± 2 

- 8 ± 2 
- 1 ± 7 
-1 ± 1 

-22 ± 4 

' reaction 
AS* (30 0C), 

cal mol-1 K-' 

-76 ± 8 
— 116 ± 23 
-86 ± 3 

-164 ± 4 
-69 ± 12 

-76 ±32 
-108 ± 10 
—116 ± 7 
-122 ± 8 

-98 ± 8 
-68 ± 23 
-70 ± 5 

— 139 ± 13 

"catalyzed'' 
AH*. 

kcal mol-1 

4 ± 1 
5 ± 2 

11 ± 1 
1 ± 1 
1 ± 1 

- 3 ± 1 
1 ± 1 
2 ± 1 

-11 ± 8 
5 ± 1 

- 1 6 ± 2 
- 3 ± 1 

1 ± 1 
- 6 ± 1 

reaction 
AS* (3O0C), 
cal mol-' K-' 

-39 ± 3 
-37 ± 8 
—13 ± 3 
-50 ± 2 
-58 ± 5 
-75 ± 2 
-46 ± 5 
-45 ± 3 

-107 ± 3 
-38 ± 5 
-21 ± 7 
-67 ± 1 
-60 ± 5 
-36 ± 2 

' The errors were calculated according to R. C. Petersen, J. H. Markgraf, and S. D. Ross, J. Am. Chem. Soc, 83, 3819 (1961). 

f a m i n e ] » k-\, the reaction is of an overall second order, 
and /cobsd is given by eq 5. 

Table VI. Relative Rates for the First-Order Reaction in the 
Amine in Acetonitrile 

<obsd = *, (5) 

(b) When the uncatalyzed reaction is faster than the cata
lyzed reaction but slower than the reverse reaction, i.e., k-\ 
» k2 » ^[amine], &0bsd is composite but it is again a sec
ond-order constant (eq 6). 

&obsd = kxk^Jk. (6) 

(c) For a "slow" leaving group, the reversal of the zwitterion 
formation may be faster than its decomposition, i.e., k~\ » 
k2 + ^[amine]. fc0bsd is then given by the sum of a second-
order and a third-order term (eq 7), and it will increase linearly 
with the increase in the amine concentration. The slope/in
tercept ratio is ki/k2, i-e-, the ratio of the rate constants for the 
catalyzed vs. the uncatalyzed process. 

fcobsd = k\ki/k-\ + (k ]k3/k-i) [amine] (7) 

(d) When the rates of the reversal of the zwitterion forma
tion and the forward reactions are similar, i.e., when k-\~k2 
+ k3[amine], a curved relationship between kobsd and [amine] 
is expected according to eq 4. This is the transition region be
tween a linear k0bsd vs. [amine] relationship (eq 7) at low amine 
concentrations and a constant &0bsd (eq 5) at high [amine]. 

All these kinetic variants were previously observed for sys
tem 5 and related systems.7-1' 

Mechanism of the Reaction with the Diamines. Four im
portant features characterize the reactions of the diamines: (1) 
The reaction is of a first order in the amine in spite of the im
portant second-order term in the amine obtained for mo
noamines of similar basicity. (2) The effect of N,N-dialkyla-
tion, chiefly N,N-dimethylation, on the reaction rate is minor. 
(3) The reaction is at least one order of magnitude faster than 
the corresponding uncatalyzed counterpart in the reaction of 
monoamines (Table VI). (4) The A//* values are low and the 
AS* values are negative, but both terms are appreciably more 
positive than the values for the reactions of the monoam
ines. 

First-order dependence on the amine is expected for cases 
(a) and (b) above. An unmodified variant (a) which calls for 
an unassisted rate-determining attack of the nucleophile on 
the double bond is excluded for two reasons. First, trifluoro-
ethoxy is a leaving group of low nucleofugacity as judged both 
by the pKa of trifluoroethanol in water (12.34)22 and by the 
catalysis observed with the monoamines. Second, if the role 
of the second amine group in the diamines is that of a substit-

X in XCH2NH2 

CH3CH2 

CH3CH2CH2 
(CH3)2CH 
CH2OH 
CH2OMe 
CH2CH2OH 
CH2NH2 

rel k'a 

1.0 
2.2 
1.6 
1.9 
0.8 
8.2 
33* 

XJnXCH2NH2 

CH2NMe2 

CH2NEt2 
CH2CH2NH2 
CH2CH2NMe2 
CH(Me)NH2 

CH(Me)NMe2 

rel k'a 

43 
63 
51* 
64 
30 
70 

" Relative to ^-propylamine. * Statistically corrected for the 
presence of two identical amino groups. 

uent, affecting only the nucleophilicity without any specific 
function, monoamines and diamines of similar basicity and 
steric bulk such as n-propylamine and 1,2-diaminoethane 
should show the same kinetic behavior, contrary to what was 
observed. On the other hand, if some specific feature of the 
structure of the diamine enhances the uncatalyzed process 
compared with the catalysis by an external amine molecule, 
the condition k^/k2« 1 may be reached and it can lead to two 
situations. If k2 » k-\ the nucleophilic attack will be rate 
determining (eq 5), while if k-\ » k2 situation (b) will be 
encountered and the rate constant will be given by eq 6. 

Such a feature calls for the amine molecule to operate as a 
bifunctional molecule. One amino group reacts as the nucle
ophile while the other operates as an intramolecular catalyst, 
replacing the external second amine molecule in the reaction 
of the monoamines. Similarly to the role of the intermolecular 
catalytic amine molecule (see below), three transition states 
can be suggested for the k' step of the diamines. The second 
amino group can serve as a base for proton expulsion from the 
ammonium ion moiety of 2 (transition state 7). It can be an 
electrophilic catalyst, assisting in the departure of the leaving 
group from the zwitterion (transition state 8). Both features 
can be combined in transition state 9 where the neutral amino 
group reacts as a bifunctional catalyst. The nitrogen depro-
tonates the ammonium ion concurrently with the departure 
of the trifluoroethoxy group which is assisted by the amino 
hydrogen. 

Transition states 8 and 9 are excluded for several reasons. 
It is reasonable that the neutral amino group is a weaker acid 
in acetonitrile than trifluoroethanol, so that proton transfer 
from the nitrogen to the incipient trifluoroethoxy anion is 
thermodynamically unfavored23 and hence there would be no 
driving force for such catalysis. This argument may not be valid 
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if the electrophilic assistance involves only hydrogen bonding 
for which there is no thermodynamic objection. A more valid 
objection is that electrophilic assistance by the substituted 
amino group is impossible for the 7V,iV-dimethyl derivatives.24 

Since these derivatives show second-order behavior and gave 
rate constants very similar to those for the unsubstituted 
compounds (Tables I and VI), electrophilic assistance is also 
unlikely for the latter. Moreover, whereas the terminal hydroxy 
groups of ethanolamine and 3-aminopropanol are at least as 
capable of an electrophilic assistance as the terminal amino 
group, the kinetic behavior of these amines resembles that of 
the monoamines rather than that of the diamines.25 

Transition state 7 or other base-catalyzed processes (see 
below) are consistent with the experimental observations. For 
a family of structurally related amines their carbon nucleo-
philicities (measured by k\) or carbon basicities (measured 
by k\/k-\) are of little importance. The differences in the pK\ 
values of our diamines in water are small, in line with the small 
reactivity range. The difference is larger in acetonitrile, where 
only two pK\ values are available,27 and again the more basic 
amine reacts faster. 

The intramolecular proton transfer between the ammonium 
ion and the free amine raises two questions. If the first inter
mediate is the zwitterion 10, the proton is transferred (eq 8) 

R2N(CH^nNH, CN u 

R O - C — C — [7] 

Ar CN 
10 

R2NH(CH2)„NH .CN 
R O - C — C 

Ar CN 
11 

(8) 

from a weaker acid to the conjugate base of a stronger one, as 
judged by the much lower pA^ values compared with the P f̂1 
values of the diamines. This should be regarded as a formal 
objection since, in contrast to intermolecular proton transfer, 
the relative acidities of the two reaction sites in the intramo
lecular case change with the extent of proton transfer. In the 
product 11 the relative acidities of the two nitrogens are op
posite to those in 10. 

The second question is why the intramolecular proton 
transfer by an initially weaker base competes so favorably with 
the intermolecular reaction with another diamine molecule, 
to the exclusion of the third-order process. Apparently, the 
favorable enthalpy term for the intermolecular catalysis is 

Scheme II 

R2N:, 

(CH,),, H 

\ I HN RV 
C= 

/ 
Ar 

/ C N H1' 
=C v ' •** 

^ C N *-'' 

+ 
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/ = 
(CHo)n H 

N ^ T 
HNa+ 

R O x ; CN 

C—C 
A / \ , » 
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R,NH(CH,)„NH. .CN 

" ^ 
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Ar CN 

_R Q . R2NH(CH,)„NHX yCS 

*- C = C 

Ar CN 

+ R,N(CH,)„NHV .CN 
-H+ \ / 

o C=C 

Ar CN 
more than compensated by an entropy term which favors the 
intramolecular reaction. The presence of an additional amine 
molecule in the transition state of the intermolecular reaction 
results in an entropy decrease of 10-15 eu, while transition 
state 7 involves in our system the stable five- and six-membered 
rings. 

The behavior of the hydroxy amines is also consistent with 
transition state 7 since deprotonation of an ammonium ion by 
a hydroxy group is much less likely than by the more basic 
amine.25 

Another explanation for the second-order process with the 
diamines which can be excluded is that the third-order reaction 
is due to a reaction of the dimer of the amine, while only the 
monomeric form of the diamine is available for the reaction. 
There is evidence for tetramers and «-mers of aliphatic 
amines,28 but the association in CCl4 starts to be important at 
0.1 M concentrations, which are higher than our working 
concentrations with the diamines. Moreover, if association is 
kinetically important it should be more pronounced with the 
diamines since 1,2-diaminoethane has the highest association 
constant of all the amines studied in pyridine.29 Even then, the 
dimer concentrations are negligible at our conditions compared 
with the monomer concentrations. 

Transition state 7 may appear after the rate-determining 
step when eq 5 applies, or it may be the transition state for the 
rate-determining step (e.g., for the 10 —• 11 process in eq 8) 
with a rate constant k{. The observed rate constant is then 
given by 

fcobsd = k\k2'/k- (9) 

There are two additional alternative routes which involve 
a base-catalyzed step and give the same kinetics. The first one 
is demonstrated for a terminal diamine in Scheme II. The 
nucleophilic attack is concerted with the proton transfer and 
gives directly the rearranged zwitterion 11 via transition state 
12. This route explains the absence of the intermolecular re
action: the strength of the deprotonating base is similar to that 
of the monoamines, while the entropy gain of the intramolec
ular process is retained. 

The second route, which is discussed in more detail below 
for the reactions of the monoamines, is the currently accepted 
route for base catalysis in aprotic solvents.15 The initial 
nucleophilic attack is followed by a rapid equilibrium depro
tonation by the neutral amino group and the rate-determining 
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Scheme III 

RO 

Ai 

C - C 

.CN 

+ R2N(CH^)nNH, 

fe. 

'CN 

R,N(CH,)„NH,. .CN , 

RO—C—C = = ^ 

A /
 X C N k-

10 

R2N(CH2),, 

" N \ /CN 

RCK-C—C 

Ar CN 
13 

R,N(CH,)„ 
"I I ' 
HNH 

\ - / 
RO—C—C 

A ^ ^ 

11 

.CN 

'CN 

R2N(CHA1NH, -CN 
\ / 

C = C 
Ar CN 

step is the leaving-group expulsion catalyzed by the conjugate 
base of the ammonium ion (rate constant A^). This "specific 
base-general acid" mechanism (SB-GA) is demonstrated in 
Scheme III. The observed rate constant for reaction via tran
sition state 13 is given by eq 10. 

feobsd = ktkz'kjk^k-i' (10) 

The substituent effects and the activation parameters may 
distinguish between several of these alternatives. The relative 
reactivities of the diamines differ by only one order of mag
nitude and most of the difference is due to the low reactivity 
of 2-amino-l-dimethylaminopropane. The reactivities of all 
the other amines change within a factor of 3.4 and, if the values 
for 1,2-diaminoethane and 1,3-diaminopropane are corrected 
for the presence of two identical amino groups, the reactivity 
span is only 2.4. The only clear effect within this narrow range 
is that an amino group on a secondary carbon is less reactive 
than that on a primary carbon, especially when the substituents 
on this carbon are bulky as in 2-amino-l-dimethylaminopro
pane. This effect reflects the steric hindrance in the nucleo
philic attack step. Apparently, the higher basicity of the other, 
tertiary, amines, which should result in a higher reactivity, is 
counterbalanced by the steric bulk which should reduce the 
reactivity since the transition state is crowded. Since basicity 
(or acidity of the conjugate base) and steric bulk are important 
in the k • step which is common to all these routes, substituent 
effects cannot distinguish between the alternative mecha
nisms. 

On the other hand, the activation parameters can exclude 
a rate-determining nucleophilic attack (eq 5). The activation 
enthalpies of 1-7 kcal mol - 1 seem unreasonably low for a 
bond-formation process between two neutral species. The re
actions proceed at easily measurable rates only because of the 
rate-reducing effect of the corresponding very negative acti
vation entropies. 

Very low activation enthalpies were found for other 
nucleophilic vinylic substitutions of "slow" leaving groups by 
amines.7"9*17,30 These values were interpreted in terms of re
action schemes similar to Scheme I with a composite rate 
coefficient. The AH* term is a sum of AH° for the equilibrium 
addition of the amine to the double bond and AJY2* term for 
the cleavage of the C-O bond. The AH0 term is probably 
negative as found for the analogous addition of tri-n-butyl-
phosphine to arylidenemalononitriles 

A r C H = C ( C N ) 2 + Bu3N -= A r C H ( ^ B u 3 ) - C ( C N ) 2 

( H ) 

where A/ /° = - 1 3 to - 2 1 kcal mol - 1 .3 1 The AH2* term is 
then positive and appreciable. The small difference between 
the energies of the ground state and the transition state prob
ably reflects the stabilization of the product enamine by the 
contributing dipolar structures 4b-4c. 

A r x / C N 

C = C 

R,N/ CN 

A r x CN 

R,N CN 

4b 

Ars 
V 

N" 

1N S-
/ C _ C v 

R2N CN 
4c 

The very high negative values of the activation entropies 
reflect the formation of a dipolar transition state from two 
neutral reactants. Examples for precedents of similar values 
for reactions of the same charge type in aprotic solvents are 
AS 2 * = - 4 6 eu for the reaction of phenacyl bromide with 
aniline in chloroform,32 or A S * = - 4 3 to - 6 6 eu for the 
amine-catalyzed isomerization of ethyl a-cyano-
/3-o-methoxyphenylacrylate in benzene.26 It is important that 
the AS 0 values for reaction 11 are - 2 7 to - 5 0 eu in metha
nol.31 We note that, although the activation parameters cannot 
distinguish between Schemes II and III, Scheme III seems 
more reasonable in view of the low AH* values. 

The low sensitivity to the polarity of the solvent is somewhat 
surprising. The reaction of 1,2-diaminoethane is only 10% 
faster in acetonitrile (« = 37.5)33 than in tetrahydrofuran (e 
= 7.6)34 at 30 0 C and the activation parameters are the same 
within the combined experimental errors. It is expected that 
a nucleophilic attack will be much faster in the more polar 
solvent, thus excluding eq 5. A compensating effect of the other 
terms is therefore involved. Assuming that the solvent effect 
on the ground state is small, the observed effect requires also 
a small effect on the transition state. This can be consistent 
with a rate-determining k{ step since the intramolecular 
proton transfer between two nitrogens does not involve a 
change in the charge on the transition state and the origin and 
terminus of the proton attachment are very similar. It can also 
be consistent with Scheme III if the extent of charge neutral
ization, i.e., of the proton transfer, in the transition state is 
low. 

Mechanism of the Reaction of the Monoamines. For all the 
monoamines except for the highly hindered ones, a linear /cobsd 
vs. [amine] relationship is observed. Consequently, case (c), 
i.e., k-\ » k2 + &3[amine], is observed and the reaction fol
lows two competing routes: an uncatalyzed route whose rate 
constant k' is given by k\ki/k- \ and a catalyzed route whose 
rate constant k" is given by k\k-$/k-\. Hence, the k"/k' values 
of Table II are identical with the /c3/fc2 ratios of Scheme I and 
they measure the relative importance of the two routes starting 
from the common intermediate 2. 

The ratios observed for our system are relatively high, being 
in the region assigned by Bunnett and Garst14b in nucleophilic 
aromatic substitution as the region of genuine base catalysis. 
Several mechanisms for the base catalysis were previously 
suggested in nucleophilic aromatic substitution130 and dis
cussed for nucleophilic vinylic substitution of systems Ic1 0 and 

As with the diamines, the important mechanisms for the 
catalyzed route are (1) rate-determining base-catalyzed proton 
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transfer, (2) specific-base-general-acid-catalyzed process, (3) 
electrophilically assisted route, and (4) bifunctional catalyzed 
process. In previous investigations7 10 the effect of an added 
base was used as the main tool for distinguishing between some 
of these mechanisms. The rate increase of the reaction of 5, X 
= F, with p-toluidine by added /V,/V-dimethylaniline or pyri
dine in acetonitrile7a was interpreted in terms of a slow pro
ton-transfer step. On the other hand, the absence of rate in
crease by /V-methylpiperidine for the reaction of 5, X = OEt, 
with piperidine and morpholine and the relative reactivity of 
the two amines suggested specific base-general acid catalysis.9 

Although trifluoroethoxy is structurally similar to ethoxy, the 
same route need not apply for it since the pATa of trifluo-
roethanol22 is only one pK& unit higher than that of piperidine 
and the driving force for the proton transfer 

mcipient-CF3CH20- + RRZNH2
+ 

— CF3CH2OH + RR'NH (12) 

is much lower than that for the corresponding reaction of the 
ethoxy leaving group. 

This probe could not be used for the reaction of 6 with ter
tiary amines since they reacted with 6. Although the nature 
of the products is unknown, it is reasonable that the first step 
involves formation of the vinylammonium ion 14 by nucleo-
philic attack on the double bond. This may be the spectro-
scopically observed product with Et3N since its Xmax is lower 
than that for the enamines. In contrast, the Amax of the reaction 
product of Dabco is higher and a subsequent reaction involving 
ring opening is possible. The reaction of Dabco with 1-
chloro-2,4-dinitrobenzene gave initially compound 15, while 
compound 16 was formed with excess amine353 and an anal-

+ NO, 
R N x CN / 

C=C O2N—(Cj)—N N—CHXH2Cl 
K/ XCN W 

14 

0,N N. NCH2CH, N^ ,N Cf 

ogous reaction may take place with 6. The evidence against 
electrophilic assistance for leaving-group departure therefore 
rests on the demonstration of intramolecular base catalysis in 
the reaction of diamines with 6. 

Electrophilic catalysis either via transition state 17 or via 
specific base-general acid catalysis (Scheme IV, transition 
state 18) seems unlikely by comparison of the reactivities of 

RR'NH, .CN 

R R ' N - H " 0 - - C — C 

R / CN 
Ar 
17 

piperidine and morpholine. Their steric bulk is identical 
whereas the morpholinium ion is 2.3 p # a units more acidic in 
acetonitrile than piperidinium ion.27 It is also likely that 
morpholine is a stronger proton donor than piperidine owing 
to the electron withdrawal by the oxygen. 

If formation of 17 is rate determining the k"/k' ratio for 
morpholine, which is one of the weakest bases studied by us, 
should be one of the highest observed, but instead it was one 
of the lowest found. If formation of 18 is rate determining the 
/c"(piperidine)//:"(morpholine) ratio, which is given by 

^"(piperidine)/^"(morpholine) 
= [(£i//c-i)(/c3/&_3)fc4](piperidine)/ 

[(£i/A:-i)(fc3/&-3)fc4](morpholine) (12a) 

is expected to be low. This is based on the assumption that the 
k-$/k-3 term is independent of the amine and that the higher 
k\/k~\ term for piperidine than for morpholine, as found 
recently,35b is largely compensated by a lower k4 for piperidine 
than for morpholine. However, the observed ratios of 43-44 
in acetonitrile and 14-20 in tetrahydrofuran are inconsistent 
with this expectation. The higher reactivity of piperidine and 
the linearity of the /c0bsd vs. [amine] plots for the two amines 
(Figure 2) are in contrast with the nonlinear relationship for 
morpholine and the linear relationship for piperidine in their 
reaction with 5 ,X = OEt. The latter behavior resulted in a 
/c"(piperidine)/&"(morpholine) < 1, which was interpreted 
in terms of general base-specific acid catalysis.9 

Consequently, a rate-determining proton transfer seems the 
most likely route. A recent work by Bernasconi and co-workers 
analyzes possible mechanisms for S>jAr reactions and con
cludes that proton transfer may be rate determining in water.15 

Although extrapolation to acetonitrile is unjustified without 
corroborative evidence, it is important that a very rapid proton 
transfer can still be rate determining. 

Uncatalyzed Route. The details of the uncatalyzed route 
concern the sequence of cleavage of the + N - H and the C-O 
bonds. In contrast with the reaction in protic solvents, an initial 
rate-determining or preequilibrium deprotonation of the + N - H 
bond by the solvent cannot compete effectively with depro
tonation by added amine. This possibility was also ruled out 
for SNAr reactions14-! owing to the inconsistency of the ob
served rate constants with those calculated for such a proton 
transfer. 

Two variants of a reaction involving a rate-determining C-O 
bond cleavage are possible. One is an unassisted cleavage of 
the C-O bond, which is unattractive since acetonitrile is not 
a good anion solvator. Alternatively, the C-O bond cleavage 
may be assisted electrophilically by the proton of the ammo
nium moiety (cf. transition state 19) as suggested in the aro-

R R 
V / A r 

N 

H 
\ l CN 

CN 

19 

matic l 3 c and the vinylic9 cases. Here, the proton transfer in
volves an unfavorable geometry, but it has the advantage of 
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internal solvation of the leaving group with a consequent 
charge dispersal in the transition state. 

Reaction via 19 should be strongly dependent on the basicity 
of the leaving group and it is predicted to be much more im
portant for the more basic ethoxy than for the trifluoroethoxy 
leaving group. The possibility of reaction via 19 was previously 
raised for 5,X = OEt.9 This question is discussed further 
below. 

Structural Dependence of the Rate Constants. According to 
Scheme I and eq 7, the uncatalyzed rate constant is a product 
of the carbon basicity of the nucleophile toward 6 (k \/k- \) and 
Zc2. Since the leaving group is identical in all cases, &2 will be 
affected only by changes in the electron-withdrawal ability of 
the ammonium ion moiety. This is related to the p#a of the 
ammonium ion, and the zwitterion 2 which is derived from the 
more basic amine will be a weaker acid and will give a higher 
Zc2. Hence, both terms should contribute to the increase of the 
overall reactivity with the increase in the carbon basicity of the 
amine. Indeed, the rate differences among the family of pri
mary amines, or among the family of secondary amines, are 
small, and the notable exception is the low reactivity of tert-
butylamine, which is likely to be due to a reduced carbon ba
sicity as a result of steric effects. The similarity of the other 
values suggests that in the absence of severe steric effects the 
carbon basicities of the amines follow the hydrogen basicities 
of these amines which differ at most by one pKa unit. A similar 
behavior was observed for a nucleophilic vinylic cis-trans 
isomerization.36 

Primary amines were found to be more reactive than sec
ondary amines. This is in contrast with the observation that in 
nucleophilic aromatic substitution of p-nitrophenyl phos
phate37 or 2,4-dinitrophenyl phenyl ether14d secondary amines 
are usually more reactive than primary amines. The difference 
can be ascribed to two reasons. First, although secondary 
amines are more basic than primary amines toward a proton, 
the k\/k-1 term for them may be lower than for the primary 
ones owing to steric reasons. Second, 2 can be stabilized by 
intramolecular hydrogen bonding between the negatively 
polarized cyano group and the acidic proton (cf. structure 20). 

R R' 
V + / «• 6-

N—H->N 

20 

This stabilization will affect both k- \ and k^. Lowering of k- \ 
will be similar for both primary and secondary amines. How
ever, if an N-H bond cleavage is part of the rate-determining 
step, this hydrogen bond will have to be cleaved in the case of 
a secondary amine, with a corresponding increase in the acti
vation energy and decrease in Zc2. A similar increase in the 
activation energy does not accompany the proton transfer from 
the zwitterion derived from the primary amine, since the hy
drogen which is not involved in the hydrogen bond can be 
transferred. The reactivity difference between primary and 
secondary amines in nucleophilic aromatic substitution was 
similarly explained by hydrogen bonding to an ortho nitro 
group.130 

The rate constant for the catalyzed reaction is a product of 
the carbon basicity of the amine and the rate constant fc3 for 
the proton transfer. Again, the more basic amine will react 
faster if carbon basicity and hydrogen basicity are parallel. The 
amine is involved twice in the Zr3 step. A more basic amine will 
be a better base in the deprotonation, but the ammonium ion 
will be a weaker acid. Consequently, in a series of amines the 
two effects may compensate one another, making Zc3 relatively 

independent of the amine basicity. The steric effects on Zc3 will 
be more pronounced than on Zc2 since two bulky amine mole
cules are present in the transition state. Table II shows that the 
k" values are higher for the unbranched primary amines 
(n-propylamine, rt-butylamine, 3-aminopropanol) than for the 
primary amines substituted either at the a carbon (isobut-
ylamine, rer?-butylamine) or at the /3 carbon (ethanolamine 
and methoxyethylamine). This is understood by the steric 
factor, and as expected the effect is at a maximum with tert-
butylamine, for which k" is 15 700 times lower than for n-
butylamine. Similar behavior was shown by these two amines 
in nucleophilic aromatic substitution.38 The lower values of 
k" for ethanolamine and its methoxy derivative are also due 
to their lower basicity as compared with the other amines. 

When the steric bulk of the amines is similar the basicity 
becomes the dominant factor. Consequently, piperidine is 
much more reactive than morpholine in the catalyzed process. 
The Brjjnsted /3 based on the TpK11S of the two amines in ace-
tonitrile is 0.7. 

Similarly to the behavior of the k' values, the k" values are 
also lower for secondary than for primary amines and this is 
true even for piperidine, which is the strongest base studied. 
Steric effects are apparently of great importance for the cat
alyzed process. The steric effects for the primary amines reduce 
the reactivity without altering the kinetics. In contrast, with 
sterically hindered secondary amines such as diisopropylamine 
or diisobutylamine, the kinetic form is changed and a curved 
&obsd vs. [amine] plot is obtained. The reactivity of these amines 
becomes so low that much higher amine concentrations are 
required for obtaining conveniently measurable rates. As a 
result, in spite of the increase in k- \ which involves a reduction 
of the steric crowding, the condition for linearity, i.e., k-\ » 
Zc2 + k->, [amine], is no longer fulfilled and it is replaced by k- \ 
~ Zc2 + Zc3[amine], resulting in the curved relationship (sit
uation (d) above). A similar behavior was observed previously 
when a relatively weak base (morpholine) was reacted with 
system 5,X = OEt, which carries a sluggish leaving group 
(OEt).9 

The appearance of the curved relationship which is predicted 
by eq 4 is a strong evidence for Scheme I. For a slow leaving 
group such as trifluoroethoxy it is reasonable that the condition 
ki < Zc3[amine] is fulfilled since the Zc3/Zc2 ratios for the other 
amines are high and the [amine] term is high. Equation 4 is 
then reduced to 

l /Usd = l/*i + (*-i/*i*3)(l/[amine]) (13) 

which calls for linearity between l/Zc0bSd and 1/[amine]. The 
observed linearity for the two amines (Figure 4) justifies both 
Scheme I and the assumptions involved in deriving eq 13. 

These plots give rate constants which are not usually avail
able for amine-catalyzed reactions. The reciprocal of the in
tercept k'" gives Zc i, the rate constant for the nucleophilic 
attack, since at high amine concentration this rate constant is 
rate determining (cf. the plateau region in Figure 3), while the 
reciprocal of the slope k"" gives k\k3/k-i = k" from which 
the Zc3/Zc_i ratio is obtained. These values are given in Table 
IV. 

Equation 4 can be also rearranged in a different way, 
giving 

Zcobsd/(Zci - Zcobsd) = k^Jk-i + Zc3[amine]/Zc_i (14) 

from which both k-^Jk-\ and Zc3/Zc_i values could be obtained 
from the intercept and the slope of Zc0bsd/(Zci — Zc0bsd) vs. 
[amine] when the Zci values are obtained from eq 13. These 
plots (not shown) for the two amines were linear, but the in
tercepts were highly sensitive to small deviations of the Zc0bsd 
values. Nevertheless, the k-\/k2 value of >10 for diisobut
ylamine demonstrates that the forward reaction of the inter
mediate is rate determining. The small values of the intercepts 
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are demonstrated by the near constancy of the (fc0bsd/(^i -

fcobsd))/ [amine] values for the two amines which are given in 
Table III. 

Since k"" = \/k", the catalyzed reaction for the sterically 
hindered amines could be shown to be much slower than that 
of the less hindered primary amines. Although the hydrogen 
basicity of diisopropylamine is higher than that of isoprop-
ylamine, the catalyzed process is nearly four orders of mag
nitude slower, Jfc"(PrNH2)/(l/A;"")(j-Pr2NH) = 8600. 
Isobutylamine and diisobutylamine have almost identical hy
drogen basicities in acetonitrile but /c"(Me2CHCH2NH2)/ 
(l/A:"")((Me2CHCH2)2NH) = 1770 at 30 0C and 30 000 
at 45 0C. 

The ki/k-\ ratios of 2-6 obtained from eq 13 and 14 re
semble the ratios obtained previously for the reaction of 5, X 
= OEt, with piperidine in 2-propanol and of morpholine in 
ethanol but are lower than the ratios for morpholine in 2-pro
panol (17.5) or in acetonitrile (26-30).9 Formally, these ratios 
can be regarded as due to similar heterolytic processes, one 
involving an N-H bond cleavage assisted by an external base 
(amine) and the other involving a C-N bond cleavage assisted 
by an internal nucleophile (the carbanionic a carbon). These 
are the reversals of the processes measuring hydrogen nucle-
ophilicity and carbon nucleophilicity, respectively, and it is not 
surprising that the deprotonation is faster. 

A different type of competition is measured by the k2/k2 
ratios. A relationship between these ratios and the basicity of 
the amine was found for the reaction of 5, X = F, with aromatic 
amines.73 While most of our amines have similar pK^s, the 
trend is clear. Morpholine, one of the weakest bases studied, 
gave the lowest ratios of 60 ± 2, while piperidine, the most 
basic amine, gave the highest ratio of 5730. Steric effects are 
discernible in the low ratios of 6.4-7.4 found for tert-buty\-
amine. An interesting case is the reaction of imidazole at 30 
0C, which was of an overall third order, i.e., the k3jk2 ratio is 
very high. This is in contrast to the dependence on basicity 
discussed above, since imidazole is the weakest base studied. 
However, higher ki/k2 ratios for imidazole compared with the 
corresponding reactions of primary or secondary amines were 
found previously for its reaction with l-halo-2,4-dinitroben-
zenes.39 In our case this may be due to the very slow reaction 
which required very high base concentrations, so that the 
condition k2[amine] » k2 may be obeyed. Another possibility 
is that imidazole reacts via its tertiary nitrogen, followed by 
shift of the double bond in the heterocyclic ring, giving the 
zwitterion 21. If the k2 step indeed involves an intramolecular 

Q 
NH 

RO—C-

Ar 

.CN 

CN 

21 
assistance to leaving-group departure (transition state 19), 
such assistance cannot be achieved in 21 since the acidic proton 
is not at a bonding distance to the oxygen.393 Consequently, 
k2 will decrease and the k3/k2 ratio will increase. This situation 
is interesting since it extends the variations of transition-state 
structure for the "uncatalyzed" route. This route is genuinely 
uncatalyzed for imidazole, it is intramoleculary electrophili-
cally catalyzed for the other monoamines, and it is intramo-
lecularly base catalyzed for the diamines. 

Activation Parameters. The activation parameters for both 
the catalyzed and the uncatalyzed routes (Table V) have even 
more extreme values than those for the reactions with di
amines. All the activation enthalpies for the uncatalyzed re
action are negative except for morpholine, where the value is 

zero, and the compensating AS* values are very highly neg
ative, being below -100 eu for six of the amines. The AH* 
values for the catalyzed reactions are low or negative, with low, 
but not unreasonably so, compensating activation entropies. 
The parameters for the catalyzed reactions resemble those for 
other second-order processes with amines.7'9'17'30 

Although these activation parameters, especially the low or 
negative AH* values, seem exceptional, the discussion above 
and the additional examples below show that such behavior 
is the rule, rather than the exception, in the reaction of amines 
with electrophilic olefins in aprotic media. In the reaction of 
anilines with Ic in acetonitrile the AH* values40 are negative 
for the catalyzed process withp-anisidine andp-toluidine, but 
positive for the less basic amines, and the AS* values are low.10 

Low AH* and highly negative AS* values were found for the 
reactions of secondary amines with 5,X = OEt: AH* = 2 kcal 
mol-', AS* = -75 eu with piperidine in EtOH. 9AH* = 0.6 
kcal mol - ' , AS* = —46 eu for the catalyzed reaction of 5, X 
= CN, with piperidine in acetonitrile, while for the reaction 
of morpholine with 5,X = F, in acetonitrile, AH* = —3.2 kcal 
mol-1, AS* = —55 eu.9 Likewise, the reaction of 5, X = F, 
with p-anisidine in 2-propanol and tert-butyl alcohol gave very 
low AH* and negative AS* values for the uncatalyzed reac
tion but negative AH* and highly negative AS* values for the 
catalyzed process.713 The reactions of 5, X = F, with anilines 
in acetonitrile are of a third order and AH* values are low and 
positive.73 Negative AH* values were also found in the reac
tion of cyclopentadienylidenetriphenylphosphorane with tet-
racyanoethylene.41 The AH* values are also low for related 
reactions which do not involve a leaving group. For the addition 
of pyrrolidine to trans-cha\cone in acetonitrile the second-order 
process in the amine has AH* = 2 kcal mol-1, AS* = —62 
eu,42 for the addition of morpholine to acrylophenone, AH* 
= 2.4 kcal mol-1, AS* = -47 eu in methanol,43 and for the 
isomerization of c/s-ethyl a-cyano-/3-o-methoxyphenylacry-
late by tri-n-butylamine in benzene AH* = 2 kcal mol-1, AS* 
= —58 eu.26 An example of similar parameters in nucleophilic 
aromatic substitution of a sluggish leaving group is the reaction 
of tricarbonyl(fluorobenzene)chromium with piperidine in 
acetonitrile where AH* = 2.1 kcal mol-1 and AS* = -64 eu 
for the catalyzed process.44 

In the discussion below we consider low positive, zero, and 
low negative AH* values together since the errors in these 
terms are appreciable, especially for the uncatalyzed reaction 
where the rate constants k' are obtained from intercepts of 
linear plots at two temperatures. 

Since the low AH* values are unreasonable for a one-step 
substitution they serve as a strong corroboration for the mul-
tistep substitution reaction of Scheme I. The AH* and AS* 
values can be analyzed as sums of the appropriate enthalpy and 
entropy terms for the individual steps of Scheme I (eq 15-18). 
In the absence of better data, the AH° values of -13 to -21 
kcal mol-1 and the AS° values of -27 to -51 eu for the 
equilibrium addition of tributylphosphine of reaction ll3 1 are 
taken as approximate values for the analogous addition of 
amines to 6. Since both AH0 and AS° values are negative, a 
low AH2* or AHj* value and a highly negative AS2* or AS3* 
value will lead to an overall low or negative AH* and highly 
negative AS*. 

AH* (uncatalyzed process) 
= AH1*- A/ / - ,* + AH2*= AH° + AH2* (15) 

AS*(uncatalyzed process) 
= A S 1 * - A S - , * + A S 2 * = AS0 +AS 2 * (16) 

A7/*(catalyzed process) 
= AH1*- A/J_,*+ AH3*= AH" + AH2* (17) 
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AS*(catalyzed process) 
= A S i * - AS- ,* + AS3* = AS0 + ASi* (18) 

The higher AH* for the catalyzed reaction means that 
AH3* > AH2*. The AH"* - AH'* = AiZ3* - AiZ2* values 
are positive or close to zero (31 to —2 kcal mol-1) for most of 
the amines, except for the reaction of triethylamine, whose 
nature is not understood. Consequently, the plausible predic
tion that the catalysis is due to a favorable enthalpy of acti
vation is not borne out. The catalysis is due to a favorable en
tropy of activation and AS3* - AS2* values are indeed highly 
positive (11-114 eu) except for the reactions of piperidine and 
morpholine in THF. This result is not unreasonable. Depro-
tonation of an ammonium ion by a structurally similar amine 
should be exothermic only by a few kilocalories per mole and 
the activation enthalpy may be relatively high. Whereas data 
on the activation enthalpy for expulsion of a small anion from 
a zwitterion are not available, EIcB reactions of the second 
type, where the expulsion of a small carbanion from a larger 
one is thought to be rate determining,45 were studied. The AH* 
values for reactions 19, 20, and 21 are 18,46 24,47 and 2348 kcal 
mol-1, respectively, and values of 7.3-19.4 kcal mol-1 were 
found for expulsion of O H - and OMe - from several Meisen-
heimer complexes.49 The rate-retarding effect of the ammo
nium ion may be compensated by mesomeric electron donation 
by the aryl group. Consequently, the catalyzed reactions may 
have a higher activation enthalpy only if the above-mentioned 
values will be reduced. Apparently, the intramolecular assis
tance by the ammonium proton to the expulsion of the leaving 
group reduces sufficiently the AiZ2* term as to make it lower 
than AiZ3*. 

- C N -

ArC(CN)2-C(CN)2 > ArC(CN)=C(CN)2 (19) 
CHCi3 

(Ar = 3,5-Me2-4-NH2C6H2) 

(?-Bu)2C(N02)-C(Me)N02 

- N O 2 

CD3OD 
> (/-Bu)2C=C(Me)NO2 (20) 

Ph. OMe 
,NO, 

-MeO" 

MeOH 

NO, 
(21) 

Whereas the negative values of the activation entropies are 
easily understood since two charges are created from neutral 
species, the positive difference of AS3* - AS2* is not obvious. 
The AS3* term includes a negative contribution due to the loss 
of translational and rotational entropy in the termolecular 
transition state. The corresponding entropy loss of the AS2* 
term should be lower, unless the intramolecular assistance to 
the departure of the leaving group reduces AS2* due to the 
constrained geometry in transition state 19. The AS* values 
for reactions 18-20 are 2 to -10 eu46-48 and the loss of entropy 
in the four-membered ring of 19 should be appreciable. We feel 
that a better understanding of the differences in the activation 
parameters would be obtained only if data on the individual 
steps of closely related reactions will become available. 

The overall activation energy measures differences between 
the ground-state and the transition-state energies. We ratio
nalize the small difference as due to the formation of the strong 
a C-N bond at the expense of the weaker 7r(C=C) bond. The 
unfavored formation of charged species is compensated, at least 
partially, by the strong interaction between the strong Lewis 
acid 6 and the amine. 

Solvent Effect. All the three solvents studied are aprotic so 
that solvent assistance to the leaving-group expulsion is neg
ligible. However, the change in the dielectric constant from 7.6 

for THF34 to 48 for Me2SO33 is appreciable. It is predicted that 
formation of the polar zwitterion will be enhanced in the more 
polar solvent. The solvent effect on Zc2 and fc3 depends on the 
question whether electrophilic assistance is involved (via 
transition states 18 and 19) with a consequent charge dispersal, 
or whether two separate ions are formed from a zwitterion in 
an unassisted process. Most of the reactions are accelerated 
in the more polar solvent. The uncatalyzed reactions of n-
butylamine, piperidine, and morpholine at 30 0C are 3.5,7.5, 
and 0.9 times faster in MeCN than in THF, and the catalyzed 
processes are 1.3, 5.5, and 2.5 times faster, respectively. The 
£(Me2SO)/A:(THF) ratio for morpholine is 2.5 for k' and 8.9 
for k". These values suggest that the transition state is more 
polar than the ground state and at least for morpholine they 
fit an assisted Zc2 via transition state 19. 

Ethoxy and Trifluoroethoxy as Leaving Groups. Comparison 
with our previous work9 enables the comparison of the reac
tivities of ethoxy (compound 5,X = OEt) and trifluoroethoxy 
(compound 6) as leaving groups. This is of special interest since 
the steric effects of the two groups are similar and the differ
ences will mainly reflect electronic effects. Trifluoroethoxy 
was found to be a much better leaving group than ethoxy in the 
reaction with piperidine at 30 0C: A:'(OCH2CF3)/A:'(EtO) = 
293,A:"(OCH2CF3)/A:"(EtO) = 2600,(^'AO(OCH2CF3)/ 
(&"A')(EtO) = 0.116. Theidifferences are much smaller with 
diisobutylamine: k' and k" values for 6 at 45 0C are two to four 
times higher than for 5,X = OEt, at 30 0C. 

In terms of the individual rate constants both the carbon 
basicity toward 6 and &3 will be higher than those toward 5, 
X = OEt, with the same amine, owing to the higher electron 
withdrawal by the trifluoroethoxy group. On the other hand, 
the cleavage of the C-O bond would be easier for trifluoro
ethoxy. Data on leaving-group ability is scarce, but from a 
recent work on EIcB elimation the leaving abilities of alkoxide 
ions would be proportional to the acidities of the parent alco
hols.16 

Consequently, the ratio of the k' values for the two leaving 
groups reflects mainly the high leaving ability of trifluoro
ethoxy and is reasonable since trifluoroethanol is much more 
acidic than ethanol in water. On the other hand, the fc3 term 
does not involve a cleavage of the C-O bond and the rate-
enhancing effect of the trifluoroethoxy group should reflect 
its acidifying effect on the ammonium ion moiety of the zwit
terion. The high ratio of the k" values is therefore composed 
from contributions in the same direction of both the k\/k-\ 
and the fc3 terms for the trifluoroethoxy group. That the effect 
is more pronounced when the substituent operates via the in
ductive effect rather than when the bond to the substituent is 
cleaved is reminiscent of the effect of arenesulfonate leaving 
groups in vinylic substitution. The ^OBS/^OTS ratio is ca. 3 for 
the vinylic SN 1 reaction when the C-O bond is cleaved in the 
rate-determining step,50 and it is ca. 0.3 in the electrophilic 
addition-elimination route when a proton adds in a rate-de
termining step to a carbon /3 to the arenesulfonate group.51 

However, the high ratio is probably due to a different reason. 
We suggested above that k" for 6 measures the proton-transfer 
rate. It was suggested earlier that k" for 5,X = OEt, measures 
a rate-determining ammonium ion catalyzed departure of the 
leaving group according to Scheme IV. In this case ki should 
be replaced by kikajk-i where k^/k-i is lower than unity.9 

Hence, the A:"(CF3CH20)/A:"(EtO) ratio will be larger than 
the fc3(CF3CH20)/ik3(EtO) ratio. Since the £,/£_, ratio is 
also included in k" it should be concluded that our comparison 
of the leaving-group abilities in the catalyzed step does not 
measure the relative efficiency of the C-O bond cleavage of 
the two substituents. A similar conclusion was obtained pre
viously when the leaving-group abilities of Cl and CN were 
compared in the reactions of tetracyanoethylene and tricy-
anovinyl chloride with aromatic amines.30 
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Experimental Section 

Solvents and Materials. Dry acetonitrile was prepared as described 
by Rappoport and Ta-Shma.7a The fraction boiling at 78 0C was used. 
Tetrahydrofuran (Frutarom) was dried for 24 h over CaCl2, filtered, 
refluxed over sodium for 3 h, and distilled. The distillate was refluxed 
for 2 h over LiAlH4 and redistilled. The fraction boiling at 67 0C was 
used. Dimethyl sulfoxide was fractionally distilled at 3.3 mm and the 
fraction boiling at 40 0C was used. The amines were commercial 
samples which were kept over KOH and distilled twice before use. The 
middle fraction, corresponding to the literature boiling point, was 
used. 

l,l-Dicyano-2-p-dimethylaminophenyl-2-trifluoroethoxyethylene 
(6). To a saturated solution of 2-chloro-l,l-dicyano-2-(>-dimethyl-
aminophenyl)ethylene52 (2.3 g, 10 mmol) in acetonitrile at 50 0C, 
sodium trifluoroethoxide (1.2 g, 10 mmol) in trifluoroethanol (15 mL) 
was added. The dark color brightened within a few minutes and the 
precipitate of NaCl was filtered. Water was added to the filtrate and 
the mixture was extracted with ether. The solvent was evaporated, 
giving yellow crystals of l,l-dicyano-2-p-dimethylaminophenyl-2-
trifluoroethoxyethylene (2.5 g, 85%). Crystallizations from aqueous 
methanol gave yellow powder, mp 128 0C. 

Anal. Calcd for Ci4H12N3F3O: C, 56.90; H, 4.06; N, 14.30; F, 
19.30. Found; C, 56.60; H, 4.24; N, 14.27; F, 19.00. 

Xmax (MeCN): 401 nm (« 23 000). i w (Nujol): 2200 (doublet, 
C=N) , 1610 (C=C) cm"1. & (CDCl3): 3.1 (6 H, s, Me), 4.54 (2 H, 
q, CH2), 7.12 (4 H, center of AA'BB' q, Ar). m/e: 295 (M, 100%), 
196 (M - OCH2CF3, 5%), 175 (M - Ar, 7%), 91 (tropylium, 
12%). 

Enamines. The enamines were prepared by adding 4-5 molar equiv 
of the amine to a saturated solution of 2-chloro-l,l-dicyano-2-Q?-
dimethylaminophenyl)ethylene in acetonitrile. When the color change 
was complete the ammonium salt was filtered and the solvent was 
evaporated. The products were crystallized several times from 
methanol-water. The analytical data are given in Table VII21 and the 
spectral data in Table VIII.21 The products from the reactions of the 
three unsubstituted diamines were oils and we were unable to purify 
them sufficiently for a good analysis by using thin layer chromatog
raphy. The products were identified by the spectral properties of the 
oils. The UV spectra of the isolated materials were identical with those 
obtained from the kinetic runs at infinity. The products from the 
primary amines show a hydrogen-bonded N-H at 3200-3250 cm-1 

and a doublet at 2210-2205 cm -1 which is characteristic for an un
saturated dicyanomethylene group substituted by electron-donating 
substituents at the /3 position.53 

Kinetic Procedure. The solutions for the kinetic experiments were 
prepared daily. The kinetics were followed as described earlier.9 

First-order rate constants were calculated by the KiNDAT pro
gram.54 

Supplementary Material Available: Table Ha summarizing all the 
kinetic data for the monoamines; Table VII summarizing the ana
lytical data for the enamines; Table VIII summarizing the spectro
scopic data for the enamines (7 pages). Ordering information is given 
on any current masthead page. 
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