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A kinetic study of the quinoline-catalyzed decarboxylation of malonic acid in org'ar'lic media has beqn made.
decompose, monoanion and free acid; only the decarboxylation of the latter exhibits strong quinoline catalysis.

Two species
Kinetic

and other evidence lead to the postulate that the reaction proceeds by quinoline solvation of the carboxyl carbon.

Introduction

In the course of studies’? on the intermolecular
carbon isotope effect in the decarboxylation of ma-
lonic acid, we observed that the decomposition was
about a hundred times as fast in quinoline as in
aqueous sulfuric acid. Though quinoline catalysis
of decarboxylation has been employed widely, little
work seems to have been done to elucidate the
details of the effect.

The kinetics of the decarboxylation have been
investigated for molten malonic acid® and for the
acid in aqueous solution*~®; in each case first-order
kinetics were obtained. Hall® found that mono-
anion and the diacid have different rates of de-
composition in aqueous solution. Ogata and Oda®
measured the decarboxylation rates of solutions of
malonic acid in xylene, aniline and dimethylani-
line.

In the study to be reported here, there were four
principal phases: (1) determination of the rates of
decarboxylation of malonic acid and its monoanion
in quinoline solution; (2) determination of the
effect of varying quinoline concentration in a non-
catalytic medium (here dioxane); (3) observation
of the relative catalytic power of other amines; and
(4) determination of enthalpies and entropies of
activation where possible.

Experimental

Materials.—Malonic acid was Eastman Kodak Co. white
label grade, m.p. 135°, 99.99, pure by acidimetric titration.
Quinoline was purified by fractional distillation under re-
duced pressure (68.5°, 0.5 mm.). Pyridine was J. T. Baker
purified grade. Aniline was Mallinckrodt purified grade.
Dimethylaniline was purified by distillation at reduced
pressure (80°, ca. 10 mm.) after being dried over barium
oxide. Dimethyl-a-naphthylamine was Eastman Kodak
Co. ““for sulfanilamide test.”’ Dioxane was purified by dis-
tillation from sodium wire at 100-101°. N-Ethylpiperidine
(NEP) was Eastman Kodak Co. ‘‘suitable for penicillin G
determination.” Quinolinium nitrate was made by mixing
equimnolar quantities of purified quinoline and reagent grade
concentrated nitric acid. The resulting solid was filtered,
washed several times with ether and recrystallized from
959%, ethanol.

Apparatus and Procedure.—Malonic acid was decar-
boxylated in various solvents and at different temperatures.
The carbon dioxide evolved was measured by observing its
volume in a constant pressure apparatus or its pressure in a
constant volume apparatus as a function of time. The
former equipment has been described elsewhere.? The
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latter (Fig. 1) consisted essentially of a 50-cc. reaction flask
(B) fitted by means of a ball joint (N) with a rod used for
crushing in the hot solvent the thin-walled glass capsule
(A) containing malonic acid. This vessel was connected
to a 300-cc. gas reservoir (F) which was the high pressure
arm of a mercury manometer (M). The entire apparatus
except the manometer tube was immersed in an oil-bath
maintained within 0.02° of the desired temperature.
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Fig. 1.—Schematic diagram of the constant volume rate
measuring apparatus (letters refer to text).

Before the start of each decarboxylation, the solvent was
saturated with carbon dioxide. For each run, 0.3-0.4-g.
san(liples of malonic acid and about 12 ml. of solvent were
used.

Infrared spectra were determined with a Perkin—Elmer
double beam instrument. Matched cells were used, one
containing the solvent and the other containing malonic acid
dissolved in that solvent.

Results.—For each run the quantity of carbon dioxide
evolved was plotted against time. From the smoothed
experimental plots, representative points were used for the
preparation of graphs of log, (Ve — N¢) vs. ¢, where N
represents the maximum yield of carbon dioxide (98% or
more of theoretical in every run tested), and N, is the amount
of gas evolved at any time . Every decarboxylation proved
to be first order excepting run V-3, where two separate
first-order processes operated simultaneously. The appar-
ent first-order rate constant was in each case taken as the
absolute slope of the logarithmic plot.
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The results are collected in Table I8 along with those ob-
tained by Hall® for aqueous decarboxylations. If Fig. 2
are shown typical plots of the original data and their loga-
rithm-plot equivalent. Figure 3 shows %’ as a function of
il(t)linoline concentration® as obtained in runs V-6, 7, 8, 9 and
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Fig. 2.—Data for a typical run, as fuuctions of time: A,
the volume of carbon dioxide evolved; B, log (V. — V).
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Fig. 3.—The influence of quinoline concentratiou ou the rate
of malonic acid decarboxylation (dioxane meditun, 99.6°).

Thermodynamic quantities for activation were calculated
from the following relations (in the notation of Glasstone,
Laidler and Eyring)

Eexp = R log (ky/k)/(1/T1 — 1/T%)
AF%E = RT log (RT/Nkk)
ASE = (AE¥F — AFE)/T

(8) 'This run was not first order dae to (lie conenrient derurboxyla
tion of initially equal amounts of diacid and monoanion.  Apparent
initial 2y = 3.4 X 10~*sec. 1, apparent final 2’ = 2.8 X 1074 sec, ~C

(9) Extrapolation of this plot to the molarity of pure quinoline
gives a rate constant somewhat larger thian that found experimentally;
this is not surprising in view of the change in nature of medium in goiny
from pure dioxane to pure quinoline,
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TABLE I

PSEUDO FIRST-ORDER RATE CONSTANTS FOR DECARBOXYLA-
TION OF Maronic Acip IN VARIOUsS MEDIA AT VARIOUS

TEMPERATURES
Apparent
rate constant,
Temp., B X 104,
Run Medium ° sec, 71
P-1 Quinoline 97.5 4.06 =+=0.01
V-1 Quinoline 1000 4.9 =+ .1
P-3 Quinoline 118.7 16.2 =+ .2
V-2 s moles quinoline + 4.5# moles
quinolinium nitrate 100.0 4.8 4+ .1
V-3 Quinoline + (0.5 mole NEP/mole
diacid) 100.0 8
V-4 Quinoline + (1.0 mole NEP/mole
diacid) 1060 2.8 == .1
V- Quinoline 4 (5.0 moles NEP/mole
diacid) 1000 2.7 == .1
P-2 Quinoline + (2.3 moles NEP/mole
diacid) 97.5 2.10 4= .03
P-5 Quinoline + (2.3 moles NEP/mole
diacid) 100.1 673 = .05
-4 Quinoline 4 {2.3 moles NEP/mole
diacid) 118.7 18.1 = .1
V-6 Dioxane 99.6  0.066 = .00+
s 0.27 M quinoline in dioxane 09.6  0.28 *x .02
V-8 0.53 M quinoline in dioxane 99 .6 0.43 =+ .02
V-9 1.39 M quinoline in dioxarre 99.6 1.18 =+ .02
V-10  4.24 M gquinoline in dioxane 99.6 2.9 = .02
V-11  Dioxane + {2.0 moles NEP/niole
diacid) 9.6 1.90 =+ .03
V-12  Dioxane + (5.0 moles NEP/mole
diacid) 100.0 2.10 &= .05
V-13  Pyridine 100.0 1.0 &= L1
V-14  Dimecthylaniline 100.0 1.40 = .05
V-15  Aniline 100.0 1.30 £ .03
V-16 Dimethyl-e-naphthylamine 100.0  0.83 =+ .07
Water: free acid decomposi(ion
{Hall) an L0717
Water: anion deconiposition 90 D71
The thermodynamnic data are collected i1 Table 11 and

there compared with similar figures calculated fromm Hall’s
results.

TABLE II

THERMODYNAMIC QUANTITIES FOR MALONIC A¢Ip Di-
CARBOXYLATION AT 90°

AHF,  arw, i
keal./ keal./ AST,
Species Medium mole mole e.ul?
Diacid Quinoline 17.8 27.7 -27
Diacid Water 30.1 29.9 +40.5
Monoaniou Quinoline 27.9 26.4 +4
Monoanion Water 27.8 29.9 —6

The infrared spectrumn of malonic acid in the presence
and absence of catalytic amines gives an indication of stroug
interaction between the best catalysts and the carboxyl
group. The data are summarized in Table III.

TaBLE I1I

CARBONYL ABSORPTION Praks ror MALoNIC
VARIOUS MEDIA

Acip N

Carbonyl frequency,
m, =1

Solvent [&
Dioxare 1730
40% dimethylaniline in dioxane 1730
Pyridine 1710
119% quinoline in dioxane 1725
229, quinolilte in dioxane 1715
339% quinoline in dioxare 1715
509% quinoline in dioxane 1710
75%, quinaline i1 dioxane 1710
Quinoline 1705

{10) We estimate the probable uncertainties in these c¢ntropies of
activation as about =2 e
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Discussion

Consider first the results of some of the decar-
boxylation experiments near 100°. The rate of de-
carboxylation in quinoline solution in the presence
of N-ethylpiperidine (NEP) is lower than that in
pure quinoline, but has an essentially constant
value when there is more than 1 mole of NEP pres-
ent per mole of diacid. NEP is a strongly basic
amine,'! and apparently neutralizes almost com-
pletely one carboxyl hydrogen of malonic acid;
the second, imperceptibly. In dioxane-NEP mix-
tures the reaction rates are only slightly lower than
those observed in quinoline-NEP solutions. We
assume therefore that these reactions in the pres-
ence of excess NEP, at least in media of low dielec-
tric constant, involve the free hydrogen malonate
ion (monoanion) and suggest the following as pos-
sible mechanisms

S
(a) HOOCCH,CO,~ —> H,CCOH + CO,

;

H;CCO.~
and, probably less likely
PR N
\c H Cc- u
H;C[ — Hz?/ —> CH,CO.& + CO
¢ ¢
0—0 0—0

Although the rate of aqueous nionoanion decar-
boxylation is only about one-hundredth of that in
quinoline, the two reactions have essentially the
same activation energies. The following equation,
according to the theory of absolute reaction rates,
shows that for two reactions having the same ac-
tivation energy, differences in rate constant are re-
lated directly to differences in entropy of activation

fas* — as¥] = Rlog (Bl/k: §Y)

where k. and k%, are the apparent first-order rate
constants for the two processes. The difference of
10 e.u. between the entropies of activation in the
two media indicates that there is in aqueous solu-
tion a greater ordering of the immediate environ-
ment of the decomposing anion incident to activa-
tion than in quinoline (or dioxane).

Corey!? has shown that malonic acid is inappre-
ciably dissociated in solvents such as pyridine and
quinoline; thus one can eliminate the possibility
of appreciable anion decomposition when the diacid
decarboxylates in one of these pure media. Fur-
thermore, the apparent rate constant for reaction
in dioxane is a linear function of the concentration
of amine. This suggests two possibilities: (1)
that the reaction proceeds via hydroxyl association,
which results in an intermediate such as ¢

8- 8t N
(¢) HOOCCH,CO....H...N& >

o <2

(11) N. F. Hall and M. R. Sprinkle, THIS JournarL, G4, 3469
(1932).
(12) E. J. Corey, ibid.. 75, 1172 (1953).
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or (2) that the carboxyl carbon is solvated and de-
carboxylates accprding to a scheme such as d

d)
Ol
kN/ S N) Y
; e : —_ SHSCOOH +
Oy O Oy ' ,On O, +
Ne/ N\g \’C/ “H quinoline
Hcll Hzc'[”
CoOH COOH
or
(e)
AVAN % YA
| \J i U
"/ -/
\]?I F \1?1 . H2C=é
NeNg NNy | ou
| :
HZC\C/O HEC\_CVO CI‘_IﬁCé)CC)ZH
| | -+ quinoline
OH OH

the latter being the more likely.

We believe that carbon solvation is more likely
than hydroxyl association for several reasons: 1.
At temperatures below 116° monoanion decompo-
sition proceeds less rapidly than does the free acid
decarboxylation in question; the proposed mecha-
nism involving ¢, however, would represent an ap-
proach to anion formation and would not be ex-
pected to result in free acid decomposition exceed-
ing the rate of monoanion decarboxylation. The
likely mechanisms which can be written for hy-
droxyl association decarboxylation would differ
from the postulated anionic mechanisms only in
substitution of the linkage O - . - H . . . N for O—,
a change not expected to increase the rate of the
process.

2. Carbon dioxide has very high solubility in
amines,'® probably due to weak carbon-nitrogen
linkage.!* Itisreasonable to expect that similar in-
teractions exist between various amines and car-
boxyl carbons. Some evidence for a change in the
bonding about the carboxyl carbon atom is given
in Table III where it is seen that an appreciable
shift of the carbonyl band from its normal fre-
quency occurs. There is, of course, the possi-
bility that this shift is due primarily to interaction
between the amine and the hydroxyl group; Corey!?
has found that extensive hydroxyl association would
occur. in solvents such as pyridine and quinoline.
However, dimethylaniline, which at room temper-
ature has almost the same basicity!! and probably
the same ability to associate with hydroxyl as has
pyridine, caused no appreciable carbonyl shift,
probably because of steric hindrance to carbon
solvation.

3. Near 100° both the magnitude of the inter-
molecular carbon isotope effect for diacid decar-
boxylation in quinoline and its temperature coef-
ficient® are larger than predictions for thermal, 1.e.,
uncatalyzed, reaction based on the simplified model

(13) G. Just, Z. physik. Chem., 87, 342 (1901).

(14) J. H. Hildebrand and R. L. Scott, “The Solubility of Nonelec-
trolytes,” Reinhold Publ. Corp., New Vork, N. V., 1950, p. 249.
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suggested by Bigeleisen.!® Those results are ex-
plained if there are presumed to operate one or
more rapid reversible equilibria prior to the rate-
determining step in the decarboxylation which
affect the binding about the carboxyl carbon
atom(s). The data in Table II indicate that the
decarboxylation of the diacid in the presence of
quinoline is a bimolecular process. While the iso-
tope effect results do not permit one to reach a def-
inite conclusion concerning the natures of the solva-
tion equilibria, calculation? shows that proton trans-
fer cannot be the rate-determining process; such a
conclusion seems to reduce the likelihood that ac-
tivation proceeds by proton shift from a solvation
equilibrium such as hydrogen bonding of the car-
boxyl groups with solvent (quinoline) molecules.

4. Examination of models shows that steric
hindrance of various amines might interfere with
their catalytic ability. The relative rates of ma-
lonic acid decarboxylation in the presence of the
six amines listed in Table I (runs V-13 to 16) are
commensurate with the expected hindrance.

Of course, the direct evidence for the participa-
tion of the amine in the decarboxylation of the free
acid consists of the dependence on the amine con-
centration of the rate of reaction, and the large neg-
ative entropy of activation. The latter is much

(15) J. Bigeleisen, J. Phys. Chem., 66, 823 (1952).
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more negative than the value which would be ex-
pected if formation of the activated complex in-
volved minor rearrangements of solvent molecules
(i.e., rearrangements which are incident to activa-
tion but not so extreme as to result in solvent con-
centration dependence of the reaction rate). Com-
parison of the thermodynamic data in Table II in-
dicates clearly that in water and quinoline media
the reaction mechanisms are very different for free
acid decarboxylation, while they may be similar for
that of the monoanion.

Hall® has shown that acid catalysis is not impor-
tant in aqueous solution decarboxylation, and our
data for decomposition in dioxane indicate that the
dielectric constant of the medium is not an impor-
tant factor in the case of the free acid as it is for the
monoanion. It is therefore probable that the de-
carboxylation of un-ionized malonic acid is a sim-
ple thermal reaction in the absence of amine cata-
Iysts. 341617
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Neighboring Carbon and Hydrogen.

XVI.

1,3-Interactions and Homoallylic

Resonance

By M. SIMONETTA! AND S. WINSTEIN?
RECEIVED MARcH 16, 1953

Evidence from stereochemistry and reaction kinetics suggests the existence of an important 1,3-interaction between a

carbonium ion center and a w-electron-containing 8-substituent,

A semi-empirical molecular orbital method has been used

to estimate the stabilization due to r-electron delocalization in the case of a vinyl, diolefinic or phenyl group beta to a cationic

carbon center. Even at the unmodified 1,3 C_—C distance _of 2.5
found, the 1,3-overlap integrals, with proper orientation, being appreciable,

A, a slight stabilization due to electron delocalization is
Considerable compression of the 1,3-distance is

more than compensated for by increase in resonance energy; the intervening methylene group is in effect a poor insulator

against interaction of the unsaturated centers.

The net stabilizations are estimated as ca. 10, 6 and 4 kcal./mole for 8-

dienyl, B-vinyl and 8-phenyl, in accord with the rate-enhancing effects of these substituents in solvolysis.

Evidence from stereochemistry and reaction ki-
netics suggests the existence of an important interac-
tion between a carbonium ion center and a w-elec-
tron-containing B-substituent such as a vinyl or
phenyl group. This is true for homoallylic cases
such as cholesteryl I3 and dehydronorbornyl V* and
homobenzyl cases such as benzylmethylcarbinyl
VI.&¢ Thus cholesteryl derivatives have enhanced
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rates of ionization,? ascribed to delocalization of the
electron cloud of the neighboring olefinic group in the
rate-determining step.® This participation of the
5,6-olefinic group in the substitution process givesrise
to a non-classical ion3% which has been written as II
(canonical structures ITa and IIb) with partial 3,5-
bonding and weakened 5,6-bonding. Thisintermed-
iatereacts?®withnucleophilic species at Cq to yield 3,5-
cyclosteroids III or at C; to yield cholesteryl deriv-
atives IV with over-all retention®?® of configuration
from I to IV.

The concept of the hybrid allyl ion VII is famil-
iar, but the non-classical structure II represents a
hybrid structure for the next homologous case, with
a methylene group interposed between the cationic
center and the m-electron system; this is the reason



