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Density functional theory calculations were conducted on the title reactions with water molecules.
Malonaldehyde, acetylacetone, and malonic acid were adopted as reactants. A reaction of malonaldehyde
and (2+ 2) water molecules was found to proceed by a small (ca. 7 kcal/mol) activation energy. Two are
reactant and two are catalyst molecules, respectively. The intramolecular hydrogen bond in the enol form is
disrupted by the intermolecular one. Tautomerization transition-state geometries for acetylacetone and malonic
acid are similar to that of malonaldehyde. Without the enhanced reactivity of water hydrogen-bond networks,
tautomerization reactions undergo large activation energies. Various reaction models of (malonaldehyde)n (n
) 2, 3, and 4) have given the energetic result. The keto-enol tautomerization has an analogy with the
bimolecular nucleophilic elimination (E2) mechanism.

Introduction

Keto-enol tautomerization ofâ-diketones has been investi-
gated extensively.1 In Scheme 1, the parentâ-diketone is
malonaldehyde (MDA, R) H), and the representative one is
acetylacetone (AA, R) CH3).2 Malonic acid (MA, R) OH)
is a dicarboxylic acid.

The enol form is more stable than the keto form in the gas
phase, and the equilibrium shifts toward the keto one as the
solvent polarity increases.2 Gas-phase geometries of keto and
enol forms of AA were determined by electron-diffraction
measurements.3 O‚‚‚O distances in keto and enol forms are 2.767
and 2.381 Å, respectively.3b

For threeâ-diketones, MDA,4 AA,5 and MA,6 many ab initio
calculations were made. In those studies, equilibrium constants
of the keto-enol tautomerism and energy differences of two
tautomers were examined.4d,e,i,j,n,5b,c,6c In particular, proton-
transfer reactions within enol forms (CdO‚‚‚H-O-C) f (C-
O-H‚‚‚OdC) were examined very extensively with interest in
tunneling effect of the double-well potentials.4a-c,f,h,l,m,r,s,5a,6a

Despite those experimental and theoretical studies, reaction
paths of the keto-enol tautomerization of theâ-diketones have
not been investigated. Direct proton shift from keto to enol form
seems to be unlikely. The C-H bond energies of keto-form
MDA, AA, and MA (R-CO-CH2-CO-R f R-CO-CH•-
CO-R + H•) are 84.5, 87.6, and 93.0 kcal/mol, respectively.7

Some condition is needed to cleave the tight C-H bond in keto
form. Proton relays via auxiliary molecules would be required
to attain the tautomerization with small activation energies.
Water clusters are known to enhance proton relays when they
are bound appropriately to substrate molecules.8 Since the
tautomeric equilibria in water were examined experimentally,2a-c

reaction models ofâ-diketones (H2O)n are adopted in this work.
The suffix n is the number of water molecules. It is of
mechanistic interest to investigate how the C-H bond in
the keto form is cleaved to cause the tautomerization (Scheme
2).

Solvent-assisted tautomerizations of simple carbonyl deriv-
atives9aand 2(1H)-pyridone9b were studied theoretically. Proton-

relay paths were traced, and the water dimer (H2O)2 was found
to give relatively small activation energies. At those transition
state geometries, hydrogen-bond directionality was attained.

First, a systematic and computational analysis of participation
of water clusters in the tautomerization will be made by the
use of MDA. Second, the obtained reaction path for MDA
will be applied to those for AA and MA. Third, the proton-
relay pattern in theâ-diketone(H2O)n reaction model will be
extended to the (â-diketone)n system. Finally, the tautomeriza-
tion will be assigned to a mechanism of organic chemical
reactions.

II. Calculation Method

The geometries malonaldehyde, malonaldehyde(H2O)n (n )
1-6), (malonaldehyde)n (n ) 2-4), acetylacetone(H2O)4, and
malonic acid(H2O)6 were determined by density functional
theory calculations. B3LYP/6-31G* methods10 were used for
geometry optimizations. The solvent effect was taken into
account by Onsager’s self-consistent field with the dielectric
constant) 78.39 (water).11 B3LYP seems to be a suitable
method because it includes the electron-correlation effect to
some extent. B3LYP/6-311+G(2d,p) calculations were also
performed for the key species, namely, keto form, transition
state (TS), and enol form in Figures 1 and 4. Energies of the
keto form, TS, and enol form in Figure 4 and TS in Figure 5
were refined by B3LYP/6-311+G(2d,p) self-consistent re-
action field (SCRF))PCM12 single-point calculations, which
are free from the dipole-moment approximation of the SCRF
dipole.

TSs were characterized by vibrational analyses, which
checked whether the obtained geometries have single imaginary
frequencies (νqs). From TSs, reaction paths were traced by the
IRC (intrinsic reaction coordinate) method13 to confirm that the
reactants and products are keto and enol forms, respectively.
All the calculations were carried out using the Gaussian 9814

program package installed on Compaq ES 40 at the Information
Processing Center (Nara University of Education).
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III. Computational Results and Discussions

Figure 1 shows a direct proton-transfer route, ketof enol,
of malonaldehyde. The TS has a highly strained four-membered
ring, which leads to a very large activation energy (59.99 kcal/
mol). At the TS, a C-H bond is elongated (1.515 Å)
substantially. The cis enol form cannot be arrived at because
the cis form undergoes a large exchange repulsion at TS. The
direct tautomerization is improbable.

Figure 2 shows transition-state geometries of the tautomer-
ization of malonaldehyde(H2O)n. When water molecules are
involved in proton relays, the strain of the relay network may
be relaxed. Asn ) 1 f 2 f 3, the activation energies (∆Eq)
decrease (31.10f 20.43f 13.14 kcal/mol). Atn ) 4, the size
of the relay network is too large to afford the cis enol form of
an intramolecular hydrogen bond. Also, the activation energy
∆Eq (n ) 4) ) 18.00 kcal/mol is larger than∆Eq (n ) 3) )
13.14 kcal/mol. Then ) 3 model appears to be best for ready

proton transfer (i.e., tautomerization). However, it has a nearly
symmetric structure with respect to the relay network plane.
Solvent effect by catalytic water molecules would be small.
On the other hand, then ) 2 model has a vacant space at the
right side. Catalytic water molecules may be coordinated at the
space.

As for geometric parameters, the distances of the C-H bond
that is cleaved (C1-H4) are∼1.6 Å and those of the C-C
bond (C1-C2) are∼1.4 Å. The O‚‚‚H lengths at proton relays
depend on the number of water molecules (n).

Figure 3 exhibits TS geometries of malonaldehyde (H2O)2
and catalytic water molecules. For then ) 2 + 1 model, a right-
sided water molecule (H17-O16-H18) connects one reactant
O-H bond (O13-H14) with the free aldehyde oxygen (O6).
Through the connection, the activation energy (∆Eq ) 13.64
kcal/mol) is as small as∆Eq (n ) 3) ) 13.14 kcal/mol. A larger
catalytic bridge is expected to lower activation energies. As
expected, then ) 2 + 2 model has a substantiably small
activation energy,∆Eq ) 7.39 kcal/mol. Further coordination
of catalytic water molecules (n ) 2 + 3 andn ) 2 + 4) was
examined. Activation energies,∆Eq (n ) 2 + 3) ) 7.07 kcal/
mol and∆Eq (n ) 2 + 4) ) 7.16 kcal/mol, are very similar to
∆Eq (n ) 2 + 2) ) 7.39 kcal/mol. Since excessive association
of water molecules is entropicably unfavorable, then ) 2 + 2
reaction model is thought to be most likely. Cooperation of two
reactant and two catalytic water molecules has brought about a
ready tautomerization path.

As for geometric parameters, the distances of the C-H bond
that is cleaved (C1-H4) are∼1.4 Å. They are smaller than
those in Figure 2, which indicates that the reactions in Figure

SCHEME 1. Tautomerism of â-Diketones.

SCHEME 2. Tautomerization of Malonaldehyde Aided
by Water Molecules

Figure 1. A keto-enol tautomerization reaction of malonaldehyde via the direct proton transfer.∆Eq and∆E are energies relative to that of the
keto form.νq stands for the sole imaginary frequency, which verifies that the obtained geometry is correctly at a saddle point. Values without and
with parentheses are those of B3LYP/6-31G(d) SCRF)dipole and B3LYP/6-311+G(2d,p) SCRF)dipole geometry optimizations. In the enol form,
an intramolecular hydrogen bond is not formed, because the strained TS geometry gives O7-O6 exchange repulsion in two C-O bonds cis.
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3 areearlier than those in Figure 2 according to the Hammond’s
postulate.15

In TS geometries of Figures 2 and 3, the model of
MDA(H2O)2+2 has been found to be the best one for tautomer-
ization. Figure 4 shows a reaction course of the model. To the
keto form, water tetramer is coordinated so that an oxygen atom,
O10, becomes significantly nucleophilic (Scheme 3). The
HOMO shape demonstrates that the nucleophilic center is
perfectly localized at O10 despite the delocalization character.
The HOMO energy is-0.42 au, which is much higher (the
smaller ionization potential) than-0.50 au of the free water
molecule.

By high nucleophilicity of O10, the C1-H4 bond is elongated
(1.124 Å) in the keto form+ 2H2O + 2H2O. The cis enol form

is needed to support the tetramer ring network. At enol form+
2H2O + 2H2O, the tetramer is retained and interrupts formation
of the cis enol intramolecular hydrogen bond (H15‚‚‚O6). On
account of the great hydrogen-bond capability of the water
cluster, its formation is blocked (Scheme 4).

Disruption of the cis enol intramolecular hydrogen bond in
water was suggested by calorimetric and NMR spectroscopic
experiments.2b The enol intramolecular bond of acetylacetone
was reported to be disrupted by solvents, water, and methanol.
Thus, Figure 4 has demonstrated that cooperation of two reactant
and two catalytic water molecules causes the ready C-H (C1-
H4) bond scission of the keto form and that the newly formed
enol O-H bond participates in the intermolecular hydrogen
bond rather than in the intramolecular one. As for geometric

Figure 2. Transition-state geometries of the keto-enol tautomerization of malonaldehyde withn water molecules. All of them are concerned with
proton relays for the tautomerization.

2752 J. Phys. Chem. A, Vol. 108, No. 14, 2004 Yamabe et al.



parameters, C‚‚‚H‚‚‚O and O‚‚‚H‚‚‚O bond angles are nearly
160°. Proton relays may occur readily along the almost-linear
routes.

Figure 5 shows TS geometries of the tautomerization of
acetylacetone and malonic acid withn ) 2 + 2 andn ) 2 +
2 + 2 water molecules, respectively. Those are comparable to
that of malonaldehyde (n ) 2 + 2) shown in Figures 3 and 4.
For malonic acid, the last two water molecules (n ) 2 + 2 +
2, O24H25H26 and O27H28H29) were adopted to represent
that the two carboxyl-OH groups are hydrogen bonded.16 The
TS geometries in Figure 5 are similar to those of malonaldehyde
(H2O)2+2. The result demonstrates that they are insensitive to
the substituent R in R-CO-CH2-CO-R. The calculated
activation energies∆Eq are in the order of MA(H2O)2+2+2 >
AA(H2O)2+2 > MDA(H2O)2+2. For acetylacetone(H2O)2(H2O)2,
reaction energies are-1.47 and [-1.36] kcal/mol, which are
in fair agreement with the experimental one,-2.7 kcal/mol.2b

The high reactivity of two reactant and two catalytic water
molecules (n ) 2 + 2) has been shown in Figures 4 and 5.
Without them, proton relays would be difficult.

To examine the role of two catalytic water molecules in the
â-diketones, TS geometries of the tautomerization of a simple
aldehyde, acetaldehyde, were determined and are shown in Fig-
ure 6. A reaction, acetaldehyde(H2O)n f vinyl alcohol(H2O)n,
was considered. Then ) 2 reacting system was already
investigated with the activation energy, 45.7 kcal/mol (RHF/
6-31++G SCRF//RHF/4-31G).9a Our energy ofn ) 2 is 33.19
kcal/mol (RB3LYP/6-31G* SCRF)dipole, in Figure 6). This
value is much larger than∆Eq (n ) 2) ) 20.43 kcal/mol in
Figure 2. The result of comparison indicates that the second
aldehyde group in MDA works as a catalyst. In the right half
of Figure 6, a (n ) 2 + 2) reaction model was shown. The
shape of the proton-relay network is similar to that ofn ) 2.
The activation energy,∆Eq ) 24.61 kcal/mol ofn ) 2 + 2 is
much smaller than∆Eq ) 33.19 kcal/mol ofn ) 2. But, the
former value is still much larger than∆Eq ) 7.39 kcal/mol in
Figure 4. The comparison of twon ) 2 + 2 TS models (Figures
4 and 6) demonstrates the noticeable catalytic role of two water
molecules inâ-diketones.

Figure 3. Transition-state geometries of the tautomerization withn ) 2 + (n - 2) water molecules. Two water molecules are concerned with
proton relays, and (n - 2) ones work as catalysts.
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To simulate the keto-enol tautomerization in water-free, e.g.,
chloroform solvent, various reaction models were considered.
Figure 7 shows a reaction model of (malonaldehyde)2. One keto
and one enol MDAs are involved, where the enol form gets a
proton (H4) and releases one (H10) at TS. Although the proton-
exchange path does not involve ring strain (163.5° and 170.3°
at TS), the activation energy is large (28.86 kcal/mol). Other
TS geometries of (MDA)n (n ) 2, 3, and 4) with larger
activation energies are shown in the Supporting Information.
The result suggests that the tautomerization without the highly
activated proton relays of water hydrogen bonds is difficult.

The methylene C-H bond in the keto form cannot be cleaved
readily by the other nucleophilic sources than a water molecule
connected by hydrogen-bond networks (Scheme 3).

IV. Concluding Remarks

In this work, reaction paths of the keto-enol tautomerization
via water molecules have been investigated systematically. There
has been a mechanistic question; why is a tight C-H covalent
bond cleaved in the course of the tautomerization? A combina-
tion of two reactant and two catalytic water molecules (n ) 2
+ 2) has given a significantly nucleophilic oxygen atom (O10

Figure 4. The most likely reaction composed of malonaldehyde and (2+ 2) water molecules. Values without and with square brackets are of
RB3LYP/6-311+G(2d,p) SCRF)PCM calculations. For TS, reaction-coordinate vectors corresponding to the sole imaginary frequency (νq ) 1036.81ı́
cm-1) are sketched.

Figure 5. Transition-state geometries of the tautomerization of acetylacetone and malonic acid with water molecules. For malonic acid, two water
molecules (H29O27H28 and H25O24H26) are attached to two carboxyl groups, respectively.
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in Figures 3-5). Ready C-H (C1-H4) bond cleavage has been
attained (Scheme 5).

The cis enol form is the consequence of proton relays along
the hydrogen-bond network. The cis enol form can hardly
contain the intramolecular hydrogen bond owing to them.
Without the enhanced reactivity of those networks, large
activation energies have been calculated (Figure 7). This result
suggests that the water content is needed for ready tautomer-
ization. In view of TS geometries in Figures 4 and 5, the keto-
enol tautomerization may have analogy to the E2 mechanism
(Scheme 6).17

A C-H bond is cleaved by a nucleophile (here, O10 in
Scheme 3). A C-C single bond is converted to a CdC double
bond. The C-L heterolytic scission corresponds to conversion
of the CdO bond to the C-O bond. The ion-pair product (Nu-

H+ and L-) in E2 is absent in the present reaction via
neutralization by proton relays.

Formation of the intramolecular hydrogen bond in the enol
form would not be a prime factor of the tautomerization.

The hydrogen-bond energy of HO-H‚‚‚OH2 is only 5 kcal/
mol. The methylene group ofâ-diketones is apparently hydro-
phobic. Indeed the water-assisted tautomerization seems to be
an unlikely process, but the (2+ 2)H2O cluster can be a highly
reactive reagent. Water clusters may accommodate substrates

SCHEME 3. A Water Tetramer Makes an Oxygen O10 Highly Nucleophilica

a The spatial extension of the HOMO of the (H2O)4 fragment is shown at the right side.

Figure 6. TS geometries of the tautomerization, acetaldehyde(H2O)n f vinyl alcohol(H2O)n with n ) 2 and 4.

SCHEME 4. The H15‚‚‚O6 Intramolecular Hydrogen
Bond Is Not Completed by Intermolecular Bonds

SCHEME 5. A Proton Relay via a Water Dimer
Promoted by the Ion-Pair-Like Electronic Charge
Distribution and a Catalytic Water Dimer
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flexibly with the low-energy reaction paths, when the hydrogen
bond directionality is assured. The reaction mechanism of
hydrolyses, condensation, and others in aqueous media would
be discussed generally in terms of the directionality criterion.

Supporting Information Available: Figures showing vari-
ous transition states of (malonaldehyde)n tautomerization. This
material is available via the Internet at http://pubs.acs.org.

References and Notes

(1) Emsley, J.Struct. Bonding. (Berlin)1984, 57, 147.
(2) Powling, J.; Bernstein, H. J.J. Am. Chem. Soc.1951, 73, 4353.

(b) Spencer, J. N.; Holmboe, E. S.; Kirshenbaum, M. R.; Firth, D. W.;
Pinto, P. B.Can. J. Chem.1982, 60, 1178. (c) Emsley, J.; Freeman, N. J.
J. Mol. Struct.1987, 161, 193. (d) Rogers, M. T.; Burdett, J. L.Can. J.
Chem.1965, 43, 1516. (e) Wallen, S. L.; Yonker, C. R.; Phelps, C. L.;
Wai, C. M. J. Chem. Soc., Faraday Trans.1997, 93, 2391. (f) Blokzijl,
W.; Engberts, J. B. F. N.; Blandamer, M. J.J. Chem. Soc., Perkin Trans II
1994, 455. (g) Iglesias, E.J. Chem. Soc., Perkin Trans II1997, 431. (h)
Folkendt, M. M.; Weiss-Lopez, B. E.; Chauvel, J. P., Jr.; True, N. S.J.
Phys. Chem.1985, 89, 3347.

(3) Iijima, K.; Ohnogi, A.; Shibata, S.J. Mol. Struct.1987, 156, 111.
(b) Lowrey, A. H.; George, C.; D’Antonio, P.; Karle, J.J. Am. Chem. Soc.
1971, 93, 6399.

(4) Adamo, C.; Barone, V.Chem. Phys. Lett.1997, 274, 242. (b)
Smedarchina, Z.; Siebrand, W.; Zgierski, M. Z.J. Chem. Phys.1995, 103,
5326. (c) Luth, K.; Scheiner, S.Int. J. Quantum Chem. Symp.1993, 27,
419. (d) Chiavassa, T.; Verlaque, P.; Pizzala, L.; Allouche, A.; Roubin, P.
J. Phys. Chem.1993, 97, 5917. (e) Tuppurainen, K.; Laatikainen, R.
THEOCHEM1993, 100, 15. (f) Bosch, E.; Moreno, M.; Lluch, J. M.J.
Am. Chem. Soc.1992, 114, 2072. (g) Wiberg, K. B.; Hadad, C. M.; Lepage,
T. J.; Breneman, C. M.; Frisch, M. J.J. Phys. Chem.1992, 96, 671. (h)
Latajka, Z.; Scheiner, S.J. Chem. Phys.1992, 96, 9764. (i) Chiavassa, T.;
Roubin, P. Pizzala, L.; Verlaque, P.; Allouche, A.; Marinelli, F.J. Phys.
Chem.1992, 96, 10659. (j) Rios, M. A.; Rodriguez, J.THEOCHEM1991,
74, 149. (k) Craw, J. S.; Nascimento, M. A. C.Chem. Phys. Lett. 1990,
168, 423. (l) Bosch, E.; Moreno, M.; Lluch, J. M.; Bertran, J.J. Chem.
Phys.1990, 93, 5685. (m) Shida, N.; Barbara, P. F.; Almlo¨f, J. E.J. Chem.
Phys.1989, 91, 4061. (n) Binkley, J. S.; Frisch, M. J.; Schaefer, H. F.Chem.
Phys. Lett. 1986, 126, 1. (o) Kral, V.; Laatikainen, R.; Arnold, Z.
Tetrahedron1985, 41, 4919. (p) Frisch, M. J.; Scheiner, A. C.; Schaefer,
H. F.; Binkley, J. S.J. Chem. Phys.1985, 82, 4194. (q) Bonaccorsi, R.;
Ghio, C.; Tomasi, J.Int. J. Quantum Chem.1984, 26, 637. (r) Bicerano, J.;
Schaefer, H. F.; Miller, W. H.J. Am. Chem. Soc.1983, 105, 2550. (s)
Fluder, E. M.; De La Vega, J. R.J. Am. Chem. Soc.1978, 100, 5265. (t)

Figure 7. A reaction of malonaldehyde dimer. Values without and with square brackets are of RB3LYP/6-31G(d) SCRF)dipole and single-point
RB3LYP/6-311+G(2d,p) SCRF)PCM calculations.

SCHEME 6. Analogy between E2 and the Present Path for Tautomerization

2756 J. Phys. Chem. A, Vol. 108, No. 14, 2004 Yamabe et al.



Catalan, J.; Yanez, M.; Fernandez-Alons, J. I.J. Am. Chem. Soc.1978,
100, 6917.

(5) Rios, M. A.; Rodriguez, J.THEOCHEM 1990, 63, 137. (b)
Dannenberg, J. J.; Rios, R.J. Phys. Chem.1994, 98, 6714. (c) Ishida, T.;
Hirata, F.; Kato, S.J. Chem. Phys.1999, 110, 3938.

(6) Bach, R. D.; Canepa, C.J. Org. Chem.1996, 61, 6346. (b)
Tarakeshwar, P.; Manogaran, S.THEOCHEM1996, 362, 77. (c) Deerfield,
D. W.; Pedersen, L. G.THEOCHEM1996, 368, 163. (d) Yliniemela, A.;
Uchimaru, T.; Hirose, T.; Baldwin, B. W.; Tanabe, K.THEOCHEM1996,
369, 9. (e) Han, S. J.; Kim, Y. J.; Kang, Y. K.THEOCHEM1996, 369,
145. (f) Kutzler, F. W.; White, C. T.; Cook, M.Chem. Phys. Lett.1988,
147, 263. (g) Merchan, M.; Tomas, F.; Nebot-Gil, I.THEOCHEM1984,
109, 51. (h) Fitzpatrick, N. J.; Sayal, P.; Al-Obadie, M. S.; Katrib, A.J.
Mol. Struct.1982, 87, 129.

(7) Present results of (U)B3LYP/6-311+G(2d,p) calculations.

(8) Yamabe, S.; Tsuchida, N.J. Comput. Chem.2003, 24, 939. (b)
Yamabe, S.; Tsuchida, N.Internet Electronic. J. Mol. Design.2003, 2, 1.

(9) Lee, D.; Kim, C. K.; Lee, B.-S.; Lee, I.; Lee, B. C.J. Compt. Chem.
1997, 18, 56. (b) Field, M. J.; Hiller, I. H.J. Chem. Soc., Perkin Trans II
1987, 617.

(10) Becke, A. D.J. Chem. Phys.1993, 98, 5648.
(11) Onsager, L.J. Am. Chem. Soc.1938, 58, 1486.
(12) Miertus, S.; Scrocco, E.; Tomasi,J. Chem. Phys.1981, 55, 117.
(13) Fukui,J. Phys. Chem.1970, 74, 4161. (b) Gonzalez, C.; Schleger,

H. B. J. Phys.1987, 90, 2154.

(14) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. A.Gaussian 98, revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(15) Hammond, G. S.J. Am. Chem. Soc.1955, 77, 334.
(16) In the gas phase, the keto B form is 0.79 kcal/mol (B3LYP/6-

311+G(2d,p)) more stable than the keto A form. On the other hand, when
two water molecules are coordinated to the malonic acid molecule, keto A
is 3.93 kcal/mol more stable. In order to shows that the keto A is a reactant,
two water molecules (O24H25H26 and O27H28H29) were added.

(17) Banthorpe, D. V.Reaction Mechanism in Organic Chemistry, Vol.
2: Elimination Reactions; Hughes, E. D., Ed.; Elsevier: London, 1963.

Keto-Enol Tautomerization ofâ-Diketones J. Phys. Chem. A, Vol. 108, No. 14, 20042757


