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The interconversion of 0,7-unsaturated ketones and their 
a,/3-unsaturated isomers has been shown to be catalyzed by 
both ac ids 1 5 and bases.3'6~8 The acid-catalyzed reaction in
volves the formation of a dienol intermediate, followed by 
protonation at the a or 7 carbon to give /3,7 or a,/3 product, 
respectively,1'2 and an analogous pathway through an enolate 
ion intermediate has been proposed3 for the base-catalyzed 
process. In addition, several enzymes are known which carry 
out this type of isomerization.9-1' The only enzyme of this type 
which has been studied in detail is the A5-3-keto steroid 
isomerase from P. testosteroni,9 although the mechanism for 
this reaction has yet to be fully elucidated. 

In a preliminary communication12 we reported that primary 
amines are capable of catalyzing the isomerization of /3,7-
unsaturated ketones to their a,/3-unsaturated isomers through 
the formation of a dienamine intermediate, analogous to the 
dienol in the corresponding acid-catalyzed rearrangement. 
Furthermore, the amine-catalyzed reaction is much more ef
ficient than either the acid- or base-catalyzed reactions at 
neutral pH, and may represent a model for some of the corre
sponding enzymatic isomerizations. Benisek and Jacobson13 

have also reported that this type of isomerization is subject to 
amine catalysis and have advanced essentially the same 
mechanism to account for their results. In this report, we 
present a full account of our investigation into the kinetics and 
mechanism of the trifluoroethylamine catalysis of the isom
erization of 3-methyl-3-cyclohexenone and l-acetyl-2-cyclo-
hexene. 

Results 

3-Methyl-3-cyclohexenone. The isomerization of 3-
methyl-3-cyclohexenone (1) to the conjugated isomer, 3-
methyl-2-cyclohexenone (2), was found to be efficiently cat
alyzed by primary amines. Our investigation of this reaction 
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with 2,2,2-trifluoroethylamine (TFEA) buffers showed that, 
although 2 was the sole final product (Xmax

H2° 240), another 
uv-absorbing species was produced during the reaction. During 
the initial phases of the reaction, an intermediate was formed 
with an absorption maximum at approximately 268 nm. Ad
dition of 1 to TFEA produced a rapid rise in absorbance at 268 
nm followed by a slower decay, suggesting that this species is 
involved in the overall catalytic process. When the appearance 
of 2 was monitored at 240 nm, an induction period was ob
served, providing further evidence for the existence of an in
termediate on the reaction pathway. 

In order to isolate and identify this intermediate, 1 was al
lowed to react with TFEA in carbon tetrachloride, using mo
lecular sieves to remove the water produced to prevent hy
drolysis of the intermediate to 2. Purification of the product 

NCH2CF3 HNCH2CF3 

3 4 

by GLC yielded a colorless oil which was shown to be the 
a,/3-unsaturated Schiff base 3, based on elemental analysis and 
spectral data. 

The NMR spectrum of 3 showed a singlet at 8 5.75 assigned 
to the olefinic proton, a quartet at 5 3.58 with J= 10 Hz (in
correctly given as 5 5.58, 7 = 1 6 Hz in our preliminary com-
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munication12) due to the methylene group adjacent to the 
trifluoromethyl group, a multiplet at 5 1.6-2.4 assigned to the 
aliphatic ring protons, and a singlet for the methyl group at 5 
1.80. The uv (Xmax 228, t 2.2 X 104 in cyclohexane) also is 
consistent with the proposed structure.14 Other structures for 
3 were eliminated as follows: (1) the Schiff base of the /3,y-
unsaturated ketone would not give a singlet vinyl hydrogen in 
the NMR and should have a much lower extinction coefficient 
in the uv; (2) the corresponding endo dienamine should show 
two vinyl hydrogens (one singlet and one multiplet); (3) the 
exo dienamine should show no methyl peak and would have a 
Xmax about 280 nm.15 

Although the absorption spectrum of 3 in cyclohexane (Xmax 

228 nm) or unbuffered water (Xmax 238 nm) was not charac
teristic of the intermediate observed during the TFEA-cata-
lyzed isomerization of 1 to 2 (268 nm), addition of the free 
Schiff base (3) to slightly acidic buffer solutions caused an 
instantaneous shift of the Xmax to 268 nm, characteristic of the 
protonated a,/3-unsaturated Schiff base structure (4).14"16 The 
apparent acid-base equilibrium of the ketimine was confirmed 
by NMR. Addition of the free base to D2O containing 0.2 N 
DCl resulted in a splitting of the olefinic proton into two peaks 
of approximately equal area with a downfield shift from <5 5.75 
to 6.25 and 6.50.17 A corresponding splitting of the methyl 
peak was observed with a downfield shift from <5 1.80 to 2.10 
and 2.16. The appearance of doublets of equal intensity in the 
NMR of the protonated ketimine suggests that it exists in syn 
and anti forms and that these isomers interconvert slowly on 
the NMR time scale at room temperature. The free ketimine, 
on the other hand, shows an NMR spectrum with only one 
olefinic signal, perhaps due to rapid equilibration of the syn 
and anti isomers.18'19 

The identification of the intermediate observed in the 
TFEA-catalyzed isomerization as 4 was confirmed by moni
toring the isomerization of 1 to 2 in 70% Me2SO-D2O 
([TFEA]1 = 1.0, 1:1 buffer). The N M R spectrum of the in
termediate in the isomerization was identical with the spectrum 
of the protonated ketimine (4). The pKa of 4 was determined 
at ionic strength 1.0 to be 6.76 ± 0.04, higher than the pATa of 
TFEA (5.77). 

Formation of the Schiff Base. Rate constants for the isom
erization of 1 to 2 were determined at 25.0 ± 0.2° (^ = 1.0) 
in TFEA buffers from pH 4.85 to 6.90, with a concentration 
of TFEA ranging from 0.05 to 0.6 M. The formation and decay 
of 4 were monitored spectrally at 268 nm and the absorbance 
data were analyzed in terms of eq 1, in which both the forma
tion and hydrolysis of 4 are assumed to be irreversible. The 
pseudo-first-order rate constants, k\ and k^, were obtained by 

1 - 4 - 2 (1) 

a modification of the method of Fersht and Jencks,20 as de
scribed in the Experimental Section. Alternatively, k[ was 
determined by monitoring the isomerization at the isosbestic 
wavelength for the conversion of 4 to 2 (ca. 251 nm). This 
procedure made the hydrolysis effectively "invisible" and thus 
the formation of 4 could be followed directly as a pseudo-
first-order reaction. The rate constants for the hydrolysis re
action (k\) were also obtained by direct measurement since 
we had samples of the pure Schiff base (3). In addition, rate 
constants for the overall reaction were measured at 240 nm 
(appearance of 2) at pH 5.25 and 5.77. These rate constants 
were identical with the ^h values determined at 268 nm, except 
for the occurrrence of the expected induction period at 240 nm. 

The rate constants for formation of protonated ketimine (4) 
were analyzed in terms of the equation 

^i = £ A [TFEAH + ] + £B[TFEA] -I- £A:A B[TFEAH+][B] 
(2) 
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Figure 1. Plot of ki/[TFEA], vs. [TFEA], for the formation of 2,2,2-tri-
fluoro-jV-(3-methyl-2-cyclohexenylidene)ethylammonium ion (4) from 
3-methyl-3-cyclohexenone (1) and trifluoroethylamine at 25.0° (M = 1.0). 
The data were obtained by monitoring the reactions at the isosbestic point 
for conversion of 4 — 2: (O) pH 4.85; (•) pH 6.90; (A) pH 5.25; U ) pH 
5.77. 

Table I. Slopes and Intercepts for Plots of fcj/[TFEA]t vs. 
[TFEA]t for Formation of 2,2,2-Trifluoro-Ar-(3-methyl-2-
cyclohexenylidene)ethylammonium Ion (4) from 3-Methyl-3-
cyclohexenone (1) and Trifluoroethylamine at 25.0° (M = 1.0)" 

pH 

4.85 
5.25 

5.77 
6.05 
6.90 

102 slope, 
M-2S-1 

2.03 ± 0.05* 
4.67 ± 0.24* 
3.88±0.49c 

5.81 ±0.16* 
4.84±0.36c 

2.35 ±0.08* 

104 intercept, 
M- ' s-1 

7.02 ±0.58* 
6.32 ±2.40* 
9.48 ± I1.6C 

5.64 ± 1.47* 
5.46 ± 4.90c 

2.37 ± 0.66* 

[TFEA]/ 
[TFEAH+] 

0.10 
0.30 

1.00 
2.04 
6.67 

0 Errors are standard deviations. * Measured at isosbestic point 
for 4 —* 2. c Measured at 268 nm. 

where B represents any general base in the solution, including 
TFEA. In the absence of external general bases, the TFEA-
catalyzed formation of 4 was almost entirely second order in 
amine in the pH range examined (4.85-6.90). Thus, the ob
served rate constants were divided by total amine concentration 
([TFEAJt) and plotted vs. [TFEA] t at constant pH. As shown 
in Figure 1, these plots are linear with intercepts near zero. 
Table I summarizes the values of the slopes and intercepts 
obtained from a weighted least-squares analysis. 

The slopes given in Table I increase as the pH approaches 
the p# a of TFEA (5.77), suggesting that the rate term which 
is second order in amine is proportional to [TFEA] [TFEAH+] 
and not to [TFEA] t

2 . A plot of the slopes in Table I vs. the 
quantity [TFEA][TFEAH+] calculated at [TFEA], = 1 M 
gives the linear relationship shown in Figure 2, confirming this 
prediction. The slope of this line gives the actual third-order 
rate constant, kAB = 0.225 ± 0.014 M - 2 s_ 1 . 

The intercepts given in Table I which were calculated by 
measurements at 268 nm have larger errors than those deter
mined at the isosbestic point; this is not surprising due to the 
uncertainty inherent in calculating both the appearance and 
decay rates by the rather involved procedure (see Experimental 
Section). Therefore, the first-order terms for catalysis by 
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[TFEA] [TFEAH+] 

Figure 2. Plot of slopes in Table I vs. [TFEA] [TFEAH+] at [TFEA], = 
1.0 M. Error bars represent standard deviations. (O) measured at the 
isosbestic point for 4 —• 2; (A) measured at 268 nm. 

TFEA and TFEAH + were evaluated by plotting only those 
intercepts obtained at the isosbestic point vs. the fraction of free 
amine, [TFEA]/[TFEA] t . This plot was linear, giving the 
first-order term in both free amine (kB = (1.92 ± 0.27) X 1O-4 

M - 1 s_1) and protonated amine (A:A = (7.91 ± 0.53) X 1O -4 

M - ' S"1) by extrapolation to [TFEA]/[TFEA], = 1.0 and 0, 
respectively.21 

Solvent isotope effects for the formation of protonated ke
timine 4 were measured at the isosbestic wavelength for 4 —• 
2 in D2O containing TFEA buffers. Although the absorbance 
showed a monotonic increase, the kinetics could not be ana
lyzed in terms of a simple first-order process. The absorbance 
increased very rapidly at first, followed by a much slower in
crease at later times. These curves were analyzed on the basis 
of a mechanism which involves concurrent exchange of H for 
D at the a positions of the /3,7-unsaturated ketone (1). We also 
include in our scheme two possible forms of an intermediate 
I (IH and ID) which can either return to reactants or proceed 
to products. The most reasonable structure for this interme
diate is the dienamine. All forms of the unconjugated ketone 
(1) were assumed to proceed to the product ketimine by way 
of deuterated dienamine, ID, or undeuterated dienamine, IH 

(Scheme I). All secondary isotope effects were assumed to be 

HNCH2CF3 

*H ky 

HNCH2CF3 

P U 
IH 4 

A, 
O HNCH2CF3 

Vd1 ID Vd2 

negligible, and thus the rate of reaction of \-d\ is ]/2k
H if a 

proton is lost and ]/2k
D if a deuteron is abstracted. The rate 

constants ka and ky refer to protonation at the a carbon to give 
1 (do, d\, or d2) and 4, respectively. The integrated rate ex
pression is then given by the equation 

Table H. Rate Constants and Isotope Effects for Formation of 
2,2,2-Trifluoro-A,-(3-methyl-2-cyclohexenylidene)ethylarnrnoniurn 
Ion (4) from 3-Methyl-3-cyclohexenone (1) and 
Trifluoroethylamine in D2O at 25.0° (M = 1.0)" 

*H
AB(D20), 

pD M-2S"1 kH/kD 
* H A B ( H 2 C » / 
*HA B (D 20) 

5.33 0.189 ±0.008 6.18 ±0 .09 0.417 ± 
0.177* 0.003 

6.25 0.181 ±0.005 6.41 ±0 .56 0.426 ± 
0.010 

Av 0.185 ± 
0.004 

6.30 ±0.28 0.422 ± 
0.005 

1.19 ±0.09 

1.24 ±0.08 

1.22 ±0.06 

" Rate constants were determined by the integrated rate expression 
unless otherwise noted; errors are standard deviations. * From initial 
rates. 

p H ( j ? - Q - | 2 _ 
k°Rt 

-[ 

r/?(fcD-£H)p, _kH, 

2R(kH - kD)kH(l -R) ~\Aoe-(l/2)(k»+k°R)l ( 3 ) 

(RkD - kH)2 

= A0- axAQe-kX>Rt - a2A0e-kH> 

- a3A0e-(l/2^H+kD^' (3a) 

where AQ is the initial concentration of 1, R = ky/(ka + ky), 
a\, a2, and 03 are the preexponential terms, and P is the con
centration of ketimine at time t, The detailed method by which 
the parameters of this equation were evaluated is given in the 
Experimental Section. Although the procedure used to cal
culate kD, kH, and R is rather involved, most rate constants 
had standard deviations less than 1%. In addition, values of 
kHR were determined from initial rates at pD 5.33 and are in 
good agreement with those determined from the integrated rate 
expression. Finally, the experimental curves are well described 
by the calculated parameters.22 

Since the rate constant for the overall process is kHR for 1 
and kDR for \-d2, these quantities were analyzed by plotting 
kLR (L = H or D) divided by [TFEA]1 vs. [TFEA]1 at con
stant pD. The slopes of these plots were then divided by 
[TFEA] [TFEAH+] at [TFEA]1 = 1.0 M to obtain A:H

AB and 
&D A B in D2O. The ratio of these two quantities gives the kinetic 
isotope effect for the formation of dienamine (I) from 1 and 
\-d2 (kH/kD). The value for & H A B in D2O can also be com
pared to the corresponding value in H2O to give the solvent 
isotope effect on the overall process ( 1 — 4 ) . These results are 
shown in Table II. For both pD's, the plots of kLR/[TFEA], 
vs. [TFEA], gave intercepts indistinguishable from zero; thus, 
isotope effects for the first-order terms kA and kB could not 
be determined. 

The rates of formation of 4 were also examined in TFEA 
buffer solutions containing an external general base. Addition 
of acetate or imidazole to 0.1 M TFEA buffer solutions caused 
a rate increase over that observed in the presence of 0.1 M 
TFEA alone at the same pH. Using the same procedure as 
described above, values of k\ were obtained at the isosbestic 
point for 4 — 2 in acetate buffers with 0.1 M TFEA at pH 
4.45, 5.28, and 5.82. Analysis of plots of k\ vs. total concen
tration of acetate showed the presence of a term in 
[RNH3

+I-[OAc-] (£OAC- A B = 0.103 ± 0.003 M~2 s" ') . Use 
of imidazole as the general base rather than acetate was 
complicated by the absence of a well-defined isosbestic point 
for the hydrolysis of 4 in imidazole buffers. However, a value 
for A;im

AB in the presence of 0.1 M TFEA was estimated by 
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following Schiff base formation at a wavelength which ap
peared to be an isosbestic point for the hydrolysis during the 
initial phases of the reaction. Thus, the rate of Schiff base 
formation was only followed to 50-75% reaction in imidazole 
buffers containing 0.1 M TFEA at pH 5.80 and 6.35. Plots of 
k; vs. [Im] gave A:im

AB = 0.81 ± 0.05 M~2 s"1. 
Hydrolysis of the Schiff Base. As described above, the rate 

of hydrolysis of the a,/?-unsaturated Schiff base (3) to the 
corresponding a,/3-unsaturated ketone (2) can be obtained 
from the overall absorbance curve for the isomerization of 1 
to 2 at 268 nm. However, because the Schiff base can be easily 
synthesized and isolated, most values of the hydrolysis rate 
constants were obtained by directly monitoring the decay at 
268 nm upon addition of 3 to the buffer solutions. Where both 
methods were employed the agreement is excellent. The rate 
constants for hydrolysis (fch) in the presence of TFEA buffers 
were treated according to our previously observed rate ex
pression for the hydrolysis of 3 (eq 4)2 3 

*h = (^hH2° + fchOH"[OH-] + fchB[RNH2]) 

which assumes that the protonated Schiff base (4) is the re
active species. Analysis of plots of &h/ [ [H + ] / ( [H + ] + K&)\ 
vs. [RNH2] gave a value for A:h

B = ( 1.40 ±0.23) X 1 0 " 3 M - 1 

s - 1 from the slopes. The intercepts of these plots (&hH2° + 
k\PH~ [OH - ] ) were consistent with values expected from the 
known parameters khHl° and khOH~ 23 '24 No term in proton
ated amine could be detected. 

Isomerization of 1-Acetyl-2-cyclohexene. The isomerization 
of 1-acetyl-2-cyclohexene (5) to the conjugated isomer (6) was 

O O 

5 6 
also found to be catalyzed by TFEA; however, the reaction was 
much slower than the corresponding isomerization of 1. In 
addition, no buildup of an intermediate could be detected. All 
reactions were followed in TFEA buffers (0.2-0.8 M) at 240 
nm at 25.0° with ionic strength maintained at 1.0 with NaCl. 
A significant induction period was observed in all runs so that 
the first 5-10% of the reaction had to be ignored in calculating 
pseudo-first-order rate constants. Plots of kobsd/ [TFEA]1 vs. 
[TFEA] t gave straight lines. The slopes and intercepts of these 
plots are shown in Table III. Analysis of these results by the 
same method used for 3-methyl-3-cyclohexenone gave kAB = 
(2.86 ± 0.11) X 10~4 M - 2 s_ 1 . The kA term was estimated as 
(1.5 ± 0.5) X 10 - 5 M - 1 s - 1 and kB was indistinguishable from 
zero. 

Discussion 

3-Methyl-3-cyclohexenone Isomerization. Identification of 
the Intermediate. The existence of an intermediate on the re
action pathway for the TFEA catalyzed isomerization of 1 to 
2 is strongly indicated by the observation of a peak in the ul
traviolet spectrum at 268 nm which is not due to either reactant 
or product. That this intermediate is involved in the overall 
catalytic scheme is shown by the occurrence of an induction 
period for formation of 2. If the intermediate were being 
formed from 1 in a parasitic side reaction, one would expect 
that the initial rate of formation of 2 would be increased rather 
than decreased. Furthermore, we have previously shown23 that 
4 hydrolyzes exclusively to 2 with no formation of 1, ruling out 
reversible formation of 4, followed by direct reaction of 1 to 
2 in the isomerization. 

Table III. Slopes and Intercepts for Plots of &obsd/ [TFEA], vs. 
[TFEA]t for the TFEA-Catalyzed Isomerization of l-Acetyl-2-
cyclohexene (5) to 1 -Acetyl-1-cyclohexene (6) at 25.0° (n = 1.0)" 

PH 

5.25 
5.77 

105 slope, 
M~2 s-» 

5.46 ±0.32 
6.68 ± 0.24 

106 intercept, 
M-1S"1 

11.9± 1.3 
7.92 ± 1.01 

[TFEA]/ 
[TFEAH+] 

0.30 
1.00 

a Errors are standard deviations. 

The product from the reaction of TFEA with 1 in CCU was 
identified as the a,/3-unsaturated Schiff base 3. The NMR and 
uv spectra of 3 in acidic solution were found to be identical with 
the corresponding spectra of the intermediate observed in the 
isomerization of 1 to 2. Protonation of conjugated azomethines 
on the nitrogen is known to result in a bathochromic shift of 
the absorption maxima.14 The spectrum of the n-butylimine 
of crotonaldehyde, for example, undergoes a red shift from 220 
to 247 nm in acetonitrile upon protonation with perchloric 
acid.16 In addition, a,/3-unsaturated iminium salts derived from 
secondary amines and a,/?-unsaturated ketones are reported 
to give absorption maxima in the range 270-280 nm.15,17 

Therefore, the change in Xmax observed upon acidification of 
3 is consistent with protonation on the nitrogen to give 4. 

The downfield shifts noted in the NMR spectrum of 3 upon 
protonation are also compatible with structure 4. The largest 
downfield shift is seen for the methylene hydrogens adjacent 
to the nitrogen (5 3.58 to 4.39). The shift for the methyl singlet 
(5 1.80 to 2.10 and 2.16) is smaller because the methyl group 
is further removed from the site of protonation (i.e., the ni
trogen). The splitting of the olefinic and methyl singlets in the 
NMR spectrum of 4 is attributed to possible syn-anti isom
erization about the carbon-nitrogen double bond.18'19 The 
larger splitting of the olefinic signal (A5 = 0.25) compared to 
the methyl signal (AiS = 0.06) is reasonable due to the prox
imity of the vinyl hydrogen to the carbon-nitrogen double 
bond. 

It is possible to rule out dienamine structures for interme
diate 4 on the basis of the NMR. For example, an exocyclic 
dienamine (presumably protonated on the nitrogen in acid) 
would yield olefinic signals of unequal intensity and no methyl 
signal, while the endocyclic dienamine would have to show 
singlet and triplet olefinic signals. In addition, the splitting of 
the methyl singlet (A<5 = 0.06) is difficult to explain by any 
structure other than 4. In any case, dienamines usually undergo 
rapid tautomerization in acid to yield iminium ions.15,17 

The pK3 of 4 was found to be 6.76 ± 0.04, about 1 pA"a unit 
higher than TFEA itself (5.77). In general, it appears that 
aliphatic Schiff bases are about 103-fold weaker bases than the 
amines from which they are derived.25-27 However, the con
jugated system in 4 apparently stabilizes the positive charge 
to such an extent that this Schiff base is more basic than the 
corresponding amine. This result is initially somewhat sur
prising in view of the fact that imines of aromatic aldehydes 
and ketones do not show an enhanced basicity relative to the 
free amines, in spite of the ability of phenyl groups to stabilize 
a positive charge on an adjacent carbon.28 However, a com
parison of the pATa values for the corresponding ketones reveals 
that this type of olefinic conjugation is far more effective in 
stabilizing protonated carbonyl groups than phenyl conjuga
tion. Using reported pKa values for 2 (—3.5),29 acetophenone 
(—6.4),30 benzaldehyde (—7.5),30 and cyclohexonone (—7.1),30 

it can be seen that 2 is ca. 103- to 104-fold more basic than the 
other carbonyl compounds. If a comparable stabilization by 
the olefinic group occurs in the protonated Schiff base 4, the 
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greater basicity of 3 compared to Schiff bases of benzaldehyde 
and saturated ketones appears reasonable. 

Another factor which might lower the basicity of Schiff 
bases of aromatic aldehydes is that solvation of the proton on 
the nitrogen may be inhibited by the ortho hydrogens of the 
phenyl group (7). This steric interaction can be relieved by 
rotation around the bond to the ring, but only at the expense 
of a loss in resonance stabilization. The smaller steric re
quirements in 4, on the other hand, allow solvation to occur 

H5O H2Q 
SN^R 

7 4 

with a minimum of steric hindrance. A similar explanation has 
been advanced for the difference in pATa's of ca. 1.5 pA" units 
for the E and Z isomers of phenyl 7V-methylacetimidates.32 

Formation of the a,/3-Lnsaturated Schiff Base. The kinetic 
results for the formation of 4 show that the rate of formation 
is almost entirely dependent on a second-order term 
(£ A B [RNH 2 ] [RNH 3

+ ] ) , with small first-order terms in free 
amine (A^[RNH2]) and protonated amine (fcA[RNH3

+]). A 
mechanism consistent with these results is shown in Scheme 
II. 

Scheme II 

RNH3
+ + f 1 * * 

+ RNH2 

The three-term rate law is explicable by assuming a fast 
prior equilibrium between 1 and 8, followed by deprotonation 
of 8 by O H " (A:B), H2O (A:A), or TFEA (kAB). Slow formation 
of 8 followed by rapid isomerization to 4 is ruled out by the 
primary hydrogen isotope effect observed in D2O for kAB 

{kH
AB/koAE = 6.30 ± 0.28). However, the fact that a primary 

isotope effect was observed at all when starting with 1 in D2O 
reveals that exchange in the a position took place through 
formation of the dienamine 8.33 The partitioning of the 
dienamine between protonation in the a position (ka) and 
protonation at the y carbon (ky) was calculated to be slightly 
in favor of formation of 8, i.e., ky/ka = 0.73 ± 0.02. This ratio 
was independent of both amine concentration and pH. 

In terms of Scheme II, kAB = K\k2[ky/(ky + ka)], where 
K\ is the equilibrium constant for formation of the /3,7-un-
saturated iminium ion (A"i [RNH 3

+ ] = [8] / [ l ] ) . The origin 
of the small solvent isotope effect on kAB (1.22 ± 0.06) prob
ably reflects the effect of D2O) on the prior equilibrium of 1 
and 8, since deuteration of the amine (RND2 and RND 3

+ ) 
should have a negligible effect on both A:2 and the partitioning 
ratio of the dienamine.35 A small solvent isotope effect on K] 
is consistent with the effect on the equilibrium constant for 
ketimine formation from propylamine and diacetone alcohol 
(kHi°/KD*° = 1.34 ± 0.13).36 

The partitioning ratio for protonation of the dienamine 9 

Table IV. Third-Order Rate Constants for Various Bases in the 
Formation of 2,2,2-Trifluoro-Ar-(3-methyl-2-cyclohexenylidene) 
ethylammonium Ion (4) from 3-Methyl-3-cyclohexenone (1) and 
Trifluoroethylamine at 25.0° Qi = 1.0) 

Base P*a A:AB, M ' 2 s-

H2O 
Acetate 
TFEA 
Imidazole 
OH-

-1.74 
4.50 
5.77 
7.10 

15.7 

(1.44 ±0.10) X 10-5* 
0.103 ±0.003 
0.225 ±0.014 
0.81 ±0.05 
(3J±0.3)X 1046 

" Errors are standard deviations. * Calculated as described in the 
text. c pH of a 1:1 buffer solution at /u = 1.0. 

Figure 3. Bronsted plot of log kAB vs. pA"a for different bases in the for
mation of 2,2,2-trifluoro-Ar-(3-methyl-2-cyclohexenylidene)ethylam-
monium ion (4) from 3-methyl-3-cyclohexenone (1) and trifluoroeth
ylamine at 25.0° (ft = 1.0). 

(ky/ka = 0.73) may be compared to the same ratio for the 
analogous dienol 10 and enol ether 11. Noyce and Evett2 have 

OCH3 

shown that the acid-catalyzed isomerization of 3-methyl-3-
cyclohexenone to 3-methyl-2-cyclohexenone proceeds via 
rate-determining formation of 10, i.e., ky > ka, but no estimate 
of the ratio ky/ka can be obtained from their data. Similarly, 
the enol ether 11 has been also found to protonate preferen
tially at the 7 carbon (ky/ka = 9).37 

As would be predicted according to this mechanism, the 
formation of 4 was found to be efficiently catalyzed by the 
addition of external bases due to a term in the rate expression 
involving &AB[RNH3

+] [B]. The A:AB terms for different bases 
are summarized in Table IV where the value for H2O was 
calculated by dividing kA by 55 M, on the assumption that the 
kA term arises from water acting as a base in the conversion 
of 8 to 9. Analogously, the A:AB term for hydroxide is obtained 
by assuming the A:B term comes from abstraction of a proton 
from 8 by hydroxide ion, and using the identity kB = kABKvl/ 
A"a. A Bronsted plot of log kAB vs. pA"a (Figure 3) reveals a 
reasonable correlation with a slope of /3 = 0.55. This value is 
consistent with the /3 of 0.4 obtained by Bender and Williams26 

for the deprotonation of the iminium ion from glycine and 
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acetone, and is similar to the value of 0.5 found by Spencer for 
the a-proton abstraction from iminium ions of decalones and 
primary amines.38 

Hydrolysis of the a,/3-Unsaturated Schiff Base. We have 
previously reported on the kinetics and mechanism of the hy
drolysis of 3 in some detail.23 Briefly, we found that in the pH 
region of the current investigation hydrolysis occurs by rate-
determining attack of water or hydroxide ion on the protonated 
Schiff base, with attack of water subject to general base ca
talysis. The initially formed carbinolamine then rapidly de
composes to ketone (Scheme III). In the range of TFEA con-
Scheme III 

+ 

^ R HO NHE 9 

™+JJ^JO ^ JO+*™, 
4 2 

centrations used (<0.3 M), the reverse reaction is negligible 
and can be ignored, so that the measured pseudo-first-order 
rate constants refer simply to the rate of formation of 2. At high 
concentrations of amine, however, the observed kinetics start 
to deviate appreciably from first-order behavior, possibly due 
to attack of amine on the double bond of 4. Consequently, the 
kinetics were only analyzed at [TFEA]1 ^ 0.3 M. Since the 
rate constant for general base catalysis of the hydrolysis re
action by TFEA does not deviate from the Bronsted plot for 
other bases, there is reason to believe that the mechanism of 
hydrolysis in the presence of TFEA is identical with that pre
viously described.23 

Isomerization of l-AcetyI-2-cyclohexene (5). Although the 
isomerization of 5 to its conjugated isomer (6) is catalyzed by 
TFEA, no intermediate protonated a,/3-unsaturated Schiff 
base (12) could be detected. Furthermore, the overall reaction 
is substantially slower than the analogous isomerization of 1. 

HNR HNR 

12 13 

The lack of buildup of an unsaturated Schiff base, coupled with 
the similarity in the observed kinetics for the isomerization of 
5 to 6 and the formation of 4 from 1, suggests that the same 
mechanism is operating, except that the hydrolysis of the in
termediate protonated a,/3-unsaturated Schiff base (12) is 
much faster than its formation. 

The slow formation of 12 relative to the corresponding for
mation of 4 (ca. 760-fold) is probably due to a change in the 
partitioning ratio of dienamine 13 relative to 9. If the parti
tioning of the intermediate dienamine (13) favors formation 
of the /3,7-unsaturated Schiff base at the expense of the a,0-
unsaturated species (i.e., ky « ka), then the rate-determining 
step will be protonation of the dienamine (ky) and the observed 
rate of formation of 12 would be expected to be relatively slow. 
A parallel to this situation may be found in the work of Noyce 
and Evett.2 They observed that the dienol from 5 protonates 
preferentially in the a position in contrast to the dienol from 
1, which protonates primarily in the y position. The reasons 
for this difference are discussed in their reports2 and an anal
ogous explanation probably exists for the dienamines. 

General Comments. Nucleophilic catalysis by primary 
amines of reactions of aldehydes and ketones is a well known 
process, including such reactions as enolization,25'26'34 /3-ketol 
dehydration,38 elimination from /3-acetoxy ketones,39 re-

troaldol condensations,36,40"42 and the decarboxylation of 
/3-keto acids.43 '44 In addition, another case of primary 
amine-catalyzed isomerization of /3,7-unsaturated ketones has 
recently been reported.13 In all of these cases the formation of 
a protonated Schiff base gives the molecule an electron sink 
into which an electron pair may be put during a cleavage re
action. 

An estimate for the catalytic ability of trifluoroethylamine 
relative to hydronium ion for 3-methyl-3-cyclohexene (1) and 
l-acetyl-2-cyclohexene (5) may be obtained from the pub
lished2 rates of the acid-catalyzed isomerization of these 
compounds. For 1, the overall catalytic efficiency is limited by 
the rate of hydrolysis of the protonated Schiff base (4) to the 
a,/3-unsaturated ketone (2). At 1 M amine (pH 6) the rate 
constant for hydrolysis of 4 is 1.12 X 10 - 3 S - ' . A comparison 
of this rate constant with the rate constants for the corre
sponding acid-catalyzed reaction2 and spontaneous isomer
ization45 at this pH shows a rate-enhancement of >106-fold 
and 104-fold, respectively. Since the actual rate of bond mi
gration (formation of 4) under these conditions is about 100 
times greater than imine hydrolysis, it is apparent that triflu
oroethylamine is a superb catalyst for this isomerization. An 
analogous comparison of the rate of isomerization of 5 at 1 M 
TFEA (pH 6) with the corresponding acid-catalyzed reaction2 

shows a rate enhancement of ca. 106-fold. 

Since enzymatic catalysis of various other carbonyl reactions 
is known to proceed via the formation of an intermediate Schiff 
base,46 it is of interest to speculate on the possibility of enzy
matic catalysis of double bond migration via this mechanism. 
The only enzyme of which we are aware which is thought to 
catalyze this reaction via Schiff base formation is 2-keto-3-
deoxy-L-arabonate dehydratase. One of the steps in the pro
posed mechanism1 ' involves the migration of a double bond 
a,(3 to a Schiff base to the /3,y position, with the Schiff base 
derived from an enzymatic amine residue. Several other en
zymes are known which catalyze double bond migrations in 
ketones, among them the A5-3-keto steroid isomerases9 and 
prostaglandin A isomerase;51 however only the A5-3-keto 
steroid isomerase from Pseudomonas testosteroni has been 
investigated in detail. The function of amine residues in this 
enzyme has been investigated by Benisek and Jacobson,13 who 
found that, although modification of the amine groups of this 
isomerase by either sodium trinitrobenzene sulfonate or maleic 
anhydride produces an inactive enzyme, modification of the 
amino groups by methyl acetimidate has no effect on the en
zymatic activity. They concluded that imine intermediates are 
not involved in the enzyme mechanism. The corresponding 
mammalian enzymes, however, as well as prostaglandin A 
isomerase, may act via Schiff base formation. To our knowl
edge, no work has been done to date on the question of whether 
amine groups on these enzymes are necessary for catalytic 
activity. 

Experimental Section 

Materials. 3-Methyl-3-cyclohexenone (1) and l-acetyl-2-cydo-
hexene (5) were prepared by the procedures of Noyce and Evett.2 

Kinetic samples of both compounds were collected by preparative gas 
chromatography (Carbowax 2OM on Chromopak 60/80). Spectral 
data were consistent with published results.2 

2,2,2-Trifluoro-Ar-(3-methyl-2-cyclohexenylidene)ethylamine (3) 
was prepared by mixing 0.5 g of 3-methyl-3-cyclohexenone and 0.6 
g of 2,2,2-trifluoroethylamine in 5 ml of carbon tetrachloride over 
molecular sieves. The flask was tightly stoppered to prevent escape 
of the volatile amine. After 1 h at room temperature, analysis by NMR 
revealed that no starting material remained. The solution was de
canted, the sieves washed with carbon tetrachloride, and the solvent 
removed under vacuum to yield a yellow oil. Analytic and kinetic 
samples were obtained by preparative gas chromatography (Carbowax 
2OM on Chromopak 60/80): ir (CCl4) 1640 cm"1 (C=N), 1615 
(C=C); NMR (CCl4) 3 5.75 (s, 1), 3.58 (q, y = 10 Hz, 2), 1.6-2.4 
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(m, 6), 1.80 (s, 3); NMR (D2O-DCl)5 2 5 6.50 and 6.25 (s, 1), 4.39 
(q, 2), 1.7-2.9 (m, 6), 2.10 and 2.16 (s, 3); Xmax

cyclohexane 228 nm (e 
22 000), Xmax

H2° (pH 12) 238 nm (e 20 000), Xmax
H2° (pH 2) 268 nm 

(t 18 500). Anal. Calcd for C 9H 1 2NF 3 : C, 56.54; H, 6.28; N, 7.33. 
Found: C, 56.43; H, 6.10; N, 7.11. 

Other Materials. 2,2,2-Trifluoroethylamine hydrochloride was a 
commercial product (Aldrich) and was purified by recrystallization 
from absolute ethanol before use. Free trifluoroethylamine was pre
pared by neutralizing a sample of the hydrochloride salt with aqueous 
saturated sodium bicarbonate and distilling the volatile amine (bp 
36-38 0 C) . Imidazole was purified by recrystallization from chloro
form. Acetate buffers were prepared from reagent grade sodium ac
etate and standardized hydrochloric acid. Distilled water was used 
for all kinetic runs. D2O solutions were made up using 99.8% D2O, 
along with NaOD in D2O (99% D) and trifluoroethylamine hydro
chloride. At the concentrations of TFEA in D2O which were used 
(<0.3 M), the exchangeable hydrogens of the TFEA made only a 
minor contribution to the total deuterium content of the water (<2%). 

Kinetic and Equilibrium Measurements. All kinetic measurements 
were carried out at 25.0 ± 0.2° with an ionic strength of 1.0 main
tained with either NaCl or KCl. Spectra were obtained on a Cary 16K 
spectrophotometer and rates were followed on either a Gilford 2000 
or 2400 spectrophotometer. All first-order rate constants were cal
culated by a nonlinear least-squares regression analysis. Buffer plots 
were analyzed by a weighted least-squares analysis which assumes 
a constant percent error in each rate constant. pH values were mea
sured on a Radiometer Model 26 pH meter. pH values for each series 
of buffer runs were constant to ±0.02 pH units. pD values were ob
tained by adding 0.4 to the pH meter reading.53 

Calculation of K„ of 2,2,2-Trifluoro-A'-(3-metbyl-2-cyclohexen-
ylidene)ethylammonium Ion (4). A constant volume of a stock solution 
of the free a./3-unsaturated Schiff base (3) in acetonitrile was added 
to 3.00 ml of phosphate buffer solutions of varying pH at ionic strength 
1.0. The absorbances at 268 nm, extrapolated to the time of mixing 
to correct for hydrolysis, were used to calculate A"a from the equation 

[H+]= KA(A-A3)Z(AA-A)] (5) 

where A is the measured absorbance, A3 is the absorbance of the free 
ketimine (3), A4 is the absorbance of the protonated ketimine (4). A 
least-squares plot of [H+] vs. (A — A3)J(A4 — A) was forced through 
an intercept of zero to give a value of A"a = (1.73 ± 0.15) X 10 - 7 (pA â 

= 6.76 ±0.04) . 
Rate of Ketimine Formation. The reaction was initiated by adding 

10 \L\ of a stock solution of the ketone (1) in acetonitrile ( M O - 2 M) 
to 3 ml of the buffer solution in the spectrophotometer. The formation 
of ketimine was followed in one of two ways. At 268 nm (Xmax of 4), 
the absorbance showed a rapid increase followed by a relatively slow 
decrease. The data were treated by the equation 

A = 
tCpk\ 

k, - k\ 
<e- ') (6) 

where A is the measured absorbance at 268 nm, Co is the initial 
concentration of 1, and k\ and k^ are the first-order rate constants for 
formation and hydrolysis of the ketimine. Both the 0,7-unsaturated 
ketone (1) and the (!,^-unsaturated ketone (2) have negligible ab
sorbances at 268 nm. Under the conditions used, the decay of 4 was 
at least 5-10 times slower than its formation so that the decay at 268 
nm could be analyzed as a simple exponential function by waiting until 
after 8-10 half-lives for the formation reaction. The value of ^h de
termined from a nonlinear least-squares analysis, along with the 
preexponential term calculated from extrapolation to the time of 
mixing, were then used to determine k\ from a semilogarithmic plot 
using eq 7, a rearranged form of eq 6. 

-k\t = In (e 
tCok 

M) (7) 

An alternate method of calculating k\ was to follow the reaction 
at the isosbestic point for the hydrolysis of 4. This procedure gave good 
first-order kinetics for 6-8 half-lives in most cases and yielded stable 
infinity points. Because agreement between k[ values determined by 
both methods was good (within 10%), the simpler procedure of 
monitoring the reaction at the isosbestic point was generally used. 

Rate constants for formation of 4 were also determined in TFEA 
solutions containing an additional general base. Buffer solutions were 
used which contained a constant total concentration of TFEA (0.10 

M) and varying amounts of the other buffer component at constant 
pH and ionic strength (1.0). Values for k\ were determined by moni
toring the reaction at the isosbestic point as described above. Catalysis 
of the overall isomerization reaction (1 —» 2) by the general bases used 
(acetate and imidazole) was negligible in the absence of TFEA. 

Ketimine Hydrolysis. The rate constant for the hydrolysis of the 
Schiff base (3) was obtained by direct measurement of the absorbance 
at 268 nm due to the protonated Schiff base (4); 10-20 ix\ of a stock 
solution of 3 in acetonitrile was added to the cuvette to initiate the 
reaction. The decay was first order and yielded kh directly. The rate 
constants determined in this way were in agreement with those ob
tained from the integrated rate expression for the overall reaction. 

Isomerization of l-Acetyl-2-cyclohexene (5). The rate of this re
action was determined by monitoring the reaction at 240 nm. After 
a short induction period (5-10% reaction), the absorbance curves were 
analyzed by nonlinear least-squares regression to give the observed 
rate constants. 

Solvent Isotope Effects. Rate constants for the formation of 4 were 
calculated from absorbance data in TFEA buffers in D2O at the 
isosbestic point for hydrolysis of 4. Although the absorbance increase 
was monotonic, the curves could not be fit by a simple first-order ex
pression. The curves could, however, be analyzed in terms of eq 3. This 
equation is derived in detail in the Appendix. On the assumption that 
the slowest process is the reaction of the dideuterated material (l-d2), 
the last 15-20% of the absorbance curve was treated as first order, 
giving values for kDR and, by extrapolation to t = 0, a\. Waiting until 
later times did not significantly alter the parameters obtained. From 
the a] term the other two preexponential terms could be calculated 
using the relationships below. 

a2 = (1 - v7^")2 (8) 

a3 = 2 ( V ^ - O 1 ) (9) 

A value for kn was then estimated and varied until a good fit was 
obtained with the experimental curve. To judge goodness of fit, eq 3 
was arranged to give eq 10. 

[(A0-P) 
• — a\e • a2e *H']=fl3*- -\/2(k»+k°K), ( ] 0 ) 

A nonlinear least-squares analysis of this expression gave values for 
the exponential term (]h(kH + A:DR)) and the preexponential term 
(a3). kH was then calculated using the value for kDR. When the cal
culated value of kH agreed with the estimated kH and when the a3 

obtained agreed with the previously calculated a3, the curve was 
judged to be fit. In most cases the standard deviations of kH and k DR 
were less than 1%. Values for R could then be calculated from the 
preexponential terms. Agreement of the calculated curves with the 
experimental points was excellent. This procedure was followed for 
several runs at various amine concentrations and two different buffer 
ratios. Values for kHR were also determined from initial rates at the 
isosbestic point in some cases and agreement with the values deter
mined from the complete reaction was excellent. 
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Appendix 

In a rigorous analysis of the formation of ket imine in D 2 O 
one must consider the scheme shown in eq 11; in this scheme 

*H 
IH 

B 2-~ 

(H) 

ID C 

A is 1, B i s l - ^ i , and C is W 2 - All forms of the unconjugated 
ketone are assumed to proceed to the ket imine, P, by way of 
d ienamine I H , which is not deutera ted , or ID , which is the 
d ienamine —d\. All secondary isotope effects are assumed to 
be negligible and, thus, the ra te of proton abstract ion from B 
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is assumed to be 72&H and the rate for deuterium abstraction 
from B is given by 1 ^ 0 . Therefore, the rate of ketimine for
mation is 

^ i = M[iHl + [ H ) 

and, assuming a steady state for both IH and ID, this be
comes 

d[P] 
d? 

(&H[A] + kD[C] + - (/tD + kH)[B]) 

In the absence of appreciable H2O, the disappearance of A is 
strictly first order; thus A = Aoe~kHt. Also, using the identity 
[C] = A0 ~ [P] - [A] - [B], the formation of P becomes 

d[P] = ky 

At ka + k-
((kH - kD)A0e~kHt 

1 + kDA0 - kD[T>] +-(kH- £D)[B]) 

In a similar fashion, the rate of formation of B is given by 
d[B] 

T i n j | - ^ - T * - j - - ^ ^M^^-KtB 
{A0e~kH') 

Integrating, the following expression is obtained for B 

[B] = A0 P 0 " ^ " ! [e-kH> - e-0/2)(*H+*D«)] 
L ^DT? — ku J 

where R — ky/(ka + ky). Substitution of the integrated ex
pression for B into the rate equation for P followed by a similar 
integration yields eq 3 of the main text. 
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