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The rates of hydrolysis of the morpholine, dimethylamine, piperidine, and pyrrolidine enamines of

propiophenone have been investigated in the pH range —3 to 14 at 25°. Hammett gp correlations were ob-
tained at pH 10.4, 4.7,and 1.1 and at H, = —2.3 and — 3.3 for para-substituted derivatives of themorpholine enamine.
In neutral and basic solutions the rate-limiting step is either general acid catalyzed protonation of the 8-carbon
atom of the free base or carbinolamine formation vie uncatalyzed attack of water and/or hydroxide ion on the im-
monium ion, the reactivity being determined by the inductive effect of the amino group and the relative ease of for-
mation of the exocyclic double bond and its consequent stability. Monobasic phosphate and bicarbonate ions
exhibit unusually large catalytic effects on the rate of immonium ion formation. In weakly acidic solutions (pH
1-6), carbinolamine formation via uncatalyzed attack of water is rate limiting. Thermodynamic parameters were
determined in this pH region where reactivity is influenced by the inductive effect of the amino group and the
stability of the carbon-nitrogen double bond. Below pH 1 an increase in acidity decreases the rate of hydrolysis
because of the combined effects of acid inhibition of carbinolamine zwitterion formation and the departure of the ac-

tivity of water from unity.
propiophenone and amine is rate limiting.

Enamines, a,(-unsaturated amines, have been pro-
posed as intermediates in both nonenzymatic and
enzyme catalyzed reactions. Several aldol conden-
sation reactions have been shown to be more effectively
catalyzed by primary and secondary amines than by
tertiary amines.2 This result suggests the possibility of
enamine intermediates. An enamine intermediate has
been established in the enzyme catalyzed decarboxyl-
ation of acetoacetic acid.? Other instances also appear
in the literature.*

The relative stability of many enamines provides an
opportunity to study directly the reactivity of these
significant reaction intermediates. Enamines with a
phenyl group in the 1 position permit alteration of the
electron density at the reaction center by a change of
para substituents on the aromatic ring. A combination
of availability of starting meterials and practicality of
synthesis led to the choice of substituted propiophe-
nones as the carbonyl compounds employed in the
syntheses of a series of tertiary enamines. A careful
study of the hydrolysis of these enamines over a pH
range of 17 log units allows formulation of a complete,
detailed mechanism for their decomposition to propio-
phenones and secondary amines.

(1) Abstracted from the Ph.D. Dissertation (University of Virginia,
1968) of P. Y. S. and supported by a grant from the National Institute of
General Medical Sciences.

(2) T. A. Spencer and K. K. Schmiegel, Chem. Ind. (London), 1765
(1963); T. A. Spencer, H. S. Neel, T. W. Flechtner, and R. A, Zayle,
Tetrahedron Lett., 3889 (1965); A. A. Yasnikov, T. S. Boiko, N. V.
Volkova, and 1. V. Mel’nickenko, Biochemistry (USSR), 31, 841 (1966);
C. D. Gutsche, D. Redmore, R. S. Buriks, K. Mowotny, H. Grassner,
and C. W. Armbruster, J. Amer. Chem, Soc., 89, 1235 (1967); W. G.
Berl and C. E. Feazel, ibid., 73, 2054 (1951); M. L. Bender and A, Wil-
liams, ibid., 87, 2502 (1966).

(3) R. A. Laursen and F, H, Westheimer, ibid., 88, 3426 (1966); S.
Warren, B, Zerner, and F. H. Westheimer, Biochemistry, 5, 817 (1966);
W. Tagaki and F. H. Westheimer, ibid., 7,901 (1968); W. Tagaki, I. P.
Guthrie, and F. H. Westheimer, ibid., 7, 905 (1968).

(4) M. Flavin and C. Slaughter, J. Biol. Chem., 244, 1434 (1969).

In solutions in which H, < —1.3, decomposition of the carbinolamine zwitterion to

Experimental Section

Enamines I-VI were made according to the procedure outlined
by Stork.5 Ketone (1 equiv), 1.5-2 equiv of amine, and a catalytic
amount of p-toluenesulfonic acid were refluxed in toluene under a
Dean-Stark water trap. About 400 ml of solvent and 2 g of cata-
lyzing acid were used per mole of ketone. The secondary amines,
except for dimethylamine, were distilled prior to use.

1-(4-Morpholino)-1-phenyl-2-methylethylene (I). After refluxing
10 days the solvent was removed and the residue vacuum distilled
to give 24.3 g (53%) of I:  bp 160-160.5° (14 mm); #23-?p 1.5523.

Anal. Caled for C;HiNO: C, 76.81; H, 8.43; N, 6.89,
Found: C,76.96; H, 8.53; N, 6.98.

1-(4-Morpholino)-1-(p-methylphenyl)-2-methylethylene (II). After
refluxing 8 days a crystalline product was obtained upon removal
of solvent. The crystals were filtered, recrystallized from methano],
and dried in vacuo over P:Os to give 15.2 g (42%) of II.  Two suc-
cessive recrystallizations from methanol gave a white solid, mp 54.0-
57.0°,

Anal. Calcd for CH;)NO: C, 77.38;
Found: C, 78.07; H, 8.00; N, 6.39.

1-(4-Morpholino)-1-(p-chlorophenyl)-2-methylethylene (III). Af-
ter refluxing 7 days the reaction mixture was cooled, neutralized
with a freshly prepared solution of sodium methoxide, and washed
with water, The organic layer was dried with anhydrous potas-
sium carbonate and the solvent removed.® The resulting solid was
twice recrystallized from methanol and dried in vacuo over P,O;
to give 12.7 g (54 %) of a white solid (III), mp 43.2-44.2°,

Anal, Caled for Ci3HiCINO: C, 65.67; H, 6.78; Cl, 14.91;
N, 5.89. Found: C,65.82; H,6.81; Cl,14.69; N, 5.75.

1-(4-Morpholine)-1-(p-nitrophenyl)-2-methylethylene (IV). The
reaction mixture was worked up as with the p-Cl derivative after
refluxing for 5 days. Several recrystallizations of the solid orange
product (mp <50°) from methanol and from ethanol did not sep-
arate the enamine from p-nitropropiophenone. Only the ketone was
obtained from column chromatography of the mixture on Florisil
and neutral alumina (Woelm) columns. A comparison of nmr
peak areas showed that the ratio of enamine to ketone was about
4:1. Satisfactory kinetic evaluation of the enamine was obtained
from the mixture.

1-Piperidino-1-phenyl-2-methylenethylene (V). The reaction mix-
ture was refluxed for 2 weeks, the solvent removed, and the residue

H, 8.81; N, 645,

(5) G. Stork, A. Brizzolara, H. Landesman, J. Szmuszkovicz, and
R. Terrell, J. Amer. Chem. Soc., 85, 207 (1963).
(6) M. E. Munk and Y, K. Kim, J. Org. Chem., 30, 3705 (1965).
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vacuum distilled to give 14.6 g (48%) of V: bp 139-139.5° (10
mm); n288p 1.5487.

Anal. Caled for Ci:HpN: C, 83.53; H,9.51; N, 6.96. Found:
C,83.74; H,9.71; N, 6.93.

1-Piperidino-1-(p-chlorophenyl)-2-methylethylene (VI). After re-
fluxing 5 days the reaction mixture was worked up following the
procedure used for the corresponding morpholine enamine. Upon
removal of solvent an oil was obtained. This was vacuum distilled
to give 22.1 g (58%) of VI: bp 174.5-175.5° (12.5 mm); n2$--D
1.5592.

Anal. Caled for CiHiCIN: C, 71.30; H, 7.69; Cl, 15.03;
N, 594, Found: C,71.51; H,7.89; Cl,15.15; N, 5.72,

Enamines VII-IX were made according to the procedure of White
and Weingarten.” To 500 ml of benzene were added 0.1 mol of
ketone, 0.3 mol of amine, and 0.055 mol of titanium tetrachloride
in an additional 100 ml of benzene. When reaction was complete,
the reaction mixture was filtered, solvent removed, and the residue
vacuum distilled.

1-Pyrrolidino-1-phenyl-2-methylethylene (VII). Vacuum distilla-
tion gave 3.4 g (1897) of VII: bp 139.5~140° (13 mm); »n%°p 1.5503.

Anal. Caled for CsHiN:  C, 83.37; H, 9.15, N, 7.48. Found:
C, 80.85,81.91; H,9.01, 8.83; N,6.70, 7.33.

This enamine was found to be more unstable than the others. It
was assumed to be of sufficient purity to make satisfactory kinetic
evaluations.

1-(N,N-Dimethylamino)-1-phenyl-2-methylethylene (VIII). Vac-
uum distillation gave 5.8 g (36 %) of VIII: bp 117-118° (35 mm);
n?*%p 1,5332.

Anal. Caled for CyHisN: C, 81.93; H, 9.38; N, 8.59. Found:
C, 82.07; H,10.52; N, 8.73.

1-Piperidino-1-(p-methylphenyl)-2-methylethylene IX). Vacuum
distillation gave 8.9 g (41 %) of IX: bp 162-163°(12.5mm); »22%D
1.5437.

Anal, Caled for CsHaN: C,83.66; H,9.83; N,6.51. Found:
C, 83.40; H,9.69; N,6.72.

N,N-Dimethylisobutenylamine (X). A sample donated by East-
man Chemical Products, Inc., was purified by distillation and a
fraction boiling at 87-88° was used, n®9® 1.4216 (lit.t n'®*-¢p
1.4212).

p-Nitropropiophenone (XI). A 500-ml erlenmeyer flask contain-
ing 200 ml of ether and 50 ml of a 50 % aqueous KOH solution was
cooled in an ice bath. The mixture was stirred with a Teflon
magnetic stirrer as 16.8 g (0.14 mol) of N-nitroso-N-ethylurea was
added over a 2-hr period. After the final addition the mixture
was allowed to stand for about 20 min. Most of the ether was
decanted into a 200-ml erlenmeyer flask containing 3 g of KOH.
More ether was added to the generating flask and this decanted as
well. At no time is all the ether decanted. The ethereal solution
of diazoethane sat over KOH for about 10 min. It was then slowly
poured into a stirred solution of 6.6 g (0.044 mol) of p-nitrobenz-
aldehyde in 150 ml of ether. The reaction mixture was allowed to
stand overnight at room temperature. A few milliliters of glacial
acetic acid was added to ensure no remaining diazoethane. The
reaction mixture was washed with 100 ml of saturated sodium bi-
sulfite solution. The organic layer was dried over anhydrous mag-
nesium sulfate and the ether removed. The crystals were washed
with cold ethanol and dried in vacuo over P,O; to give 4.4 g (57%)
of IX, mp 87-89° (lit.* mp 87-89).

N-Nitroso-N-ethylurea (XII). The preparation was carried out
according to Arndt’s procedure for N-nitroso-N-methylurea.!®
The yield of dried product was 105 g (60%).

Infrared spectra were taken on a Perkin-Elmer Model 337 spec-
trophotometer. The propiophenone enamines show a character-
istic band at 1635 cm~l. Proton magnetic resonance spectra
were taken on a Varian Model A-60. Chemical shifts are reported
in parts per million downfield from tetramethylsilane. Elemental
analyses were performed by Galbraith Laboratories, Inc., Knoxville,
Tenn. The hygroscopic nature of enamines accounts for much of
the error in the analyses. Solutions of enamines were prepared in
ethanol just prior to use in kinetic studies, Reactions were run in
aqueous solutions containing 3% ethanol. The kinetic experi-
ments were carried out on a Cary Model 11 or Model 14 recording

(7) W. A, White and H. Weingarten, J. Org. Chem., 32, 213 (1967).

(8) R. Tiollais, H. Bouget, J. Huet, and A. LePennec, Bull. Soc. Chim,
Fr., 1205 (1964).

(9) C.R. Warner, E. J. Walsh, and R. F. Smith, J. Chem. Soc., 1232
(1962).

(10) F. Arndt, “Organic Syntheses,” Coll, Vol. II, John Wiley &
Sons, Inc., New York, N. Y., 1943, p 461.

spectrophotometer. Except where otherwise noted reaction rates
were measured at 25,00 == 0.04°. The ionic strength was main-
tained at 0.20 by the addition of KCl. The molar absorbtivity of
the reaction products from each enamine was compared with that
found for a solution of the expected carbonyl product indicating
that complete hydrolysis does occur. Because of the rapid rate of
enamine hydrolysis encountered under certain conditions, the Cary
Model 11 was modified so that solutions could be mixed by injec-
tion.1! This allowed the measurement of reactions having half-
lives as short as 0.9 sec.

First-order kinetics were observed throughout the entire pH
range for all investigated enamines. The observed rate constants
were calculated from slopes of plots of log (4: — A.) or log (4, —
Ad) vs. time.  Points up to 907, conversion were used in the calcula-
tions. The symbol M~! is employed for all second-order rate con-
stants although those that represent observed first-order rate con-
stants divided by the activity of the hydrogen or hydroxide ion
concentrations as calculated from the antilog of pH measurements
and from pKw = 14.00 actually possess units of activity=! sec~!,
These second-order rate constants may be converted to the molar
concentration scale by multiplying them by 0.74, the mean ion
activity of HCl and KOH in 0.20 M KCl.12 Catalytic constants,
p values, w values, and all intercepts were calculated by the method
of least squares. The estimated error in the observed rate constants
is about 3% except when the observed hydrolysis rate is greater
than 1 X 10~! sec™! where the error is estimated to be about 897.
There is a 5% error in the calculated energies and entropies of ac-
tivation. The error in these values for the morpholine enamine is
14 % because of its faster rate of hydrolysis. 13

Results

The pH-rate profiles for the hydrolysis of the mor-
pholine, dimethylamine, piperidine, and pyrrolidine
enamines of propiophenone are presented in Figure 1.
The points represent observed first-order rate constants;
in regions where general acid catalysis is observed
these represent values obtained by extrapolation to
zero buffer concentration. A dashed line is drawn
through the points calculated for rate-limiting for-
mation of immonium ion. A solid line is drawn
through the points calculated for its rate-limiting
decomposition.

Hydrolysis in Basic and Neutral Solutions. For the
morpholine enamine, k.4 is independent of hydrogen
ion concentration above pH 8. A run on the pH stat
at pH 9.7 showed that neither hydrogen nor hydroxide
ions are consumed in the overall reaction. Rate
constants obtained by following the decrease in ab-
sorption of the enamine (220 mu) are identical with
those obtained by following the increase in absorption
of propiophenone (244 mu) (Figure 2), indicating no
significant accumulation of any intermediate species.
Figure 3 shows the effect of buffer concentration on the
observed rate constants at two pH values; general
acid catalysis is clearly indicated. The significant rate
of hydrolysis at zero buffer concentration indicates the
involvement of water as a general acid catalyst. The
hydrolysis of the morpholine enamines of p-methyl-,
p-chloro-, and p-nitropropiophenone also exhibit general
acid catalysis at pH 10.38. When the rate constant
obtained by extrapolation to zero buffer concentration is
plotted against the o value for the substituent,!* a
p value of —1.29 is obtained (Figure 4).

(11) C. V. McDonnell, M. S. Michailidis, and R. B. Martin, J.
Phys. Chem., 14, 26 (1970).

(12) H. S. Harned and B, B. Owen, ‘““The Physical Chemistry of Elec-
trolytic Solutions,” Reinhold Publishing Corp., New York, N. Y,,
1958, p 594.

(13) S. W. Benson, “The Foundations of Chemical Kinetics,”
McGraw-Hill Book Co., Inc., New York, N. Y., 1960, pp 86-94.

(14) D. H. McDaniel and H. C. Brown, J. Org. Chem., 23, 420
(1958).
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Figure 1. pH-rate profile for the hydrolysis of several propiophenone enamines at 25°: A, morpholine; O, dimethylamine; @,

piperidine; ©, pyrrolidine.

ex1074

H
200 220 240 260 280 300
M

Figure 2. Absorption spectra of the morpholine enamine of pro-
piophenone (solid line) and propiophenone (dashed line) in ab-
solute ethanol at 6 X 10~% M,
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Figure 3. Observed first-order rate constants for the hydrolysis
of the morpholine enamine of propiophenone as a function of
total buffer concentration at 25°.

As the pH is decreased from 8 to about 5, the value
of kypsa extrapolated to zero buffer concentration for
the hydrolysis of the morpholine enamine increases
indicating the involvement of hydrogen ion in the rate
equation. The linear relationship between kg,.q and
general acid concentration is also found when the
morpholine enamine is hydrolyzed at pH 7.48 and
7.00 using  N-tristhydroxymethyl)methyl-2-amino-
ethanesulfonic acid (TES) as general acid and at pH
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Figure 4. Logarithms of the observed first-order rate constants
for the hydrolysis of para-substituted morpholine enamines of
propiophenone as a function of the Hammett ¢ constant.

6.18 using 2-(morpholino)ethanesulfonic acid (MES).
When the pH is decreased to 5.58 with MES buffer or
to 5.19 with succinic acid buffer, the linear relationship
between observed rate constant and general acid
concentration is no longer observed. The rate of
hydrolysis is dependent on general acid concentration
at low concentrations, leveling off and becoming
essentially independent of general acid concentration
as the concentration is increased. Such a leveling off
of a rate vs. buffer concentration plot may be attributed
to a change in rate-limiting step from one that is subject
to general acid catalysis to one that is not. Below
about pH 5 the rate of hydrolysis is independent of
general acid concentration at all buffer concentrations.

The change in rate-limiting step from one that is
subject to general acid catalysis to one that is not
occurs at a much higher pH in the case of the dimethyl-
amine, piperidine, and pyrrolidine enamines of propio-
phenone. At pH 10.36 the rate of hydrolysis of the
dimethylamine enamine is linearly related to the general
acid concentration while at pH 9.55 and below kgp.q is
independent of general acid concentration. At pH
10.36 the rate of hydrolysis of the piperidine enamine
of propiophenone is dependent on general acid concen-
tration only at low concentrations and levels off as the
concentration is increased, the rate of hydrolysis of the
piperidine enamine of p-chloropropiophenone is linearly
related to general acid concentration, and the rate of
hydrolysis of the piperidine enamine of p-methyl-
propiophenone is independent of general acid con-
centration. The general acid catalyzed reaction ex-
hibits a negative p value and the nongeneral acid-
catalyzed reaction exhibits a small positive p value
(<0.2).

Above about pH 10 the rates of hydrolysis of the
dimethylamine and piperidine enamines are independent
of pH and dependent on [HA]. The rate of hydrolysis
of the pyrrolidine enamine is too rapid to be measured
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Figure 5. Observed first-order rate constants for the hydrolysis
of the morpholine enamines of p-chloro-, p-hydro-, and p-methyl-
propiophenone as a function of general acid concentration at pH
4.67 and 25°.

in this pH region. That the calculated rate constants
(calculated for rate-limiting decomposition of im-
monium ion) in Figure 1 for the piperidine enamine do
not correspond to the observed rate constants in
strongly basic solution (where immonium ion for-
mation is rate limiting) is attributed to the change in
rate-limiting step that occurs about pH 10. From
about pH 10-6 the rate of hydrolysis of the dimethyl-
amine, piperidine, and pyrrolidine enamines is de-
pendent on hydrogen ion concentration and inde-
pendent of [HA]. The product of the observed rate
constant and the hydrogen ion concentration is a
constant from about pH 8 to 9.5 for the hydrolysis of
the dimethylamine (1.1 X 10~ M~! sec~!) and pyr-
rolidine (3.8 X 101! M—!sec™!) enamines.

Hydrolysis in Acidic Solutions. FromaboutpH 1to 6
the rate of hydrolysis of the three enamines is inde-
pendent of both general acid and hydrogen ion con-
centrations. The same is true for the morpholine
enamine from about pH 1to 5. At pH 4.67 the rate of
hydrolysis of both the p-CH; and unsubstituted mor-
pholine enamines of propiophenone is independent of
general acid concentration while the rate of hydrolysis
of the p-chloro derivative is dependent on general acid
concentration at low buffer concentration with the
rate leveling off with increasing general acid concen-
tration (Figure 5). Using the value obtained for the
rate of hydrolysis of the p-chloro-substituted enamine
at the higher buffer concentrations, a p value of 1.39 is
obtained (Figure 4).

As the pH is decreased below unity, an increase in
acidity causes a decrease in the observed rate of hydrol-
ysis for all four enamines. Values of p have been
obtained in acid solutions for para-substituted deriv-
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atives of the morpholine enamine. At pH 1.10,
p = 1.53. Insolutions where Hy = 2.28, p = 2.20 and an
additional increase in acidity to Hy = —3.32 has no
further effect on the p value. Linear plots of log
Konsa — Ho vs. log amg,o were obtained from rate con-
stants observed for the hydrolysis of the morpholine
and piperidine enamines in >3 M sulfuric acid solu-
tions. The slope of the line, w, is 1.4 and 3.2 for the
morpholine and piperidine enamines, respectively.
Similar plots were attempted in perchloric and hydro-
chloric acids. However, straight line slopes were not
obtained from first-order plots when the reaction was
carried out in perchloric acid, and the product spectra
from the hydrolysis of the enamine in hydrochloric
acid suggested that this acid reacts with the enamine,
most probably by nucleophilic attack of chloride ion
on the immonium ion.

Evidence for Buildup of Immonium Ion. Two con-
secutive reactions are observed during the course of
hydrolysis of the piperidine enamine of propiophenone
below pH 10. It is the kusq for the second reaction
that is plotted in Figure 1. The initial reaction is very
rapid; its rate increases as the pH is decreased below
10 and is subject to general acid catalysis. When the
enamine is hydrolyzed in phosphate buffer in the pH
range 6.3-7.3 the initial reaction is not observed al-
though it is observed in this pH region with TES buffer.
The initial reaction is barely discernible in the pH
range 0-6. Below pH 0 it is more pronounced and its
rate decreases slightly with increasing acidity. The
dimethylamine and morpholine enamines exhibit similar
initial rapid reactions. To delineate the nature of this
initial reaction uv spectra were taken during the course
of hydrolysis of the piperidine enamine at several pH’s.
In each set of spectra two species are seen, a strongly
absorbing species at 244 mu (e 11,500) attributed to
propiophenone and a less strongly absorbing species at
about 270 mu (e 5500 in 5.0 M H.SO,).

The catalytic requirements and pH dependence of the
initial reaction are accommodated by attributing it to a
rapid buildup of immonium ion as described by eq 7.
Attributing the species absorbing at about 270 mu to
immonium ion is substantiated by the observation that
salicylideneethylamine has an absorption band at 273
mu in acidic methanol.!! The pH dependence of the
initial reaction in strongly acidic solutions may be
attributed to the departure of the activity of water
from unity since under such conditions eq 7 reduces to
kobsa = Kakmo-amo.

Further evidence for the postulation of a rapid
buildup of immonium ion was obtained by following
the hydrolysis of the propiophenone enamines in 5.0 M
H,SO, by nmr. The spectrum taken immediately after
addition of the acid solution to the piperidine enamine
showed a small doublet centered at 1.51 ppm with
respect to tetramethylsilane and a larger triplet centered
at 1.17 ppm. A second spectrum was taken immedi-
ately after completion of the first; the doublet had
almost completely disappeared and the area under the
triplet had increased. There was no evidence of the
doublet in the third spectrum and no apparent change
in the triplet. Several hours later no further change in
the spectrum was observed. The solution was stored
for several days, and the spectrum taken at the end of
this time showed two triplets, one centered at 1.17 ppm

4265

and one centered at 0.73 ppm. The doublet centered
at 1.51 ppm is attributed to the methyl group of the
N-protonated enamine and the triplet at 1.17 ppm to the
methyl group of the immonium ion. The late-ap-
pearing triplet at 0.73 ppm may be ascribed to the
methyl group of propiophenone since the nmr spectrum
of propiophenone in 5.0 M H,SO, shows a single
triplet occurring at this same field strength. Similar
nmr studies of the other three propiophenone enamines
gave no evidence for the existence of the N-protonated
enamine;, e.g., the spectrum obtained immediately
after adding the morpholine enamine to 5.0 M H,SO;
shows only two triplets, one at 0.73 ppm which in-
creases with time and one at 1.17 ppm which decreases
with time.

Acid Ionization Constants. Attempts to measure
the pK,’s of the propiophenone enamines were un-
successful because of the rapid formation of immonium
ion at a higher pH than that at which the enamine
would be fully N-protonated. An approximate pK,
of 5.0 was obtained for the morpholine enamine of
propiophenone by observing the change in molar
absorptivity at zero time with a change in pH. At pH
6.2 the enamine is fully unprotonated with evidence
for some N-protonation at 6.0 and an increasing amount
at 5.9. Approximate pK.'s could not be determined
for the other propiophenone enamines because of
their rapid hydrolysis rates in basic solutions, but in
view of the steric and inductive effects of the phenyl
group, the pK, of a propiophenone enamine should be
less than the pK. of the corresponding isobutyraldehyde
enamine. The morpholine, piperidine, and pyrroli-
dine enamines of isobutyraldehyde have been reported
to have pK,’s of 5.5, 8.5, and 8.7, respectively.’> The
pK. of the dimethylamine of isobutyraldehyde was
found to be 7.85.

Preferred Geometric Isomer. The ir and nmr prod-
uct spectra and vpc analysis indicate that only one
geometric isomer is obtained from the syntheses of the
propiophenone enamines. The uv spectrum of the
morpholine enamine of propiophenone is given in
Figure 2. The other propiophenone enamines exhibit
similar spectra. Styrene'® and propiophenone display
a characteristic band at 244 mu. In benzamide this
band shifts to 225 mu due to cross-conjugation.” The
absence of a band between 225 and 244 myu indicates
that the enamine has its phenyl group twisted out of the
plane of the double bond. When molecular models of
the two possible geometrical isomers are studied,
keeping the phenyl group and double bond in different
planes, it appears that the steric requirement of the
phenyl group is less than that of the amine. This
steric factor suggests that the isomer with the methyl
and phenyl groups on the same side of the double bond
is the preferred geometrical isomer. cis-1-(4-Mor-
pholino)-1,2-diphenylethylene has been reported to be
thermodynamically more stable than the corresponding
trans isomer. '8

(15) E. 1. Stamhuis, W, Maas, and H. Wynberg, J. Org. Chem.,
30, 2160 (1965).

(16) R. M. Silverstein and G. C. Bassler, ‘“‘Spectrophotometric
Identification of Organic Compounds,” John Wiley & Sons, Inc., New
York, N. Y., 1963, p 101,

(17) A. R. Goldfarb and E. Hoffman, Arch. Biochem., 81, 493 (1959).
(19%23 M. E. Munk and Y. K. Kim, J. Amer. Chem, Soc., 86, 2213
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Table I. Rate and Equilibrium Constants for Enamine Hydrolysis?
Ce{Is /CH3
/C=C
N
R H
kmpo* X kHzO[H20] X ko' E;, AG, ¥, —AS, ¥,
10~ M1 10-3 M‘1 k;;KD/k-z, kb X keal kcal gibbs
R sec™! sec 1 Log K sec™! 10% sec™! M1 M1 M1
0\_/N— 0.30 0.31 1.8 320 (566) 10.6 20.4 35
< N— 14 14 9.76 5.0 1.2 1.74 (3.14) 11.4 23.3 42
H, ~
/N— 30 30 >9.85 11 1.3 2.26(4.23) 10.8 23.6 45
HC
DN— >80 >10.32 3.8 1.0 0.132 (0. 266) 12.8 25.0 43

@ 25.0° except for values in parentheses in k; column which are at 35.0°,

® The second-order rate constants used to calculate the

thermodynamic parameters were obtained by dividing the &, value by 35,

Discussion

From a consideration of the pH-rate profiles and
catalytic requirements for the hydrolysis of the mor-
pholine, dimethylamine, piperidine, and pyrrolidine
enamines of propiophenone, the following general
mechanism is proposed for the hydrolysis of enamines.

Ka
\/c=c< —i \/c ¢ + H )
*NH
/ / \
\EH+ E
Se=c + HA c—cul + AT @
/ koo, 1\/{
A N
E H*
OH
N - &, ~ ~
//C—CH\ + H0 - ¢—cH (3)
AN oS
H* DH*Y
OH 0~
\/ ~ Ko \/ +
/C—CH\ —_— c CH\ + H )
NH
/\
. /“ N
o
\/ S ks “ N
/C—CH\ = —C—CH\ + NH ()
;NH L M
\ b

In basic solutions IH+ is also subject to attack by
hydroxide ion (eq 6). Values for the rate and equi-

\ e - ks AN /
SR+ ooHm o /C—CH\ ®
*N
R \R R/ \R
I+ D

librium constants are collected in Table I.

Hydrolysis in Strongly Basic Solutions (pH >10).
Inspection of the pH-rate profiles in Figure 1 shows that
above pH 10 the rate of hydrolysis of the propiophenone
enamines (with the possible exception of the pyrrolidine
enamine whose hydrolysis rate is immeasurably fast
in this pH region) is independent of hydrogen ion
concentration, General acid catalysis is observed and
para-substituted derivatives of the morpholine and
piperidine enamines exhibit negative p values indicating
that the rate of hydrolysis is decreased by electron
withdrawal from the reaction center. These ob-
servations give evidence for a rate-limiting proton
transfer from a general acid to the enamine in this pH

region. An enamine has two basic centers, the nitrogen
atom and the carbon atom § to the nitrogen atom.
SNe=cl <> \C—"C/\
V4 V4
‘N N
7\ VAN

Since protonation of the nitrogen atom would be
expected to take place by a diffusion-controlled reaction,
protonation of the 3-carbon atom of the free enamine
(eq 2) must be the slow step of the reaction. (The
N-protonated enamine should not undergo direct
C protonation.) The rate equation can be expressed

as
rate = [E]2k1[HA] = [Etot]kobsd

The fraction of the enamine in the unprotonated form is
dependent on the pH of the solution and the pK, of the
enamine

(Eet]l = [E] + [EHY]

_ [EIH"]
*~ [EHY]

Combination of the last three equations yields
——2 —(kga[HA] + kno+{H;0%] +
kHaO[HZO]) (7)

kobsd = K [H+]

Above pH 10 eq 7 reduces to
kobsa = kua[HA] + kn,o[H;0] (®)
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Equation 8 agrees with the lack of dependence of
kowsa on hydrogen ion concentration in the pH >10
region.

The rate of formation of immonium ion, as indicated
by the value of kg,o[H:OJ], increases in the order
morpholine < piperidine < dimethylamine < pyr-
rolidine enamine of propiophenone (Table I). The
rate of C protonation increases with the basicity of the
amine component of the enamine accounting for the
slowest rate for the weakly basic morpholine enamine
compared to the piperidine and other enamines of
more than 100 times greater basicity. The rate of
C protonation also depends upon the ease with which
hybridization of the nitrogen atom can be changed
from about sp?® in the enamine to about sp? in the
immonium ion. Bond oppositions are engendered
in six-membered rings and relieved in five-membered
rings as the hybridization is changed from sp? to sp2
Consequently, formation of a double bond exocyclic
to a six-membered ring is resisted while formation of a
double bond exocyclic to a five-membered ring is
accelerated relative to the acyclic analog. **

Hydrolysis in Neutral and Moderately Basic Solu-
tions (pH 6-10). From pH 10 to pH 8 the hydrolysis
of the morpholine enamine of propiophenone can still
be described by eq 8. As the pH is decreased below
8, an increase in hydrogen ion concentration increases
the rate of hydrolysis as predicted by eq 7. At pH
5.58 the linear relationship between the rate of hydrol-
ysis and general acid concentration observed in more
basic solutions is no longer valid. At low buffer
concentrations, general acid catalyzed formation of
immonium ion is still rate limiting. As the concen-
tration of catalyst is increased, the rate of immonium
ion formation increases linearly with increasing amount
of catalyst until it reaches the rate of the next slowest
step in the reaction sequence. At this point this step
becomes rate limiting and since it is not catalyzed by
general acids the overall rate of hydrolysis levels off
with a further increase in buffer concentration.

The new rate-limiting step is consistent with un-
catalyzed attack of water on the rapidly built up
immonium ion (eq 3). At pH 4.67 uncatalyzed water
attack is rate limiting for the hydrolysis of the mor-
pholine enamines of propiophenone and p-methyl-
propiophenone even at very low concentrations of
general acids. The hydrolysis of the p-chloro-sub-
stituted enamine, however, still exhibits rate-limiting
formation of immonium ion at low buffer concen-
trations. This is not surprising since of the three
enamines in Figure 5 the ratio of the rate of immonium
ion formation to the rate of water attack on the im-
monium ion is smallest for the p-chloro-substituted
derivative because of electron withdrawal from the
reaction site. Thus the change in rate-limiting step
occurs at a lower pH for this compound.

For the hydrolysis of the piperidine enamine of
propiophenone a leveling off of the rate wvs. buffer
concentration plot occurs at pH 10.4 while for the
dimethylamine enamine a leveling off is observed
between pH 9.6 and 10.4 indicating a change in rate-
limiting step at a slightly lower pH for the latter en-
amine.

(19) E. L. Eliel, “Stereochemistry of Carbon Compounds,” McGraw-

Hill Book Co., Inc., New York, N. Y., 1962, p 266, and references
therein.
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As the pH is decreased from 10 to about 6 the rate of
hydrolysis of the dimethylamine, piperidine, and
pyrrolidine enamines of propiophenone decreases
markedly with increasing acidity and is not subject to
catalysis by general acids. As in the case of the
morpholine enamine, the nongeneral acid catalyzed
reaction is attributed to rate-limiting attack of water
on immonium ion (eq 3). Since, in the case of the
hydrolysis of the dimethylamine, piperidine, and
pyrrolidine enamines, this step is rate limiting in basic
solutions, a contribution from hydroxide ion attack
must be considered (eq 6). The rate equation can be
expressed as

rate = (k; + k'[OH-])[IH*] ©)

Since the concentration of water is constant it does not
appear in the rate equation but is considered as part of
ka.

The observation of a rapid buildup of immonium ion
in acidic and weakly basic solutions precludes the
possibility of a steady-state assumption for this species
under these conditions. However, an equilibrium
exists among unprotonated, N-protonated, and C-pro-
tonated enamines at all pH values where C protonation
(immonium ion formation) is not rate limiting. Thus

(Ett] = [E] + [EH] + [IH7]

[Eiot] = (K—:I[_—II?“L—] + KllKa -+ 1>[IH+] (10

where K, = [IH*)/[E[H*] and K, = [EJ[H+J/[EH*].
By combining eq 9 and 10 and rearranging, the observed
rate constant can be expressed as

kKi[H*] + kKK, an
I + [H*)/K. + Ki[H*]

where K, is the ion-product constant for water. The
[H*)/K. term of eq 11 can be ignored since it is small in
comparison with K[H+]. Thus the concentration of
N-protonated species is never significant compared to
the sum of the concentrations of the unprotonated and
C-protonated species.

At pH 10.36 the hydrolysis of the piperidine enamine
of propiophenone exhibits a very small p value (<0.2).
At this hydrogen ion concentration eq 11 reduces to

ko' K\ K,
T+ KH] (12)

and Ki[H*] = 0.25. Since the equilibrium constant
for C protonation, Kj, is aided by electron donation and
the rate constant for hydroxide ion attack, k,’, is
aided by electron withdrawal, the overall rate of
reaction is little affected by substituent effects.

In strongly basic solution eq 11 reduces to

kopsa = ko'KiK,, (13)

Equation 11 was derived from an equilibrium expression
but there is no evidence for a rapid buildup of im-
monium ion in strongly basic solutions and, con-
sequently, no reason to eliminate a steady-state as-
sumption for this species. In this pH region, both the
equilibrium and steady-state assumptions result in
eq 13. From the values given in Table I for the piperi-
dine enamine k_[H,O] = 2.4 X 10~ sec-! and when
A~ = OH-ineq 3, k-, = 2.4 X 103 M—'sec™!. Since

kobsa =

kobsa =
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these values are fess than those tabulated for k, and
k;’, respectively, the conditions for eq 13 do not occur
in this case; the decomposition of immonium ion is
not rate limiting when it is at a steady-state level.
When the immonium ion is at a steady state its forma-
tion is rate limiting; only when the immonium ion con-
centration builds up is its decomposition rate limiting.

The product of the observed rate constant and the
hydrogen ion concentration is a constant from about
pH 8 to 9.5 for the hydrolysis of the dimethylamine
and pyrrolidine enamines. Under these conditions,
eq 11 reduces to

kobsd = kZ,[OH_] (14)

so that the product of the observed rate constant and
hydrogen ion concentration is constant and equal to
k'K,

Hydrolysis in Moderately Acidic Solutions (pH
1-6). The pH-rate profiles in Figure | indicate that
the rate of hydrolysis of the dimethylamine, piperidine,
and pyrrolidine enamines of propiophenone is inde-
pendent of hydrogen ion concentration from about
pH 1 to about pH 6. The same is true for the mor-
pholine enamine from pH 1 to 5. The reaction is also
not subject to general catalysis in this pH range where
immonium ion is the predominant species present.
Water attack on the immonium ion is the predominant
pathway for the reaction, the contribution of hydroxide
ion attack being negligible, i.e., kKi[H*] > k/KiK,,
in eq 11. Since [H+]/K, can be ignored, and Kj[H*]
>> | in moderately acidic solutions, eq 11 reduces to

kobsa = ko 1s)

The rate constant for water attack, k,, increases in the
order pyrrolidine (pK, = 11.1)!® < piperidine (pK, =
11.H)»® < dimethylamine (pK, = 10.8)*® <« mor-
pholine (pK. = 8.7).2! Except for the pyrrolidine
enamine, this is the order that would be predicted
from a consideration of the relative basicities of the
amine component of the enamines. The decreased
reactivity of the pyrrolidine enamine may be explained
by the observation that as the hybridization of a ring
atom is changed from sp? to sp? bond oppositions are
engendered if that atom is in a five-membered ring but
relieved if it is in a six-membered ring. Consequently,
a reaction involving destruction of a double bond
exocyclic to a five-membered ring is retarded relative
to the reaction involving the six-membered ring analog.

Thermodynamic parameters (Table I) were obtained
for the hydrolysis of the propiophenone enamines at
pH 4 where eq 3 is rate limiting. Below about pH 5
the hydrolysis of the propiophenone enamines becomes
formally similar to the hydrolysis of Schiff bases since
the acidity is sufficient to cause both rapid buildup of
the enamine immonium ion >C=N+*R,, and to pro-
tonate the imino nitrogen of the Schiff base, >C=N+*-
(H)R. For both classes of compounds the rate-
limiting step in moderately acidic solutions is the attack
of water on the positively charged imine linkage, 2?24

(20) 1. Chatt and G. A. Gamleni, J. Chem. Soc., 2371 (1956).

(21) R. J. Bruethlman and F. H. Verhoek, J. Amer. Chem. Soc., 70,
1401 (1948).

(22) E. H. Cordes and W. P. Jencks, ibid,, 85, 2843 (1963).

(23) R. B. Martin, J. Phys, Chem., 68, 1369 (1964).

(24) P. Y. Sollenberger and R. B. Martin in “The Chemistry of the
Amino Group,” S.Patai, Ed., Interscience Publishers, New York, N. Y.,
1968, p 349.

The entropies of activation for the propiophenone
enamines are about 10 gibbs/mol more negative than
those for a series of substituted benzylidene-1,1-
dimethylethylamines.?s It is possible that the more
negative activation entropies can be attributed to
formation of a cyclic transition state, I, with the
enamines but not with the Schiff bases. A cyclic

transition state has the advantage of leading to a
product in which the proton is on the nitrogen atom
rather than on the less basic oxygen atom. A catalyst,
therefore, is not required in order to remove a proton
from the water molecule. Thus rate-limiting attack
of water on the immonium ion intermediate of a
propiophenone enamine is uncatalyzed (eq 3) while
rate-limiting water attack on N-protonated benzylidene-
1,1-dimethylethylamine is subject to general base
catalysis, 22

While this work was in progress a series of papers
appeared in which the hydrolysis of the morpholine,
piperidine, and pyrrolidine enamines of isobutyralde-
hyde was studied.*-2 Protonation of the B-carbon
atom is still rate limiting for the morpholine and
piperidine enamines around pH 2.2 Only in the case
of the pyrrolidine enamine from about pH 2 to 5 is
rate-limiting attack of water observed. Unlike the
propiophenone enamines, water attack on this iso-
butyraldehyde enamine is subject to general base
catalysis. That rate-limiting formation of immonium
ion predominates in the case of the isobutyraldehyde
enamines while decomposition of that: species is rate
limiting over a wide range of pH for the propiophenone
enamines may be ascribed to conjugation stabilization
that accelerates protonation of the S-carbon atom and
retards the rate of reaction of the aromatic immonium
ion relative to the corresponding aliphatic species. A
study of the hydrolysis of a series of primary and
secondary 2-cyanoenamines shows that immonium
ion formation is the rate-limiting step down to pH 2
where carbinolamine formation becomes rate limiting.*
That immonium ion formation is rate limiting through-
out almost the entire pH range may in part be at-
tributed to conjugation stabilization of the cyano-
enamines.

Hydrolysis in Strongly Acidic Solutions (pH <1).
Below about pH 1 an increase in acidity causes a marked
decrease in the rate of hydrolysis (Figure 1). Since
the observed rate constants obtained by following
the increase in absorption of propiophenone at 244 mu
are identical with those obtained by following the de-

(25) R. K. Chaturvedi and E. H. Cordes, J. Amer. Chem. Soc., 89,
1230 (1967).

(26) E. J. Stamhuis and W. Maas, J. Org. Chem., 30, 2156 (1965).

(27) E. J. Stamhuis and W. Maas, Rec. Trav. Chim., 82, 1155 (1963).

(28) W. Maas, M. J. Janssen, E. J. Stamhuis, and H., Wynberg,
J. Org, Chem., 32, 1111 (1967).

(29) 1. K. Coward and T. C. Bruice, J. Amer. Chem. Soc., 91, 5329
(1969).
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crease in absorption of immonium ion at 270 mu, there
is no buildup of any intermediate species and a steady-
state approximation can be made for the carbinolamine

intermediate. From eq 1-5 we obtain
—d[IH*]  d[L] kik, Kp[TH]
= ) 8 ppe = Sl
rate dr dr D5 = 2 + kKo

The concentration of water is considered as part of k.
In strongly acidic solutions, however, the activity of
water is no longer unity. In such solutions the ob-
served rate constant may be expressed as
_ ksKgKDaHQO“’ 6
Kovss = (T 4 R (16)
where K, = ky/k—,. From eq 16 it is evident that in
weakly acidic solutions where k;Kp/k-; > [Ht]and
amo = 1, the observed rate constant is simply equal to
k., as is the case from about pH 1 to 6. As the pH is
decreased below unity, the hydrogen ion concentration
term in the denominator of eq 16 can no longer be
neglected, and below about pH 0 the activity of water
becomes less than unity. When H, < — 1.3, the acidity
of the solution is such that (ko) > k3;Kp/k— and eq 16
reduces to

kovsa = ksK:Kpan,0*/(ho) (17)

indicating that carbinolamine decomposition has be-
come rate limiting.

The change in rate-limiting step from attack of water
on immonium ion to decomposition of carbinolamine
to propiophenone and amine is evidenced by the p values
obtained in solutions of varying acidity. For the
morpholine enamines we obtain at pH 4.67, p = 1.39,
at pH 1.10, p = 1.53, and at both Hy = —2.28 and
—3.32, p = 2.20. When the acidity of the solution is
sufficient to cause an equilibrium to prevail in eq 3,
thereby making carbinolamine decomposition to car-
bonyl compound and amine rate limiting, the p values
no longer increase with increased concentration of
hydrogen ions and the overall rate is more dependent
on electron density at the reaction site.

The pH dependence observed in strongly acidic
solutions indicates that the N-protonated carbinolamine
looses a proton before it undergoes rate-limiting
decomposition to carbonyl compound and amine.
Otherwise the acid inhibition would have to be at-
tributed solely to the departure of the activity of water
from unity.?%2¢ The N-protonated carbinolamine may
lose a proton in a rapid reversible step to form either
the neutral carbinolamine or the carbinolamine zwit-
terion. It has been proposed that for reactions in
which protons are liberated in acid solutions, a plot of
log konsa — Ho vs. the logarithm of the activity of
water will result in a straight line, the slope of this
line, w, indicative of the role of water in the reaction
mechanism (eq 16 and 17): « < 0.0, water is not
involved; +1.2 < w < +3.3, water acts as a nucleo-
phile; « > 3.3, water acts as a proton transfer
agent.®3! The slope of such a plot might determine
whether the neutral or zwitterionic carbinolamine is the
reactive species since water would act as a proton
transfer agent in the decomposition of the neutral

(30) (a) I. F, Bunnett, J. dmer, Chem. Soc., 83, 4956 (1961); (b) ibid.,

83, 4968 (1961); (c) ibid., 83, 4973 (1961); (d) ibid., 83, 4978 (1961).
(31) R. B. Martin, ibid., 84, 4130 (1962).
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Figure 6. Brgnsted plot of catalytic coefficients of various acids
in the C protonation of the morpholine enamine of propiophenone.
The slope, «, is 0.50.

species but would not be involved in the decompo-
sition of the zwitterion. The values of w obtained
at greater than 3 M H,SO, are 1.4 and 3.2 for
the morpholine and piperidine enamines, respectively.
The observed « values are consistent with the ap-
pearance of water as a nucleophile in a preequilibrium
step according to eq 17 and do not allow for its ad-
ditional appearance as a proton transfer agent. Thus
water does not appear to be involved in carbinolamine
decomposition suggesting that it is the carbinolamine
zwitterion that undergoes rate-limiting decomposition.
The observed pH dependence in strongly acidic solu-
tions can be accommodated by the combined effects of
acid inhibition of carbinolamine zwitterion formation
and the departure of the activity of water from unity.

Bifunctional Buffers. The monobasic phosphate
ion and bicarbonate ion accelerate the rate of hydrolysis
of those enamines that undergo rate-limiting protona-
tion of the B-carbon in the pH regions governed by
these buffers to a greater extent than would be pre-
dicted from their general acid strengths (Figure 6).
For example, the hydrolysis of the morpholine enamine
of propiophenone undergoes a transition from rate-
limiting formation of immonium ion to rate-limiting
decomposition of that species at about pH 5.5. When
phosphate buffer is used, the change in rate-limiting
step as indicated by a leveling off of the rate vs. [HA]
plot is seen to occur at as high a pH as 7.3. That this
leveling off should be attributed to a transition in rate-
limiting step rather than to complexing of the catalyst
to itself or to substrate is evidenced by the fact that
rate vs. phosphate buffer concentration plots obtained
for the hydrolysis of the morpholine enamine of
p-nitropropiophenone do not level off. The pH at
which the change in rate-limiting step occurs for this
enamine is presumably not close enough to the pH
region of phosphate buffer for acceleration of C pro-
tonation by this buffer to result in a change in rate-
limiting step. The possibility that phosphate buffer is
causing the formation of a product other than propio-
phenone is ruled out by a comparison of the ultra-
violet absorption spectrum of the product with that of
propiophenone.

Unusual catalytic effects have been observed for
bifunctional buffers in other systems but these can
generally be explained by the ability of the buffers to
act as amphoteric catalysts.?* For example, the
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monobasic phosphate ion and bicarbonate ion exhibit
an unusual catalytic effect in iminolactone hydrolysis,
affecting the nature of the products rather than the
rate of hydrolysis.?? The unusual catalytic behavior is
explained by the ability of these buffers to promote a
concerted cyclic proton shift in the neutral carbinol-
amine intermediate. If the nitrogen atom of the
enamine were protonated, a similar cyclic proton shift
might be a possible explanation for the acceleration of
B-carbon atom protonation. This, however, is not the
case since the pK, of the morpholine enamine of
propiophenone is considerably less than the pH of the
regions in which the unusual catalytic effect is observed,
and the observation of general acid catalysis by these
buffers requires the N-protonated species to be catalyzed
by the basic component of the buffer. The basic
component of the bicarbonate buffer system is the
carbonate ion which is not bifunctional and con-
sequently cannot participate in a concerted cyclic
proton shift. It appears that another explanation is
required for acceleration of §-carbon atom protonation
of enamines by these bifunctional buffers.

Enamine Basicity. There is considerable disagree-
ment in the literature as to whether enamines are stronger
orweaker basesthan the corresponding saturated amines.
This disagreement results from the fact that an enamine
has two possible sites for protonation. Inallcases where
basicity measurements are known to refer to protonation
of the nitrogen atom of the enamine, enamines are
found to be weaker bases than the corresponding
saturated amines.!¥33 The decreased basicity may be

(32) B. A. Cunningham and G. L. Schmir, J. Amer. Chem. Soc.,
88, 551 (1966).

Ground States of +-Bonded Molecules.

attributed to the electron-withdrawing effect of the
double bond and delocalization of the free nitrogen
electron pair by resonance. Those cases in which
enamines have been reported to be stronger bases than
the corresponding saturated amines are situations in
which C protonation of the enamine is compared with
N protonation of the saturated amine.3* It is evident
from the fact that K, > 1/K; that the N-protonated
enamine is a weaker base than is the C-protonated
species (immonium ion). This inequality also indicates
that though formed more slowly the C-protonated
species is more stable thermodynamically. It is the
greater stability of the C-protonated species that is
responsible for its eventual buildup during enamine
hydrolysis. An nmr investigation of several aliphatic
enamines has also shown that the N-protonated
enamine is formed more rapidly but the immonium ion
is more stable. 3

Enamines are normally synthesized in hydrocarbon
solvents so that inferences regarding the rate-limiting
step in the formation reaction must be made with
caution. From observations on synthesis rates from
cyclic ketones™* and other considerations it appears
likely that carbinolamine dehydration (reverse of eq 3)
is the rate-limiting step in the synthesis of many en-
amines,

(33) V. Prelog and O. Hafliger, Helv. Chim, Acta, 32, 1851 (1949);
C. A. Grob, A. Kaiser, and E. Renk, Chem. Ind. (London), 598 (1957).

(34) R. Adams and J. E. Mahan, J. Amer. Chem. Soc., 64, 2588
(1942); N.J. Leonard and A. G. Cook, ibid., 81, 5627 (1959).

(35) 1. Elguero, R, Jacquier, and G. Tarrago, Tetrahedron Lett., 51,
4719 (1965).

(36) J. S. Marchese, Ph.D. Dissertation, University of Maryland,
1964,

XI?

Conformational Analyses by MINDO/2 Method*

Nicolae Bodor? and Michael J. S. Dewar
Contribution from the Department of Chemistry, The University of Texas at Austin,

Austin, Texas

Abstract:

hydrocarbons, including methyl-substituted cyclohexanes, decalins, and steroids.

with the available evidence.

ecent work in these laboratories“* has led to the
development of a semiempirical SCF MO treat-
ment, including all the valence electrons, which provides
good estimates both of molecular geometries and heats
of formation. This (MINDO/2) is a development of
the original MINDO method, using an improved

(1) Part X: N. Bodor, M. ]. S. Dewar, A, Harget, and E. Haselbach,
J. Amer. Chem. Soc., 92, 3854 (1970).

(2) This work was supported by the Air Force Office of Scientific
Research through Grant No. AF-AFOSR-1050-67.

(3) Robert A. Welch Postdoctoral Fellow. On leave of absence from
The Chemical-Pharmaceutical Research Institute, Cluj, Romania.

(4) M. J. 8. Dewar and E. Haselbach, J. Amer. Chem. Soc., 92, 590
(1970).

(5) N. C. Baird and M. 1. S. Dewar, J. Chem. Phys., 50, 1262, 1275
(1969); J. Amer. Chem. Soc., 91, 352 (1969).

78712. Received December 4, 1969

The MINDO/2 method has been used to predict relative stabilities of the conformers of some alicyclic

The results seem to agree well

method of parametrization. In its latest! form,
MINDO;/2 has given surprisingly good estimates of the
differences in energy between such pairs of conforma-
tional isomers as the eclipsed and staggered forms of
ethane, the boat and chair forms of cyclohexane, and
the cis and trans forms of 1,3-butadiene; it therefore
seems to offer a promising approach to the general
problem of conformational isomerism in alicyclic sys-
tems. Here we report some preliminary applications
of this kind to a number of cycloparaffin derivatives
including a few simple steroids; to our knowledge, no
all-valence-electron SCF MO treatment has previously
been applied to molecules of this size.
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