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Condensation Reactions.

I. The Condensation of Ketones with Cyanoacetic Esters

and the Mechanism of the Knoevenagel Reaction

By ArTHUR C. COoPE

This paper describes a series of alkylidene
cyanoacetic esters, RyC=C(CN)COOR, pre-
pared by condensing ten simple ketones with
methyl cyanoacetate. Several unsaturated cyano
esters of this type have been prepared previously
by the Knoevenagel reaction, with secondary
amines such as piperidine! and diethylamine? as
catalysts. Sodium ethoxide® and the zinc chlo-
ride-aniline complex? have also been employed as
condensing agents.

We have found that many salts catalyze the
condensation of ketones with cyanoacetic esters,
and that the ammonium and amine salts of organic
acids are better catalysts than the free bases.
The very weakly basic compound acetamide has
been found to be an effective catalyst for these
condensations, when used in acetic acid solution.
Under these conditions, if the water formed dur-
ing the condensation is removed continuously,
the yields of unsaturated esters are from 80 to
90%. Knoevenagel® has employed amine salts
in several condensation reactions of aldehydes and
in the condensation of ketones with acids. Re-
cently, Kuhn, Badstitbner and Grundmann® have
used secondary amine salts in condensing alde-
hydes with other aldehydes. Salts and amides
have not been used previously in condensing ke-
tones with esters, however. The activity of these
catalysts appears to have some significance with
regard to the mechanism of the Knoevenagel re-
action, which is discussed in a later section.

Experimental Part

A. Condensation without Solvents or with Inert Sol-
vents.—Data obtained concerning the condensation of
methyl n-hexyl ketone with methyl cyanoacetate are
useful in comparing the activity of the catalysts, since the
condensation product boils much higher than the reactants,
and fractionation, therefore, gives a fairly accurate meas-
ure of the extent of reaction. Methyl cyanoacetate

(1) Harding, Haworth and Perkin, J. Ckem. Soc., 98, 1943 (1908);
Haworth and Fyfe, ibid., 108, 1663 (1914); Ingold and Thorpe,
ibid., 118, 150 (1919); Vogel, ibid., 2010 (1928); Barrett and Lin-
stead, ibid., 436 (1935).

(2) Komppa, Ber., 88, 3532 (1900).

(3) Gardner and Haworth, J. Chem. Soc., 98, 1955 (1909); Ha-
worth, bid., 85, 480 (1909); Harding, Haworth and Perkin, 1b1d., 98,
1956 (1908).

(4) Scheiber and Meisel, Ber., 48, 238 (1915).

(3) Knoevenagel, Chem. Zentr., 76, 11, 179, 726 (1905).

(6) XKuhn, Badstfibner and Grundmann, Ber., 69B, 98 (1936).

(0.25 mole), methyl hexyl ketone (0.25 mole) and the
catalyst were placed in a flask and allowed to stand for
twelve hours at room temperature. The mixture was then
heated for five hours in an oil-bath at 125° and allowed
to stand overnight at room temperature. After washing
with two 50-cc. portions of water, the mixture was distilled
in vacuum. The recovered ketone and ester were collected
together, b. p. 80-105° (24 mm.). The product, methyl
1-methylheptylidene cyanoacetate, boiled at 170-172°
(24 mm.). The data are recorded in Table I.

TaBLE I

CoNDENSATIONS OF MEeTHVL HEXVYL KETONE WITH
MEeTHYL CYANOACETATE

Vield of methyl Recovery
1-methylheptyli- of ketone
dene cyanoacetate and ester,

Catalyst, moles A %%
Piperidine (0.01) 39 37
Piperidine acetate (0.01) 52 28
Ammonium acetate (0.025) 52 26
Ethylenediamine diacetate (0.01) 52 32
Pyridine acetate (0.01) 28 55
Triethylamine acetate (0.01) 39 37
Acetamide (0.085)* 33 55

% Heated for nine hours at 140°.

The condensation of the ketone and ester to give an
unsaturated ester and water is reversible, This was
established by heating 0.25 mole of methyl 1-methyl-
heptylidene cyanoacetate and 0.25 mole of water with
0.01 mole of piperidine acetate for five hours at 125°
The yield of methyl hexyl ketone and methyl cyanoacetate
was 20%, and 709, of the unsaturated ester was recovered.
It is improbable that equilibrium was reached either in
the syntheses or in the above degradation, but longer
heating was avoided, since the water present always pro-
duced an appreciable amount of hydrolysis. The addition

TasBLE 11

CONDENSATIONS OF METHYL AMYL KETONE wWITH METHYL
CYANOACETATE IN ACETIC ACID SOLUTION

Vield of methyl Recovery

1-methylhexyli- of ketone

dene cyanoacetate, and ester
Catalyst, moles A %
Acetamide (0.085) 91 5
Acetamide (0.042) 76 17
Acetamide (0.085)* 53 30
Ammonium acetate (0.04) 87 6
Ethylenediamine diacetate (0.03) 84 7
Piperidine acetate (0.02) 89 7
Triethylamine acetate (0.02) 37 50
Sodium acetate (0.025) 39 49
None 8 73

%1In this preparation the solution was heated under
reflux so that the water was not removed, The low yield
shows that its removal is essential.
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cyanoacetate using salts as catalysts (see column 13,
Table IIT). Diethyl ketone and dipropyl ketone con-
densed much more slowly, however, the yields of the re-
spective condensation products being only 12 and 209,
after five to ten hours of heating.

B. Condensation in Acetic Acid Solution.—Better
yields were obtained by using acetic acid as a solvent and
removing the water formed by distillation during the
reaction. Data obtained concerning the condensation of
methyl n-amyl ketone with methyl cyanoacetate illustrate
the relative activity of the catalysts. Methyl cyanoace-
tate (0.25 mole), methyl amyl ketone (0.35 mole) and the
catalyst were placed in a 250-cc. modified Claisen flask
with 60 cc. of 99.8% acetic acid and the mixture distilled
slowly for four hours, the heating being regulated so that
the temperature of the vapor remained between 105 and
115°. The volume of the distillate (wet acetic acid plus
a small amount of ketone) was 60 to 65 cc. The residue
was then cooled, washed with two 50-cc. portions of
water, and distilled in vacuum. The product, methyl 1-
methylhexylidene cyanoacetate, boiled at 142-150°
(12 mm.). The excess ketone was separated as a forerun,
as was any unreacted methyl cyanoacetate. Representa-
tive data are recorded in Table II.

Qualitative observations of the rate of these condensa-
tions appear to be significant. Ammonium acetate and
ethylenediamine diacetate caused a very rapid reaction;
the reaction was slower when piperidine acetate and
acetamide were used, and still slower with triethylamine
acetate and sodium acetate. The most rapid reactions did
not give the best yields, however, due to the formation of
a small amount of high boiling products. The best yields
were obtained with acetamide as a catalyst, in which
case there was little if any high boiling material formed.
The other ketones were condensed with methyl cyano-
acetate in a similar manner, using acetamide in acetic acid
as the catalyst. In some cases the reactions were complete
in less than four hours. Thus two hours sufficed for the
condensation of cyclohexanone with either methyl or ethyl
cyanoacetate under these conditions. Dipropyl ketone
condensed much more slowly than the methyl ketones and
cyclic ketones; thus, after five hours, the yield of methyl
1-propylbutylidene cyanoacetate was only 20%,; after
twenty-two hours, 73%. The low boiling ketones, methyl
propyl ketone and diethyl ketone, were condensed satis-
factorily by the same method except that from 2 to 4
equivalents of ketone were used and the water distilled
out with the excess ketone during eight to ten hours (b. p.
of the distillate 80-100°). The condensation of acetone
and methyl ethyl ketone with methyl cyanoacetate was
effected by refluxing two equivalents of the ketones with
the ester and acetamide in acetic acid solution for fifteen
hours, since distillation would remove only the ketone.
The yields of unsaturated esters from these two ketones
were relatively low, both because the water formed was not
removed during the condensation, and because it was
difficult to separate these unsaturated esters from un-
reacted methyl cyanoacetate by fractional distillation.
In all other cases the yield was about 90% if the recovered
methyl cyanoacetate was allowed for, and was actually
909 with methyl amyl ketone, methyl hexyl ketone and
cyclohexanone.
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The properties of the unsaturated esters prepared by
this method are recorded in Table III, together with the
yields by the ‘“‘salt method" using piperidine acetate or
ammonium acetate, and by the acetamide-acetic acid
procedure. Most of the preparations were in 0.25 mole
lots, but runs of 1 to 2 moles in several cases have given
exactly similar results, Acetamide was used in the ratio
of 20 g. per mole of ester, and 99.8% acetic acid in the
ratio of 240 cc. per mole. The excess of ketone was 1009,
with methyl isobutyl ketone and dipropyl ketone, 509,
with cyclopentanone and 209, with methyl hexyl ketone
and cyclohexanone. In each case practically all of the
excess ketone was recovered either from the acetic acid
distillate or from the ester forerun, or both, depending
upon its boiling point.

Discussion of Results
The data summarized in the '‘Experimental
Part” support an aldol-like mechanism for the
Knoevenagel reaction, first formulated (through
intermediate ions) by Hann and Lapworth” and
later supported by Kohler and Corson.® Ac-
cording to this mechanism, the reaction involves
the following steps: (1) enolization of the adding
methylene compound, probably through dissocia-
tion of a hydrogen ion
CHy(CN)COOCH; > H* +
) ( /C=NH )
[CH(CN)COOCH;]~ ? or \CHCOOCH;
(2) addition of the enol, probably through its
ions, to the carbonyl compound.
R,C=0 + [CH(CN)COOCH;]~ + H* =
R;C—CH(CN)COOCH;,

OH

(3) elimination of water from the aldol-like
intermediate.?

R;C—CH(CN)COOCH; === H* + OH- (or H.0) +

H
R;C=C(CN)COOCH;,

The following facts are known in general about
the above types of equilibria. The enolization
equilibrium (1) is catalyzed by both acids and

(7) Hannand Lapworth, J. Chem. Soc., 88, 46 (1904).

(8) Kohler and Corson, THIS JoUurNAL, 48, 1975 (1923). The
earlier work on the mechanism of the Knoevenagel reaction is dis-
cussed by these authors, while references to recent work are given
by Kuhn, Badstiibner and Grundmann.$

(9) This formula is not intended to designate the position of the
charge, i. e., on nitrogen or carbon.

(10) The elimination of a hydroxyl ion from the anion
[Rz(]lCH(CN)COOCH:] =, probably formed as an intermediate

o—
in reaction (2) above, would lead to the same product as the elimina~
tion of water from the intermediate compound R:CCH(CN)COOCH;.

"
The ionic viewpoint is discussed in a recent paper by Arndt and
Eistert, Ber., 69, 2386 (1936).
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bases. Bases produce higher concentrations of
the enolate anion, by removing the hydrogen ion.
The rates of addition reactions such as (2) depend
upon the degree to which addition to the carbonyl
group is hindered, or upon the size of the alkyl
groups. Reactions similar to (3) in which water
is eliminated are catalyzed by both acids and
bases, but in general more powerfully by acids.

The superior catalytic activity of salts finds a
ready explanation in the above mechanism, modi-
fied in terms of Bronsted's extended theory of
acid and basic catalysis.!! Salts such as piperidine
acetate, for example, furnish both the base, ace-
tate ion, as a catalyst for reaction (1), and the
acid, piperidinium ion, as a catalyst for (3).
Acids or bases can catalyze the reaction only by
the acid or basic mechanism, while an amine,
amide or ammonium salt can function as both.

On the basis of this mechanism, optimum con-
ditions for carrying out the condensation were
selected. Acetic acid was chosen as an ionizing
solvent which itself catalyzes enolization, and
which by distillation allows the continuous re-
moval of water, thus preventing reversal of the
equilibria. The more active catalysts in acetic
acid were the salts of the weaker bases, which give
relatively acidic solutions. Acetamide acetate,
ammonium acetate, and ethylenediamine di-
acetate were the most active catalysts. This
may mean that the rate determining step in the
over-all reaction is an acid catalyzed reaction,
although the order of catalytic activity does not
correspond exactly with the order of acidity.
Certainly sodium acetate, which furnishes the
most basic solution, is one of the poorest catalysts.
This is attributed to the inability of the sodium
ion to act as an acid, or proton donor. The num-
ber of hydrogen atoms capable of dissociation
from the cations of the salt as protons, as well as

(11) Brénsted, Chem. Rev , 5, 231 (1928).
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their acidities, may influence the catalytic activ-
ity. This corresponds to the ‘‘statistical factor”
in Bronsted's equation in which the catalytic
activity of acids is related to their basicity. If
the acidities are similar, this factor might invert
the order of catalytic activity, and may explain,
for example, why piperidine acetate is a better
catalyst than triethylamine acetate, although the
triethylammonium ion is slightly more acidic than
the piperidinium ion.

The rates of condensation of the ketones with
cyanoacetic esters are dependent on the structure
of the ketones. Thus the cyclic ketones and
methyl ketones condensed rapidly, while dipropyl
ketone condensed much more slowly. This order
of reactivity corresponds to the general behavior
of these ketones in other addition reactions, and
adds further evidence of the kind previously pre-
sented by Kohler and Corson® to show that an
addition reaction (equation 2) is involved in the
condensation.

Summary

Soluble salts and amides are shown to be active
catalysts for the Knoevenagel condensation of
ketones with cyanoacetic esters, which produces
unsaturated cyano esters of the type R,C=C—
(CN)COOR. Eleven such esters are described.
An effective method of bringing about such con-
densations is described, in which acetamide is
used as the catalyst in an acetic acid solution
which is kept dry by continuous distillation.

The experimental data reported are interpreted
in favor of the aldol-like mechanism for the
Krnoevenagel reaction originally proposed by
Hann and Lapworth. The effectiveness of the
salts (and amides in acetic acid solution) as cata-
lysts is attributed to their ability to act as both
acid and basic catalysts, according to Brénsted's
definition.

BrYN MAWR, PENNA. RECEIVED Avcust 27, 1937



