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We have determined the optimized structures, relative energies and intramolecular reactions for two anionic
forms of malonic acid, anion malonate(-1) (HO2CCH2CO2

-) and malonate(-2) (-O2CCH2CO2
-). For this

purpose we employed accurate quantum chemistry calculations using second-order Mo¨ller-Plesset perturbation
theory and Density Functional Theory with an aug′-cc-p-VTZ basis set to determine the structures and energies,
and a novel metadynamics method based on Car-Parrinello molecular dynamics for the thermal reactions.
For both malonates, we found new isomers (keto and enol structures) characterized by CO2 rotations and
intramolecular proton transfers. These proton transfers characterize the keto-enol tautomerism that takes
place both in the monoanion and dianion. In all cases, the keto tautomer is the more stable configuration. The
metadynamics method allows the system to explore the potential energy surface in a few picoseconds, crossing
activation barriers of 20-50 kcal/mol.

I. Introduction

Malonic acid belongs to the important family of carboxylic
acids. There have been numerous computational studies on
carboxylic acidssin particular the simplest ones, namely formic
and acetic acids.1-7 The motivation for the studies of these acids
and their anions is to gain an understanding of the chemistry of
the acid moiety itself, proton transfer,4,5,8,9 the geometry of
excited states,2,9 and the existence of multiple charged anions
in the gas and solvated phases.10-14 In terms of its technological
significance, synthetic compounds based on malonic acid can
act as inhibitors of matrix metalloproteinases that cause tissue
remodeling and related diseases, such as tumor invasion and
joint destruction.15 Malonates have also been used as a model
for γ-carboxyglutamic acid (formed by a posttranslational,
Vitamin K-mediated carboxylation of specific glutamyl resi-
dues).16 In addition, malonic acid and its corresponding anions
are among the most abundant dicarboxylates found in natural
water. They are particularly important compounds in the
formation waters of oil fields in the crust of the earth, where
the speciation of malonates depends on the pH.17

Understanding the different conformations of malonic acid
(HO2CCH2CO2H) and its anions malonate(-1) (HO2CCH2CO2

-)
and malonate(-2) (-O2CCH2CO2

-) has proved to be a chal-
lenging problem for both theorists and experimentalists.8,9,17-22

While there have been some quantum chemistry investigations
of the different isomers, a complete identification of the global
minima and transition states (TS) has so far proved elusive.
Recently, Deerfield and Pedersen20 measured the relative
energies of the anions with respect to the acid, as well as the
difference between the keto and enol tautomers of the monoan-
ion and of the dianion. They also studied the influence of metal
ion coordination on the acidity. Mac¸ ôas et al.21 studied the
relative energies and vibrational spectra of the conformational
states of the malonic acid monomer, using various levels of
approximations. Their calculations predict the existence of six
different conformers, three of which were found with low
energies close enough to enable their spectroscopic observation.

Their more accurate calculations agreed well with their analysis
of the infrared spectra of monomeric malonic acid isolated in a
solid argon matrix. Herbert and Ortiz22 used the Moller-Plesset
to second order (MP2) method with the 6-31+G* and the
6-31++G(d,p) basis sets to identify some of the isomers of the
dianion-O2CCH2CO2

- as well as the monoanion O2CCH2CO2
-

obtained by eliminating one electron of the dianion. Unfortu-
nately, in some cases the basis set 6-31++G(d,p) is not accurate
enough for the proper identification of global minima and/or
transition states.

In this work, we have set out to identify the different minima
and transition states of the malonate anions by exploring the
free energy surface (FES) with a recently introduced method
named metadynamics.23,24 An elucidation of the long-lived
metastable configurations and the transition states is often crucial
for the understanding of the chemical and biological functions
of a molecule. However for most molecules, the theoretical
investigation of these important states is notoriously difficult.
The FES of most molecules is quite complex, with large free
energy barriers separating the different configurations. Very long
time scales are needed in order to fully explore a given FES,
which is generally precluded in a regular molecular dynamics
simulation. The metadynamics method is based on the ideas of
extended Lagrangian and coarse-grained non-Markovian dy-
namics (25-27), and it allows for different pathways to explore
rare events in systems with complex potential energy surfaces.
Although there is a great number of techniques to describe
complex chemical reactions, these techniques tend to fail when
the FES is very complex or when the entropic contribution
cannot be neglected. The metadynamics method can explore
complex reaction paths involving several energy barriers in a
very short time. Even when the exact transition state geometry
may not be achieved during a metadynamics simulation, the
trajectory generally samples states that are very close. It can,
therefore, be used to obtain an initial guess for more standard
optimization techniques that can thus easily optimize geometries
for both the transition states and previously unknown minima.
The use of this method, together with highly accurate quantum
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calculations, has allowed us to achieve a new characterization
of the relative and absolute minima, as well as the transition
states of the malonate anions.

II. Computational Methodology

A. The Metadynamics Method.The metadynamics method
allows for a quick and efficient sampling of the configurational
space. This is usually difficult to achieve with a regular MD
simulation if the TS barriers are relatively high. Details of the
metadynamics method have previously been published23,24and
will only be briefly reviewed here. The first crucial step in the
method is to identify thecollectiVe Variables(CV), Sa(R), a )
1, ...,n, which are analytic functions of the ionic positionsR.
The CVs must include all the relevant modes that cannot be
sampled in the time scale of the simulation, as well as be able
to distinguish between reactants and products. Typical CVs
include distances between atoms, dihedral or torsional angles,
coordination numbers, etc. The metadynamics trajectory is
defined within the context of the Car-Parrinello Lagrangian25

by introducing an extended, time-dependent Lagrangian:

whereLCP is the standard Car-Parrinello Lagrangian that drives
the electronic and ionic dynamics. Each selectedSa(R) is
coupled to an additional dynamic variablesa through a harmonic
potential 1/2ka(Sa(R) - sa)2. The second term in the Hamiltonian
is the fictitious kinetic energy of the{sa} and V(t,{sa}) is a
time-dependent potential constructed as a sum of repulsive, hill-
like potentials that prevent the system from visiting previously
explored configurations. The history-dependent potential fills
the free energy wells and drives the system from one minimum
to the other crossing saddle points. V(t,{sa}) is constructed by
superimposing a series of Gaussians. For the vectorss ) {sa}
andsi ) {sa(ti)}, V(t, s) has the following form:

The shape of the Gaussian is adapted to the topology of the
energy surface. In particular,∆s⊥ gives the size of the Gaussians
in a direction perpendicular to the motion while∆s|

i ) |si+1 -
si| gives the size along the direction of motion.Wi is an adaptive
prefactor calculated from the average of the harmonic force
involving the CVs, to counterbalance the force coming from
the original FES. The massMa and the coupling constantka

determine how fastsa evolves with respect to the ionic and
electronic degrees of freedom. If the values ofMa andka are
chosen so that the dynamics of{sa} is adiabatically decoupled
from the faster ionic and electronic motion, thenV(t, s)
approaches the free energy of the systemF(s):

within a constant. The accuracy of the evaluation of the free
energy profile depends on the size of the time-dependent
potential’s hills. For low accumulation rates,23,24 the accuracy
in the resolution of the free energy is a few kilocalories per
mole.

Metadynamics simulations were carried out using the CPMD
code,28 with the LYP correlation energy29 and the OPTX

exchange energy functional.30 The electronic description used
Vanderbilt pseudopotentials31 with a 45 Ry energy cutoff.
Metadynamics molecular dynamics (MD) simulations driven by
the Lagrangian in (2.1) were carried out atT ) 300 K. They
used a time step of 0.12 fs, a fictitious electron mass of 800
a.u, and V(t, s) was updated every 0.001 ps.

B. Accurate Quantum Chemistry Calculations. Minima
and transition states of the malonate anions were determined
with four different calculations. First, we used the MP2 method
as implemented in the Gaussian 0332 program, for the energy
calculations in gas phase. Since a correct description of these
potential energy hypersurfaces requires large basis sets in
conjunction with a high-level treatment of electron correlation
effects, an aug′-cc-p-VTZ basis set (Dunning’s polarized valence
triple-split basis set augmented with diffuse functions on
nonhydrogen atoms33) was used. (smaller basis set like 6-31++G-
(d,p) failed to properly determine some of the minima and/or
TS). Second, we performed all-electron density functional theory
(DFT) calculations in gas phase, using the same basis set and
the BLYP29,34 functional, as provided by Gaussian 03. Third,
we repeated this last calculation with a continuous solvent model
based on the Onsager model,35 where the solute is placed in a
spherical cavity immersed in a continuous medium having the
dielectric constant of water. (Unfortunately we were not able
to determine the TS enol 1f enol 2 in this approximation).
Fourth, we carried out exact geometry calculations using the
CPMD code,28 with the LYP correlation energy and the OPTX
exchange energy functional.30 The electronic description used
Vanderbilt pseudopotentials31 with a 45 Ry energy cutoff. These
calculations compared very well with the results obtained from
both MP2 and DFT with the aug′-cc-p-VTZ basis set, which
validates the metadynamics results. In all cases, a normal-mode
analysis was performed to confirm the nature of the stationary
points.

III. Structural Results

Atomic labels for the monoanion and dianion are given in
Figure 1, parts a and b, respectively. Here, label H10 in the
monoanion represents the proton that is always bonded to O9
(it can also jump to O7); H1 is always bonded to C3; and H2
can be bonded either to C3 (keto) or O7 (enol), thereby deter-
mining the nature of the tautomer. In the dianion, H1 is always
bonded to C3, and H2 is bonded to either C3 (keto) or O7 (enol)
in the equilibrium states or to O8 in the transition state keto 1
f enol 1. Results for the relative energies are presented in Table

Figure 1. Atomic labeling for (a) malonate monoanion, and (b)
malonate dianion. In this convention, we label H10 in the monoanion
as the proton always bonded to O9 (it can also jump to O7), H1 is
always bonded to C3, while H2 can be bonded either to C3 (keto) or
O7 (enol), determining the nature of the tautomer. In the dianion, H1
is always bonded to C3, and H2 to either C3 (keto) or O7 (enol) in the
equilibrium states, or to O8 in the transition state keto 1f enol 1
(Figure 3d). Naturally, in the enol forms H2 can jump between the
symmetric positions at O7 and O9.
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1 and for the structural parameters in Tables 2-4. For compar-
ison purposes, results obtained using the BLYP density energy
functional with the same basis set are shown in Table 1, and
structural results for the OLYP exchange energy functional
(obtained with the CPMD code) are presented in Tables 2-4.
We found that the DFT/OLYP calculations with Vanderbilt
pseudopotentials gave better values than the all-electron DFT
BLYP/aug′-cc-p-VTZ description (measured with respect to the
MP2 calculations). For the bonds and dihedrals angles, these
values are less than 1% higher than the ones obtained with the
more accurate MP2/aug′-cc-p-VTZ calculation; for the torsional
angles the agreement is somewhat less good.

A. Malonate Monoanion. Optimization of the monoanion
(hydrogen malonate) geometries gave the structures shown in

Figure 2. In all the structures, one of the acid groups always
contains 1 hydrogen atom (-COOH), while the other group
may bear the negative charge (keto tautomer), or may also be
attached to a hydrogen (enoltautomer), in which case the middle
C bears the negative charge. Four minima were found, with
the two keto forms are lower in energy than the two enol forms.
The global minimum is a planar carbon-oxygen ring config-
uration (Figure 2a), with the proton H10 lying in the inner part
of the carbon ring. The proton is slightly closer to one of the
two oxygens, and during metadynamics simulations it frequently
jumps between the oxygens. In fact, the configuration where
H10 is exactly equidistant from O7 and O9 (not shown)
represents a transition state with a tiny energy barrier of∼0.18
kcal/mol.

Conformation b is characterized by a rotation of the CO2

moiety; this is the most polar structure (with a dipolar moment
µ ) 6.7 D), and therefore the structure is stabilized considerably
when solvent effects are included. The transition states between
the keto minima (a and b) are shown in Figure 2c. The first
planar enol form shown in part d is just 1 kcal/mol higher than
the very different keto 2 structure. The second planar form
shown in part e is a totally symmetric configuration. The
transition states between the enol minima (d and e) are shown
in Figure 2f. Out of the six stationary states presented here,
only part e has been reported previously.20

B. Malonate Dianion.Optimization of the malonate dianion
geometries resulted in the structures shown in Figure 3. The
global minimum corresponds to a keto structure (Figure 3a),
with the two CO2 groups laying on perpendicular planes. The
C-C bond lengths are longer than in the other conformations,
while the dihedral C-C-C angle is the smallest one. The other
internal angles are completely symmetrical. In addition, we
found two enol structures. The relative energy of the enol 1

TABLE 1: Relative Energies of the Deprotonated Forms of
Malonic Acida

MP2 BLYP solvent

monoanion
keto 1 0.0 0.0 0.0
keto 2 19.3 16.8 11.3
enol 1 20.3 17.7 14.4
enol 2 25.5 22.4 20.1
TS keto 1f keto 2 23.1 20.1 11.4
TS enol 1f enol 2 33.4 29.6

dianion
keto 1 0.0 0.0 0.0
enol 1 7.2 8.0 8.4
enol 2 28.7 27.3 25.3
TS keto 1f enol 1 49.7 47.9 26.4
TS enol 1f enol 2 34.9 32.5

a The relative energies are given in kilocalories per mole and include
zero point energy corrections. Both the MP2 and DFT-BLYP calcula-
tions use the aug′-cc-p-VTZ basis set. The energies in the “solvent”
column are computed using the DFT-BLYP approximation with the
continuum dielectric Onsager model. TS stands for transition state.

TABLE 2: Optimized Bond Lengths (Å) at the MP2 Levela

C4-C3 C3-C5 C4-O8 C4-O9 C3-H1 C5-O6 C5-O7

monoanion
keto 1 1.53(1.54) 1.54(1.55) 1.23(1.24) 1.31(1.32) 1.09(1.10) 1.23(1.25) 1.29(1.31)
keto 2 1.48(1.48) 1.59(1.64) 1.22(1.23) 1.37(1.39) 1.09(1.10) 1.25(1.26) 1.25(1.25)
enol 1 1.43(1.44) 1.40(1.41) 1.23(1.24) 1.38(1.40) 1.08(1.09) 1.24(1.25) 1.43(1.44)
enol 2 1.41(1.42) 1.41(1.42) 1.24(1.25) 1.39(1.41) 1.08(1.09) 1.24(1.25) 1.39(1.41)
TS k1-k2 1.48(1.48) 1.60(1.64) 1.21(1.22) 1.40(1.41) 1.09(1.10) 1.24(1.25) 1.25(1.26)
TS e1-e2 1.41(1.42) 1.41(1.42) 1.23(1.24) 1.42(1.44) 1.08(1.09) 1.24(1.25) 1.39(1.41)

dianion
keto 1 1.56(1.57) 1.56(1.57) 1.27(1.28) 1.26(1.27) 1.09(1.10) 1.27(1.28) 1.26(1.27)
enol 1 1.46(1.46) 1.41(1.43) 1.27(1.29) 1.31(1.33) 1.08(1.09) 1.26(1.27) 1.38(1.39)
enol 2 1.50(1.50) 1.38(1.39) 1.28(1.30) 1.27(1.28) 1.08(1.09) 1.28(1.29) 1.43(1.44)
TS k1-e2 1.50(1.51) 1.51(1.51) 1.37(1.38) 1.23(1.24) 1.09(1.10) 1.28(1.29) 1.27(1.28)
TS e1-e2 1.51(1.51) 1.38(1.39) 1.28(1.30) 1.27(1.28) 1.09(1.10) 1.26(1.28) 1.45(1.47)

a Values calculated with DFT with the OLYP functional and Vanderbilt pseudopotentials as implemented in the CPMD code are given in parentheses.

TABLE 3: Optimized Dihedral Angles (deg) at the MP2 Levela

C4-C3-C5 C3-C4-O9 C3-C5-O7 O8-C4-O9 O6-C5-O7 H1-C3-C4 H1-C3-C5

monoanion
keto 1 118(118) 115(115) 115(115) 125(124) 126(126) 109(107) 109(107)
keto 2 111(114) 112(113) 116(117) 120(120) 132(132) 111(111) 107(106)
enol 1 130(131) 118(119) 115(115) 117(116) 115(115) 115(115) 115(115)
enol 2 131(133) 117(118) 117(118) 116(116) 117(116) 115(114) 115(114)
TS k1-k2 107(111) 112(112) 115(116) 121(120) 131(131) 111(111) 107(105)
TS e1-e2 131(133) 116(117) 118(118) 118(117) 116(116) 115(114) 114(113)

dianion
keto 1 119(120) 116(117) 116(117) 127(126) 127(127) 107(107) 107(108)
enol 1 125(125) 117(117) 115(115) 122(122) 118(118) 118(118) 117(117)
enol 2 133(134) 121(121) 119(119) 125(124) 112(112) 115(114) 112(112)
TS k1-e2 125(127) 135(135) 118(119) 122(122) 125(125) 108(109) 111(112)
TS e1-e2 133(134) 121(121) 116(117) 125(124) 115(114) 114(113) 113(112)

a Values calculated with DFT with the OLYP functional and Vanderbilt pseudopotentials as implemented in the CPMD code are given in brackets.
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configuration (Figure 3b) with respect to the keto 1 tautomer is
measured as 7.2 kcal/mol (MP2/aug′-cc-p-VTZ). This is the least
polar structure (µ ) 1.7 D), and therefore, there is almost no
difference in energy when solvent effects are included. The other
enol form, identified as the enol 2 structure (Figure 3c), has a
relative energy of 28.7 kcal/mol (MP2/aug′-cc-p-VTZ). The
geometry not only differs from the other enol form in the
position of the H2 atom, but it also has bigger internal angles
and the carbon ring is wider.

We were able to identify two transition states. The TS keto
1 f enol 1 (Figure 3d), has a very large energy barrier of
49.7 kcal/mol in gas phase (MP2/aug′-cc-p-VTZ). When
solvent effects are considered, this barrier is reduced to 26.4
kcal/mol. The TS enol 1f enol 2 (Figure 3e) has a structure
with an energy of 34.9 kcal/mol in the gas phase (MP2/aug′-
cc-p-VTZ) relative to the global minimum. To the best of our
knowledge, these transition states have not been identified
before.

TABLE 4: Optimized Torsional Angles (deg) at the MP2 Levela

C3-O8-C4-O9 C3-O6-C5-O7 O8-C4-C3-H1 O6-C5-C3-H1

monoanion
keto 1 179(179) 179(179) 47(78) 47(79)
keto 2 179(178) 180(180) 146(148) 58(55)
enol 1 180(180) 180(180) 0.004(0.14) 0.02(0.15)
enol 2 180(180) 180(180) 0.04(0.05) 0.03(0.10)
TS k1-k2 176(176) 180(180) 143(141) 65(63)
TS e1-e2 177(177) 178(178) 4.04(4.29) 4.34(4.43)

dianion
keto 1 176(176) 176(176) 114(114) 1.97(3.27)
enol 1 180(180) 180(180) 0.15(0.49) 0.09(0.06)
enol 2 180(180) 180(180) 0.04(0.23) 0.01(0.04)
TS k1-e2 180(180) 177(176) 81(81) 20(17)
TS e1-e2 178(178) 178(178) 12(12) 5(6)

a Values calculated with DFT with the OLYP functional and Vanderbilt pseudopotentials as implemented in the CPMD code are given in brackets.

Figure 2. Optimized structures for the malonate anion. Relative energies are given in Table 1. (a) keto 1 configuration; (b) keto 2 configuration;
(c) TS between (a) and (b); (d) enol 1 configuration; (e) enol 2 configuration; (f) TS between (d) and (e).

Figure 3. Optimized structures for the malonate dianion. Relative energies are given in Table 1. Key: (a) keto 1 configuration; (b) enol 1 configuration;
(c) enol 2 configuration; (d) TS between parts a and b; (e) TS between parts b and c.
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Finally, the absolute minimum of the dianion is higher than
that of the monoanion:-415.674774 vs-416.405711 au. The
malonate dianion has not been seen experimentally in gas
phase,22 although one to three molecules of waters seem enough
to stabilize it in electrospray experiments.36 Yet, we believe that
a complete understanding of the dianion in water requires first
a clear knowledge of the intramolecular potentials. In this sense,
our work is similar to other published work, where studies of
the intramolecular potentials are carried out.20,37,38

IV. Metadynamics Results

Here we discuss salient features of the metadynamics runs,
that helped in the elucidation of some of the minima/TS as well
as revealed the mechanisms in conformational changes or
intramolecular proton transfer. In this work, we present curves
of the energy vs the simulation time. In many cases, the minima
and maxima of the curves are easy to visualize; in a few cases
the noise in the energy may make it a little less obvious.
Fortunately, in those “doubtful” cases, one has other variables,
such as the collective variables as a function of time andsmost
practicalsdynamics of the reaction that can be visualized
through movies, that help discern between the different states.

A. Malonate Monoanion.We performed two metadynamics
runs where the time dependent potential was constructed using
small Gaussians (whose height was about 1% of the barriers
involved). The width of the Gaussians was chosen as∆s⊥ )
0.1 and the height was chosen asWi ) 0.6 kcal/mol. In the
first run (Figure 4), we started from the enol 2 conformation
(Figure 2e), and chose as CVs the H10-O8 distance and the
H10-C3-H1 angles. At the beginning of the simulation, the
H10 proton moves rapidly around its equilibrium position.
Within only 2.5 ps the well is filled and the proton can finally
rotate reaching the TS. After crossing this barrier the molecule
goes directly to the enol 1 structure. The free energy barrier
calculated using the approximation (2.3) is∼10 kcal/mol. (In
the MP2 calculation, this is 7.9 kcal/mol, see Table 1).

A second metadynamic run starting from the keto 2 tautomer
was performed. The reaction coordinates chosen in this case
were the H10-O7 distance,the torsional angle C3-C4-O8-
O9 and the dihedral angle C4-O9-H10. As can be seen in
Figure 5, the TS between these keto structures is reached in
≈1 ps. After that, we observed several rotations of the C4-
O8-O9-H10 moiety, until the system finally crosses the 5 kcal/
mol barrier and further lowers its energy by rotating both

O-C-O moieties. Finally, after 4 ps of simulation, the system
falls into the global minimumsthe keto 1 structureslying ≈20
kcal/mol below the initial configuration. The free energy barrier
calculated from the metadynamics approximation (2.3) is
estimated to be about 4 kcal/mol, which compares reasonably
well with the 3.3 kcal/mol result based on the MP2 calculation.

B. Malonate Dianion. The first simulation, presented in
Figure 6, started from the enol 2 configuration in Figure 3c. To
study the reaction from this configuration to the enol 1 tautomer
(Figure 3b), we found that the best choice for the CVs is the
dihedral angle C3-C5-H2 and the torsional angle O8-C4-
C3-C5. Although this reaction involves a similar rearrangement
to the corresponding reaction studied for the anion malonate,
the energy well is filled almost inmediately after the simulation
starts (Figure 6). The H2 atom reaches the TS with an energy
barrier≈7kcal/mol and then, in just 0.25 ps, forms the enol 1
configuration. For the rest of the simulation, the proton keeps
jumping between O9 and O7.

Figure 7 shows details of a second metadynamics run, which
shows the mechanisms of intramolecular proton transfer. Starting
from the enol 1 structure (Figure 3b) we were able to observe
the transition to the global minimum, keto 1 tautomer (Figure
3a). The reaction coordinates were chosen to be the same as in
the previous reaction: the C3-C5-H2 dihedral angle and the

Figure 4. Potential energy evolution as obtained from metadynamics
during the enol 2f enol 1 monoanion reaction.∆s⊥ ) 0.1; Wi ) 0.6
kcal/mol; Ma ) 40 amu;ka ) 0.2 amu.

Figure 5. Potential energy evolution as obtained from metadynamics
during the keto 2f keto 1 monoanion reaction.∆s⊥ ) 0.1; Wi ) 0.6
kcal/mol; Ma ) 40 amu;ka ) 0.2 amu.

Figure 6. Potential energy evolution as obtained from metadynamics
during the enol 2f enol 1 dianion reaction.∆s⊥ ) 0.05; Wi ) 0.3
kcal/mol; Ma ) 40 amu;ka ) 1.5 amu.
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O8-C5-C3-C4 torsional angle. However, we had to use a
limiting case with larger Gaussians (width) 0.2 and height
≈6 kcal/mol) and smaller masses (1 amu), (in this case, the
approximation in (2.3) is no longer valid). First, we observed
the H2 proton jumping between the two oxygens (O7 and O9)
in the enol 1 configuration, crossing several times the tiny
barrier. It takes approximately 1 ps for the H2 to cross the first
barrier (TS enol 1f enol 2), making a rotation in order to
reach the higher-energy enol 2 configuration. Then the system
jumps several times between these two states (enol 2 and enol
1), crossing intermediate states characterized by torsional
rotations driven by the O8-C5-C3-C4 reaction coordinate
and the proton transfer between the two adjacent oxygens. After
∼6 ps the H2 forms a bond with the central carbon and in a
few ps a torsional rotation takes place, completing the transition
to the global minimum. The activation barrier for the complete
transition is around 50 kcal/mol (Table 1). Although this was a
coarse exploration, an interesting pathway for this reaction,
which samples all the relevant stationary points, was identified.
Figure 8 shows a schematic energy profile of the trajectory for
the reaction.

V. Conclusions

We have determined the optimized structures, relative ener-
gies and intramolecular reactions for two anions forms of
malonic acid, anion malonate(-1) (HO2CCH2CO2

-) and mal-
onate(-2) (-O2CCH2CO2

-). A novel metadynamics method
based on Car-Parrinello MD was used to help identify different
minima and TS. The use of this method together with accurate

quantum chemistry calculations allowed the identification of
new malonate isomers (keto and enol structures), characterized
by CO2 rotations and intramolecular proton transfers. These
proton transfers characterize the keto-enol tautomerism typical
of these anions. In all cases, the keto tautomer is the more stable
configuration. The metadynamics method allowed the system
to explore the potential energy surface in a few picoseconds,
crossing activation barriers of 20-50 kcal/mol. It revealed
interesting pathways for conformational transitions and/or proton
intramolecular transfer. In particular, the transition enol 1f
enol 2f keto for the dianion was observed in a 10 ps run.
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Figure 7. Potential energy evolution as obtained from metadynamics
during the enol 1f keto 1 dianion reaction.∆s⊥ ) 0.2; Wi ) 5-15
kcal/mol.

Figure 8. Reaction energy profile as obtained from metadynamics for
the enol 1f keto 1 reaction.
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