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Recent studies have mapped the keto-enol tautomerization of malonaldehyde through a general transition
structure that leads exclusively to theZ isomer of the enol. However, it will be shown that a competing
general transition structure exists that leads to both theE andZ isomers of the enol at the B3LYP/6-31G(d,p)
and MP2/6-31G(d,p) levels of theory. Both the RHF- and DFT-based effective fragment potential methods
have been used to model solvation effects, and the results are compared with full ab initio calculations. It is
found that two bridging water molecules with two discrete DFT-based effective fragment potential solvent
waters at the MP2/6-31G(d,p) level of ab initio theory provides the most computationally effective model for
solvent effects in this system. It is shown that the relative energies for this QM/MM model differ from the
full MP2/6-31G(d,p) energies by an average absolute relative difference of 2.2 kcal mol-1 across the reaction
path when the zero-point vibrational energy correction is included.

I. Introduction

There has been recent interest in the acid-catalyzed mecha-
nism for the keto-enol tautomerization of malonaldehyde.
Yamabe et al.1 have examined this reaction, which ultimately
leads to an extensively studiedZ isomer of the enol containing
an intramolecular hydrogen bond.2 In their study, Yamabe and
co-workers focused exclusively on a tautomerization mechanism
that involves what will be referred to here as a “cis” transition
structure, where the carbonyl groups are adjacent to one another,
as shown in Figure 1. This general transition scheme leads
directly to the stabilized, intramolecular hydrogen bonded form
of the Z isomer.

However, though thisZ isomer is the most stable form of
the enol in the gas phase, other isomers are important. Chivassa
et al.3 have used high-resolution FT-IR spectroscopy to show
that, of the seven other possible structural isomers of the enol,
four are principally formed in the gas phase. Of these, three
areE isomers and one is aZ isomer. In addition, the relative
stability of the intramolecular hydrogen-bonded structure in
aqueous solution is diminished because of competing hydrogen
bond formation with solvent waters.1

The formation of theE isomer of the enol is highly unlikely
through the “cis” transition structure, because of a necessary
rotation about a carbon-carbon double bond. Instead, one might
consider the keto-enol tautomerization of malonaldehyde
through a “trans” scheme, as shown in Figure 2. In this structure,
the carbonyl groups are generally opposite one another.
Although the stabilizing intramolecular hydrogen bonded form
of theZ-enol is not formed directly through the “trans” structure,
it can be recovered through rotation about the appropriate
carbon-carbon single bond.

The purpose of the present work is 3-fold. First, we extend
the important work of Yamabe et al., who have consid-
ered the keto-enol tautomerization of malonaldehyde at the
B3LYP/6-31G(d) level of theory with the PCM continuum
model for solvation, but focusing only on the “cis” transition

state structure. In the present work, we focus on the “trans”
transition state structures, and theZ- andE-enol isomers that
result. To that end, we consider the tautomerization mechanism
with one, two, and three bridging waters, which allow for the
transfer of the hydrogen from theR carbon to the appropriate
oxygen. Once the optimal number of bridging waters has been
identified, solvent effects are considered by adding discrete
waters to the bridged system. Second, we examine the perfor-
mance of the new DFT-based effective fragment potential
(EFP1/DFT) method4,5 as compared to the well-established
Hartree-Fock-based6,7 effective fragment potential method
(EFP1/HF). These QM/MM results are also compared with full
ab initio B3LYP and MP2 calculations. Finally, the keto-enol
tautomerization of malonaldehyde is the first step in a proposed
in-vivo mechanism8 for the Mannich9 reaction. It is believed
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Figure 1. General “cis” transition scheme for the keto-enol tautomer-
ization of malonaldehyde.

Figure 2. General “trans” transition scheme for the keto-enol
tautomerization of malonaldehyde. Through this general scheme, either
the E or theZ isomer of the enol can be formed.
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that this reaction plays a role in ethanol metabolism in the liver,
a process that may ultimately be a cause of alcohol-related liver
damage.10 Therefore, we identify an appropriate EFP-based QM/
MM model for examining the solvated mechanism for the full
Mannich reaction in a neutral medium. This choice of a non-
base-catalyzed mechanism also makes direct comparison with
Yamabe’s previous work possible.

II. Methods

To facilitate comparison with the work of Yamabe et al., the
all-electron 6-31G(d,p)11 and 6-311+G(2d,p) basis sets were
used for all atoms. (p functions have been added to Yamabe’s
choice for a double-ú basis set to better model the extensive
hydrogen bonding in this system, and also to compliment the
basis set used to construct the fragments for the EFP1/HF
method.) Analytical Hessians were obtained at the Hartree-
Fock level of theory, and the double-differenced Hessians were
calculated at the B3LYP and MP2 levels of theory. RHF, DFT
(B3LYP),12 and MP2 calculations were carried out using the
GAMESS13 suite of programs. The effect of solvation was
modeled using the EFP-1 method optimized for both Hartree-
Fock6,7 and DFT (B3LYP)4 theory (hereafter referred to as
EFP1/HF and EFP1/DFT, respectively). The EFP1/DFT model
can employ DFT or MP2 methods in the active region; this is
referred to as B3LYP-EFP1/DFT and MP2-EFP1/DFT, respec-
tively. The present work uses only RHF wave functions with
the EFP1/HF solvation model, which is referred to as RHF-
EFP1/HF. All saddle points were confirmed with an appropriate
Hessian calculation, revealing one imaginary harmonic normal-
mode frequency. To confirm the connection between the
suspected transition state and the desired reactants and products,
the single imaginary frequencies were followed backward and
forward using the intrinsic reaction coordinate (IRC) method,14

except in one case discussed below. All energies include the
unscaled zero-point vibrational energy (ZPVE) correction,
except where noted. Chemical intuition was used to place EFP
waters in the first solvation shell for this small system with its
strong hydrogen bond acceptor sites. All chemical structures
were visualized using MacMolPlt.15

III. Results

A. No Solvent Waters.1. Basis Set Effects.The activation
energies and reaction energies for the transition states leading
to both theE andZ isomers of the enol with one bridging water,
to facilitate the hydrogen transfer, are given in Table 1. For the
present work, we follow Yamabe and define the activation
energy (Ea) as the ZPVE-corrected energy difference between

the appropriate solvated keto-malonaldehyde and the highest
energy first-order saddle point. Reaction energies (∆E) are
similarly defined as the ZPVE-corrected energy difference
between the solvated enol-malonaldehyde and the solvated keto-
malonaldehyde.

In addition to the results shown, fully optimized 6-311+G-
(2d,p) structures were also found for theE isomer with one
and two bridging waters. A comparison of the non-ZPVE-
corrected single-point energies (shown in Table 1) versus the
fully optimized triple-ú geometries revealed an average absolute
difference of only 0.24, 0.51, and 0.38 kcal mol-1 at the
stationary points for the RHF, B3LYP, and MP2 levels of theory,
respectively. Table 2 shows the difference inEa and∆E between
the ZPVE-corrected triple-ú geometries and non-ZPVE-corrected
triple-ú single-point energies at double-ú geometries. The
difference is remarkably consistent, and near 1.5 kcal mol-1

for all levels of theory. It is therefore concluded that single-
point triple-ú energies at double-ú geometries are a good
indicator of full triple-ú energetics, and further expensive full
triple-ú calculations were discontinued.

As seen in Table 1, theE isomer activation energy differences
between the double-ú and triple-ú single-point structures at the
RHF level of theory are 3.5 kcal mol-1, 5.1 kcal mol-1 for
B3LYP, and only 0.5 kcal mol-1 for MP2. For all levels of
theory,Ea was lower for the double-ú structure. The differences
in ∆E were 2.7 kcal mol-1 or less for all methods, but in this
case the double-ú values were high compared to the triple-ú
single points. (The bulk of this difference goes away when one
compares the double-ú geometries with the fully optimized
triple-ú geometries; there, the difference in∆E is 1.0 kcal mol-1

or less for all methods.) For theZ isomer, the full double-ú
energies were compared to the triple-ú single-point energies and
revealed a difference of 2.1, 5.5, and 0.4 kcal mol-1 for the
RHF, B3LYP, and MP2 levels of theory, respectively. Again,
the differences in∆E were 2.7 kcal mol-1 or less for all
methods.

TABLE 1: Activation Energies (Ea) and Reaction Energies (∆E) (in kcal mol-1) for the Paths Leading to theE and Z Enol
Isomers Discussed in the Text.

one bridging water two bridging waters three bridging waters

isomer level of theory/basis Ea ∆E Ea ∆E Ea ∆E

E RHF/6-31G(d,p) 47.46 3.64 39.56 4.36 38.30 3.72
B3LYP/6-31G(d,p) 25.12 -0.48 15.27 -0.97 12.18 -2.33
MP2/6-31G(d,p) 32.36 3.53 22.70 2.57 19.77 1.16
RHF/6-311+G(2d,p)//RHF/6-31G(d,p) 50.99 3.26 43.86 4.48
B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d,p) 30.23 -2.48 21.13 -1.83
MP2/6-311+G(2d,p)//MP2/6-31G(d,p) 32.87 0.84 23.92 0.37

Z RHF/6-31G(d,p) 49.44 5.40 43.03 3.02 n/a n/a
B3LYP/6-31G(d,p) 26.16 1.11 17.21 -4.59 n/a n/a
MP2/6-31G(d,p) 32.97 6.00 24.40 -0.44 n/a n/a
RHF/6-311+G(2d,p)//RHF/6-31G(d,p) 51.53 4.30 46.33 1.92 n/a n/a
B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d,p) 31.62 0.45 23.18 -5.58 n/a n/a
MP2/6-311+G(2d,p)//MP2/6-31G(d,p) 33.36 3.30 25.09 -3.15 n/a n/a

a Single-point 6-311+G(2d,p)//6-31G(d,p) energies are not ZPVE corrected.

TABLE 2: Differences between Non-ZPVE-Corrected
6-311+G(2d,p)//6-31G(d,p) Energies and ZPVE-Corrected
6-311+G(2d,p) Energies (kcal mol-1) for the Path Leading to
the Formation of the E Isomer of the Enola

one bridging water two bridging waters

Ea ∆E Ea ∆E

RHF -1.09 1.31 -0.56 0.53
B3LYP -1.32 2.10 -1.55 1.77
MP2 -1.20 1.63 -1.52 1.44

a No structure corresponding to three bridging waters was found.
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These basis set investigations with one and two bridging
waters suggest that theEa accuracy in the DFT and MP2
methods using the 6-31G(d,p) basis set, compared to 6-311+G-
(2d,p), are on the order of 6 kcal mol-1 for the B3LYP method,
and 1 kcal mol-1 for MP2. The accuracy in∆E is on the order
of 1 kcal mol-1 for B3LYP, and 3 kcal mol-1 for MP2.
Although the difference in the B3LYP method is troubling, it
may be an artifact of the single-point approximation to the full
triple-ú energies: for the two reaction paths where fully
optimized triple-ú energetics are available (theE isomer with
one and two bridging waters), the B3LYP difference relative
to the double-ú structures drops to 4 kcal mol-1. This is
consistent with Yamabe’s finding that the double-ú/triple-ú
difference is on the order of 4 kcal mol-1 for the “cis” transition
structure.

For the purposes of comparing with previous work that
employed the B3LYP/6-31G(d) level of theory, and because of
the relatively small basis set effects discussed above, all of the
following results are for fully optimized 6-31G(d,p) structures
with a ZPVE correction included. Because the basis set
difference for the MP2 method appears to be on the order of
1-3 kcal mol-1, these second-order calculations are used as a
benchmark throughout this work to gauge the performance of
the B3LYP method, where the basis set differences for the
activation energy (relative to triple-ú) are higher.

2. One Bridging Water Molecule.The clearest evidence
demonstrating that the “trans” transition state (TS) structure
should be considered as well as the “cis” structure is seen in
Figure 3: using the B3LYP/6-31G(d,p) level of theory, the “cis”
and “trans” IRC paths between the keto and enol forms of
malonaldehyde with one bridging water molecule have been
plotted. The “trans” TS structure is more stable than the “cis”
by 1.8 kcal mol-1, yet both transition states lead back to the
same reactant geometry, as shown in Figures 4 and 5. To form
the “cis” transition state geometry, the reactant must first rotate

about the C2-C3 bond. This rotation requires about 2-3 kcal
mol-1, as shown by the IRC plot in Figure 3. By contrast, the
geometry of the malonaldehyde is virtually unchanged in going
from reactant to the “trans” TS. Assuming Arrhenius-type
behavior and using the definition of activation energy given
above,Ea is 1.9 kcal mol-1 less for the “trans” TS, which leads
to a ratio ofktrans/kcis ) 24.7 at 298 K. For one bridging water,
the “trans” transition state must be considered as a competing,
if not slightly favored, reaction pathway. It should be pointed
out that small errors in the predicted activation energies (on
the order of 1-2 kcal/mol) can lead to significant errors in rate
constants, and care should be taken when considering kinetic
questions.

Yamabe et al. used the B3LYP/6-31G(d) level of theory (no
ZPVE-correction was indicated) coupled with Onsager’s self-
consistent reaction field method with a dielectric constant of
78.39 for water. They found an activation energy of 31.1 kcal
mol-1 for the “cis” transition state with one bridging water. The
“trans” TS structure that leads to theE isomer has a very
comparable activation energy, as shown in Table 1: the B3LYP/
6-31G(d,p) is 6.0 kcal mol-1 lower than the “cis” structure, and
the MP2/6-31G(d,p) is 1.3 kcal mol-1 higher. For the forma-
tion of theZ isomer, the differences of the “trans” relative to
the “cis” activation energies are 5.0 kcal mol-1 lower and
1.9 kcal mol-1 higher, respectively, for B3LYP and MP2.

3. Two Bridging Water Molecules.For the formation of the
E isomer through a transition state with two bridging waters,
the activation energy drops to 15.3 and 22.7 kcal mol-1 for the
B3LYP and MP2 methods, respectively. For theZ isomer, the
barriers are 17.2 and 24.4. kcal mol-1, respectively. These
compare favorably to the activation energy of 20.4 kcal mol-1

found by Yamabe et al. for the “cis” transition state with
two bridging waters. The reaction energies are tabulated in
Table 1.

4. Three Bridging Water Molecules.Despite numerous efforts,
no three bridging water transition state was found leading to
the Z isomer; instead, the two-water bridge was always
recovered. Indeed, the energetic benefit of adding the third water
is small even for theE isomer: the activation energy only
dropped by 3.1 kcal mol-1 for B3LYP (to 12.2 kcal mol-1)
and 2.9 kcal mol-1 for MP2 (to 19.8 kcal mol-1). For the “cis”
TS structure, Yamabe et al. found a barrier of 13.1 kcal mol-1.

As discussed in section IV, these results support Yamabe’s
general conclusion that a two-water hydrogen transfer bridge
is a good model for the tautomerization process. We therefore
investigate the effect of solvation on the two bridging-water
structure by adding discrete solvent waters in the form of EFP
waters based on the RHF and B3LYP levels of theory.

B. Two Bridging Waters and One Solvent Water.With
the addition of a single solvent water molecule, as shown in
Figures 6 and 7, the potential energy surface becomes more
interesting (see Figures 8 and 9). At the RHF-EFP1/HF, MP2-
EFP1/DFT, full B3LYP, and full MP2 levels of theory, there is
a very shallow minimum in the potential energy surface
corresponding to a stable hydronium ion. As with all stationary
points, these points were confirmed by either an analytical
Hessian or a double-differenced numerical Hessian. However,
for all levels of theory, the minimum is shallow enough that
the addition of the ZPVE energy lifts the “minimum” above
the level of at least one of the two adjacent transition states.
These two general transition state structures are denoted TS1,
which corresponds to the motion of H7 between C2 and H10;
and TS2, which corresponds to the coupled motion of H12
between O10 and O13, and H14 between O13 and O4 for the

Figure 3. IRC pathways at the B3LYP/6-31G(d,p) level of theory for
the “cis” and “trans” configurations. The zero of energy has been
defined as the reactant “cis” geometry. The structures corresponding
to these paths are shown in Figures 4 and 5.
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formation of theE isomer (see Figure 6). For the formation of
theZ isomer, the coupled TS2 motion is H11 between O10 and
O13 and H14 between O13 and O5 (see Figure 7).

The only exception to this qualitative picture is at the B3LYP-
EFP1/DFT level of theory, where no intermediate and no TS2
structures were found. This may be due to the fact that this

method underestimates the hydrogen bond distances between
H12 and O13, and again between H14 and O4 in the first
transition state, as seen in Figure 6. The first transition state is
therefore biased more toward the final products than the other

Figure 4. Reactant, transition state, and product geometries for the “cis” transition state structure from the IRC pathway shown in Figure 3.

Figure 5. Reactant, transition state, and product geometries for the “trans” transition state structure from the IRC pathway shown in Figure 3.

Figure 6. Saddle point for two bridging waters and one EFP solvent
water at the RHF-EFP1/HF/6-31G(d,p), B3LYP-EFP1/DFT/6-31G(d,p)
(parentheses), MP2-EFP1/DFT/6-31G(d,p) (brackets), B3LYP/6-31G-
(d,p) ()†, and MP2/6-31G(d,p) []† levels of theory leading to the
E isomer. Bond distances are given in angstroms (Å).

Figure 7. Saddle point for two bridging waters and one EFP solvent
water at the RHF-EFP1/HF/6-31G(d,p), B3LYP-EFP1/DFT/6-31G(d,p)
(parentheses), MP2-EFP1/DFT/6-31G(d,p) (brackets), B3LYP/6-31G-
(d,p) ()†, and MP2/6-31G(d,p) []† levels of theory leading to the
Z isomer. Bond distances are given in angstroms (Å).
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methods, and although the IRC was very shallow energetically,
it never located an intermediate minimum.

This general PES landscape was also found for the formation
of the Z isomer, as seen in Figure 9. This path allows for the
formation of an intramolecular hydrogen bond through a
carbon-carbon single bond rotation. The additional transition
state corresponding to this rotation (TS3) is shown, making the
full path completely comparable to that considered by Yamabe.

Again, at all levels of theory save B3LYP-EFP1/DFT, a shallow
intermediate corresponding to a hydronium ion is found on the
potential energy surface, but the addition of the ZPVE correction
shows the intermediate to be unphysical. In the numbers that
follow, the activation energy is defined as the difference in
ZPVE-corrected energy between the higher of the two transition
states (if two exist) and the energy of the solvated keto form of
malonaldehyde.

Figure 8. Potential energy surfaces relative to the separated reactants for two bridging waters and one solvent water leading to theE isomer.
The transition state structures are shown in Figure 6.

Figure 9. Potential energy surfaces relative to the separated reactants for two bridging waters and one solvent water leading to theZ isomer.
The transition state structures are shown in Figure 7.
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Focusing on the EFP results, the addition of a single solvent
water reduces the activation barrier to the formation of the
E isomer by 7.3 kcal mol-1 relative to the unsolvated mecha-
nism, to anEa of 8.0 kcal mol-1 using B3LYP. For the MP2
method, the activation energy drops by 9.1 kcal mol-1 over the
unsolvated, to 13.6 kcal mol-1. For the formation of the
Z isomer, the B3LYP activation energy drops by 9.5 kcal mol-1,
to 7.7 kcal mol-1, whereas the MP2 drops by 13.8 kcal mol-1

to an Ea of 13.6 kcal mol-1. These results are similar to the
activation barrier of 13.6 kcal mol-1 found by Yamabe through
the “cis” transition state.

Although the performance of the EFP methods is the primary
focus of this work, it is interesting to note the landscape of the
IRC paths for the fully ab initio B3LYP/6-31G(d,p) and MP2/
6-31G(d,p) methods leading to theE andZ isomers. As can be
seen from the geometries shown in Figures 6 and 7, the TS1
transition states are almost certainly identical for both the
E andZ paths; indeed, the non-ZPVE-corrected energies only
differ by 0.015 kcal mol-1, strongly suggesting that the two
points are identical. In addition, the I1 intermediates are also
the same, differing by only 0.033 kcal mol-1. The second
transition state for theZ path is only 0.006 kcal mol-1 above
the intermediate I1 and is characterized by an imaginary
frequency of only 145 cm-1. These two points are so close
energetically that it was impossible to find an IRC path between
them (IRC searches displaced both directions along the imagi-
nary frequency always led to the enol product). The MP2 path
displays a similar behavior, although an IRC path between the
second transition state and the intermediate could be found. In
this case, the difference between the two intermediates is only
0.002 kcal mol-1, and there is no question that they are the
same point on the PES.

C. Two Bridging Waters and Two Solvent Waters.The
PES for two bridging waters and two EFP solvent waters is
qualitatively similar to that for one EFP solvent water, but the
activation energy leading to theE isomer is reduced by 3.2 kcal
mol-1 for both B3LYP and MP2 methods relative to the
corresponding single solvent water structures. For the B3LYP
surface,Ea is reduced to 4.8 kcal mol-1, and for the MP2 surface
the Ea is 10.4 kcal mol-1. For the formation of theZ isomer,
the barrier drops by 1.9 kcal mol-1 for B3LYP, to 5.8 kcal
mol-1, and the MP2 drops by 3.0 kcal mol-1, to 10.6 kcal mol-1.
By way of comparison, Yamabe et al. report a barrier of 7.4
kcal mol-1 for the “cis” transition state.

D. Two Bridging Waters and Three Solvent Waters.The
potential energy surfaces for two bridging waters and three
EFP solvent waters are qualitatively similar to those for the two
EFP solvent waters. One notable exception to this generalization
is the presence of a second transition state (TS2) for the B3LYP-
EFP1/DFT path leading to theE isomer. Of the six paths
investigated, this is the only one using the B3LYP-EFP1/DFT
method that found the second transition state. The effect of the
third discrete solvent water on the activation energy is mini-
mal: for the formation of theE isomer,Ea drops by 0.5 and
1.5 kcal mol-1 for the B3LYP and MP2 methods, respectively,
and it increasesby 0.2 and 0.4 kcal mol-1, respectively, for
the formation of theZ isomer. These results are consistent with
those found by Yamabe for the “cis” structure; they found an
Ea drop of only 0.3 kcal mol-1 in going from two to three solvent
waters.

IV. Discussion

A. QM/MM Model. It has been shown previously that
B3LYP-EFP1/DFT method tends to overbind the transition

state,5 leading to activation barriers that are consistently lower
than MP2-EFP1/DFT. Although the B3LYP-EFP1/DFT method
differs qualitatively from the full B3LYP method (the former
not locating the shallow intermediate on the potential energy
surface), the MP2-EFP1/DFT method matches the full MP2
path very well for the formation of theE isomer, overestimating
the relative energies by an average of 2.5 kcal mol-1 across the
reaction path, as seen in Figure 8. For the formation of the
Z isomer, this method again performs well, with an absolute
average deviation of 2.0 kcal mol-1 across the reaction path, as
seen in Figure 9. Again, all energies at all stationary points are
overestimated except for the second intermediate (I2), which is
underestimated by 0.8 kcal mol-1. These results are consistent
with the recommendation by Adamovic and Gordon5 that the
MP2-EFP1/DFT model be preferred over B3LYP-EFP1/DFT.

Figure 10 shows the lowering of the activation energies for
the formation of theE andZ isomers as the number of bridging
waters increases. (Again, no stable three-water bridge was found
for theZ isomer.) Relative to the correlated methods, Hartree-
Fock clearly does not perform well, consistently overestimating
the activation barriers for well-known reasons.16 Focusing then
on the B3LYP and MP2 results, the addition of a second
bridging water drops the barrier by an average of 9.8 kcal mol-1

for the E isomer, and an average of 8.8 kcal mol-1 for the Z.
The addition of a third bridging water for theE isomer only
drops the activation energy by an average of 3.0 kcal mol-1,
which is within the accuracy we can expect to achieve by using
a double-ú basis set, as compared to a triple-ú. Therefore, two
bridging waters are taken to be the optimal model for hydrogen
transfer in malonaldehyde for all transition structures considered
to date (both “cis” and “trans”).

Figure 11 shows the effect of additional EFP solvent water
molecules on the two bridging water model. Again, the Hartree-
Fock barriers are too high, as expected.16 For the B3LYP and
MP2 methods, the addition of a solvent water molecule lowers
the barrier by about 8 kcal mol-1 for the E isomer and about
10 kcal mol-1 for the Z. There is less benefit to be gained by
adding a second solvent water, but still important given the
expected accuracy of the double-ú basis set: theEa lowers by
about 3 kcal mol-1 for both isomers. The addition of a third
solvent water does not have any significant affect on the
activation energy, lowering it by only 1 kcal mol-1 for the
E isomer, andraising it by about 1 kcal mol-1 for the Z. The
addition of a third solvent water is typically in the second
solvation shell, thus not affecting the stabilization of the solvated
malonaldehyde directly.

B. Mechanism.Yamabe and co-workers make the argument
that the presence of a water tetramer in the solvated keto form

Figure 10. Activation energies as a function of the number of bridging
water molecules for the formation of theE andZ isomers.
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makes the O10 oxygen (see, for example, Figures 6 and 7)
highly nucleophilic. They point out that the HOMO of gas-
phase water is a lone pair on oxygen with an energy of
-0.50 au, and the HOMO of the keto form of malonaldehyde
(with the water tetramer) is localized at this same lone pair on
oxygen, but with a much higher energy of-0.42 au.1

Focusing on the MP2-EFP1/DFT/6-31G(d,p) results, it is clear
that the presence of the water tetramer is not necessary to
increase the HOMO energy of the lone pair localized at O10.
Figure 12 shows the HOMO form of the keto with two bridging
waters and two EFP solvent waters leading to theE isomer of
the enol. The energy of this orbital is also significantly higher
in energy: -0.439 au as compared to-0.497 au for the free
water at the same level of theory. Because of the increased
nucleophilicity, the C2-H7 bond length is elongated to
1.109 Å over the unsolvated bond length of 1.092 Å. The
LUMO+1 (0.003 au higher in energy than the LUMO) is
delocalized but does have a noteworthy AO component associ-
ated with H7. The keto form leading to theZ isomer dis-
plays similar frontier orbital properties, having an energy of
-0.439 au and a C2-H7 bond length of 1.110 Å. However, in
this case the MO analogous to the HOMO shown in Figure 12
is the (HOMO-1). (The HOMO itself is only 0.007 au higher
in energy.)

Even in the case of two bridging waters and only one
fragment, the (HOMO-1) has similar atomic orbital contribu-
tions but has a slightly lower energy of-0.446 au. (By way of
comparison, the full MP2/6-31G(d,p) method has the same
(HOMO-1) at-0.448 au.) In this case, the C2-H7 bond length
is 1.104 Å. Therefore, with increasing energy in the HOMO
[or (HOMO-1)], corresponding to increased nucleophilicity,
the C2-H7 bond length becomes more elongated, as expected.
For the “cis” transition structure, Yamabe reports a C2-H7 bond
length of 1.124 Å.

It is interesting to note that the molecular orbital shown in
Figure 12 also has a significant AO component connecting the
carbons where the double bond eventually forms. For the
E isomer, this is between C1 and C2, and for theZ isomer, it
is between C2 and C3. This, along with the unphysical nature
of the hydronium ion “intermediate”, indicates that the tau-
tomerization mechanism may be more concerted than previously
suggested.

V. Conclusions

A mechanism for the keto-enol tautomerization through a
competing “trans” transition state structure has been investigated
using ab initio and the RHF- and DFT-based effective fragment
potential methods. This “trans” structure leads to activation
energies that are on par with, or slightly more favorable than,
the previously studied “cis” structure, and the “trans” structure
has the added flexibility of leading to either theE or Z isomer
of the enol.

As with the general “cis” transition structure, the “trans”
reaction paths are driven by the increased nucleophilicity of
the HOMO (or HOMO-1) molecular orbitals of the keto form
of malonaldehyde. However, it has been shown that the presence
of a water tetramer is a sufficient, but not a necessary, condition
for the observed increase in the frontier orbital energy.

Although there are qualitative differences in the potential
energy surfaces between the B3LYP-EFP1/DFT/6-31G(d,p)
method and the full B3LYP/6-31G(d,p) method, the average
absolute relative deviation between the MP2-EFP1/DFT/6-31G-
(d,p) method and the full MP2/6-31G(d,p) calculations is
2.2 kcal mol-1 and will be used to further investigate the
energetics of the solvated Mannich reaction. The addition of
two or three discrete EFP solvent waters is expected to recover
the majority of the relaxation effects due to solvation.
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