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On the Mechanism of Keto—Enol Tautomerization for

Acetylacetone and 2-Carbethoxycyclohexanone

N. C. SONDERGAARD, P.E. SORENSEN and J. ULSTRUP

Chemistry Department A, The Technical University of Denmark, Building 207, DK-2800 Lyngby, Denmark

The keto—enol tautomerization reactions of
acetylacetone and 2-carbethoxycyclohexanone
in mixtures of water and dioxan has been in-
vestigated and the rate constants and activa-
tion parameters obtained for both the ketoniza-
tion and enolization reactions. The transition
states are found to contain several water mole-
cules. Analysis of the activation parameters on
the basis of recent quantum theories of proton
transfer reactions in polar media suggests that
the proton transfers in the water-substrate chain
involve at least one step in which a separate
H,0* unit is formed (step-wise mechanism),
and that the main contribution to the high
negative entropies of activation observed is the
loss of translational degrees of freedom.

There is good evidence that the hydration of
carbonyl compounds in general proceeds by a
“cooperative’ mechanism, in which the transi-
tion state contains the substrate and several
water molecules organized in a ring structure,'~®
and in which an important step is the syn-
chronous or step-wise transfer of protons in this
ring. We present here experimental data, which
suggest that also the reversible keto-enol trans-
formation for acetylacetone (acac) and 2-car-
bethoxy-cyclohexanone (c¢) in water and
water/dioxan mixtures probably proceeds by
such a mechanism.

EXPERIMENTAL

Materials. Doubly distilled water was used
throughout. Acetylacetone, purum (E. Merck,
Darmstadt) and 2-carbethoxycyclohexanone
(kindly supplied by Dr. D. W. Earls, Stirling
University, UK) were purified by distillation
in vacuo, and the middle fraction collected and
stored for no longer than one week. Dioxan,
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technical (BASF) was purified according to
literature procedures.®

Kinetic and equilibrium measurements. The
pure substrates are predominantly in the enol
form, stabilized by intramolecular hydrogen
bonds. In water containing solutions the enol
form is partly converted to keto form. The
kinetics of the keto—enol conversions were de-
termined in two ways: (a) the equilibration of a
solution of substrate (usually 6 x 10~* M) was
followed spectrophotometrically (on a Beckman
DB GT spectrophotometer) at 274 nm (acac)
or 260 nm (cc), where the enols have maximum
absorption; or (b) the enolization rate was
determined by adding excess bromine to a
solution of substrate (acac only) and following
the decay of bromine spectrophotometrically
at 410 nm.

Equilibrium constants were determined in
several ways: (1) by extrapolation of kinetic
plots to zero time. The optical density thus ob-
tained was combined with the one measured
at “infinite” time (equilibrium value); (2) by
combination of rate constants from bromination
and equilibration experiments; (3) by a titra-
tion procedure,” where added bromine reacts
immediately with all enol present in an equi-
librated solution, and the excess bromine is
quenched rapidly with allyl alcohol.

RESULTS AND DISCUSSION

The equilibration rates were strictly first
order in substrate concentration. The measured
kops is a sum of the first order enolization (k)
and ketonization (k) rate constants, and from
a knowledge of the equilibrium constant
Ky =ke[ky, the rate constants could be deter-
mined separately at each water concentration
and temperature. Fig. 1 shows the measured
dependence of Ky on the water concentration,
and Fig. 2 the dependence of log, k. and
log,, ki on log,, [H;0]. The figures also include
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Fig. 1. Dependence of Ky on water concentration in the dioxan mixtures; 298.2 K. The horizontal
line shows the value of Ky obtained for pure dioxan.! A Titration (acac.) A NMR (acac) Ref. 8.
O Extrapolation (acac). [ | Bromination (acac). x Extrapolation (cc).

recent, data by Watarai and Suzuki ® for acetyl-
acetone in water/dioxan mixtures. Reaction
orders with respect to water are shown in Table
1, and Table 2 shows the formal activation
and thermodynamic parameters determined
from equilibration experiments in the tem-
perature interval 15—45 °C.

Since Ky for cc is very small at the water
concentration used (Fig. 1), it could not be ob-
tained with the desired accuracy, but the ke-
tonization activation parameters could be
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Fig. 2. Dependence of k. and %k, on water con-
centration in dioxan mixtures; 298.2 K. A
ke (acac) Ref. 8. @ ki (acac) Ref. 8. [] k.
(acac). x ky (acac). & ke (cc). M kg (cc).

estimated without large error by directly using
ks values for k. For acac it is seen from Fig. 1
that the agreement between Ky values deter-
mined by different experimental techniques
is good at high water concentrations but rather
poor at lower concentrations. The values ob-
tained by titration are in general too high,
which is perhaps not surprising, since it is
difficult to quench the excess bromine by allyl
alcohol sufficiently rapidly. The Ky values
determined by bromination experiments are
consistent with the others at the higher water
concentrations, even though the kinetic bro-
mination curves are treated as pure first order
plots. This has been shown by Bell and Crooks °
not to be strictly correct, but analysis of the
present data showed that the expected devia-
tion is small.

We believe that the most accurate way of
determining Ky, is by NMR techniques as done
by Watarai and Suzuki.® The solid curve in
Fig. 1 is an exponential least squares fit using
their results, and interpolated values from this
curve have been used for separating our kg,
into k. and k.. Ky, values for acac in pure water
(15.0 9%) and dioxan (84.0 9,) were also taken
from Ref. 8. These values are required in the
extrapolation method mentioned earlier. For
cc only pure dioxan stock solutions were used,
and the value 76 9, was applied for the equilib-
rium percentage in this solvent.?
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Table 1. Reaction orders with respect to water. The numbers in parenthesis refer to the range

of water concentration in mol dm™3.

Compound Acetylacetone 2-Carbethoxy-
cyclohexanone
Ref. 8 This work This work
Enolization 2.3—-0.7 1.2 2.3
(6.4—55.5) (6.0~ 55.5) (28.5— 55.5)
Ketonization 1.7--3.2 1.8—-2.9 4.0-17.9
(6.4—55.5) (5.0—55.5) (28.5— 55.5)

Table 2. Activation and thermodynamic parameters. [H,0] in mol dm™3, 4H¥ and 4H in kJ mol™?, 48+

and 48 in J K~ mol™.

Compound Acetylacetone 2-Carbethoxy-
. Ref. 84 This work cyclohexanone
This work
[H,0] 4H¥ A4S+ AH A4S AH¥+ A4S+ 4H 48 AH¥ AS*
Enolization 41+2 —143+4 —8+2 —42+6
55.6
Ketonisation 49+2 —101+4 8+2 42+6 53+2 —123+4
Enolization 400 --168 —8.2 —23 42+2 —149+4 —64+2 —21+6
19.4
Ketonization 482 —145 8.2 23 48+2 -—128+4 6+2 21+6 b

4 Water concentration 9.6 mol dm™3, ¥ The reaction was extremely slow at this water concentration.

Our value, ky,s=1.02x 101 s~ for acac in
pure water at 25 °C is directly comparable and
agrees well with that of Watarai and Suzuki,
who found kg =1.01x 1071 s71, Both values
disagree with that estimated by Ahrens et al.'*
(*gps=2.5x 102 s71), who, however, used an
indirect method. The data suggest that the
reversible keto-enol conversions can be repre-
sented schematically as

acac: ketone,[z + (0.6 — 1.7)JH,0 + 1.2H,0=

enol,zH,0 + (1.8—2.9)H,0 (1)

cc:  ketone,[y+ (1.7—5.6)]H,0 + 2.3H O«

enol,yH,0 + (4.0—7.9)H,0 (2)
where 2 and y are the hydration numbers for the
enol forms of acac and cc, respectively.

Care must of course be exercised in coming
to conclusions from rate data, for which the
reaction medium is changed as much as in the
present (and previous) investigation. However,
both the reaction order with respect to water
and the large negative activation entropies
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strongly suggest that several water molecules
form part of the activated complex, as also
found previously for carbonyl hydration reac-
tions. The difference in the number of water
molecules entering the transition state in the
two systems and the slightly (numerically) higher
values of 48+ for the ketonization of c¢ than
for acac can be understood, if « is larger than y.
This seems reasonable in view of the hydro-
phobic character of cc compared with acac and
implies that the transition states for the two
systems are more similar than suggested by
the different reaction orders with respect to
water. Previous investigations of the keto-enol
conversion of acac® and of the hydration of
1,3-dichloroacetone ® furthermore show that
the reaction order with respect to water is very
little dependent on the nature of the less polar
medium component (dioxan or acetonitrile),
whereas if alcohols are the second medium com-
ponent, the reaction order is lower. This is prob-
ably due to a partial replacement of water by
hydroxylic solvents in the activated complex
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The large negative activation entropies for
hydration and keto—enol reactions have been
ascribed to the formation of a cyclic transition
structure,®® 4¢.e. to the loss of translational
entropy, when water enters the activated com-
plex. In this complex protons are believed to
migrate by a Grotthus-like mechanism. How-
ever, the relatively small difference in AS¥+
for acac and cc, in spite of the difference in the
number of water molecules entering, suggests
that intramolecular reorganization entropy
might also be of importance.

An estimate of this contribution can be made
on the basis of recently developed theories of
electron and proton transfer in polar media.!?1?
Since the characteristic proton frequency
Q2,>kT[ at room temperature, the proton
movement in the transition complex is of sub-
barrier nature, and all proton reorganization
terms therefore appear in the pre-exponential
factor of the reaction probability. Using 0.35 A
for the proton shift distance and 0Q,=
3.8 x 10" g7115 g value of —29 J K~ per proton
ig obtained for a harmonic potential, whereas
— 8 J K1 mol™ per proton is found, if a Morse
potential is used for the proton bond. This
suggests that proton reorganization in the water
chain is of some importance, but the dominating
contribution is the translational entropy.

The proton transfer was previously suggested
to proceed by a stepwise mechanism,!® forming
a separate intermediate HyO+. This point can
be further illustrated in the following way. For
reactions of the kind investigated the solvent
reorganization energy Ej is quite small, being
of the order of 50 kJ mol™. From the pK
values of acac (=9.0) and cc (=11.0) the free
energies of formation of HyO+ in a step-wise
mechanism are found to be 60 kJ mol™ and
75 kJ mol™?, respectively. Within the frame-
work of the theories mentioned this gives 60
kJ mol™® and 75 kJ mol™ for the activation
energies for acac and cc, respectively, corre-
sponding to effectively ‘barrierless” reac-
tions.? This agrees quite well with the ex-
perimentally observed AH¥+ values (the in-
trinsic 48+ was seen to be small). On the other
hand, a concerted mechanism has an initial and
a final state only and a free energy of reaction
given by the keto-enol equilibrium constant.
From the reported values of the latter (for pure
dioxan) the calculated activation energies for

this mechanism would be approximately 10
kJ mol~? and 11 kJ mol™! for acac and cc, re-
spectively, i.e. substantially less than observed
experimentally. Since the theoretical energy of
activation is only weakly dependent on the
equilibrium constant,'?® the order of the values
estimated would refer to a considerable range
of water concentrations. The analysis of the
rate data thus suggests that protons migrate in
a transition complex chain or ring structure
with several water molecules in such a way that
the chain is ‘“broken’’ in at least one link, for-
ming a separate H;O+ entity.
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