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A theoretical study of the Michael-type addition of 1,3-dicarbonyl compounds to o,B-unsaturated
carbonyl compounds has been performed in the gas phase by means of the AM1 semiempirical method
and by density functional theory (DFT) calculations within the B3LYP and M06-2X hybrid functionals.
A molecular model has been selected to mimic the role of a base, which is traditionally used as a catalyst
in Michael reactions, an acetate moiety to modulate its basicity, and point charges to imitate the
stabilization of the negative charge developed in the substrate during the reaction when taking place in
enzymatic environments. Results of the study of six different reactions obtained at the three different
levels of calculations show that the reaction takes place in three steps: in the first step the o proton of the
acetylacetone is abstracted by the base, then the nucleophilic attack on the B-carbon of the o,B-unsaturated
carbonyl compound takes place generating the negatively charged enolate intermediate, and finally the
product is formed through a proton transfer back from the protonated base. According to the energy
profiles, the rate limiting step corresponds to the abstraction of the proton or the carbon—carbon bond
formation step, depending on substituents of the substrates and method of calculation. The effect of the
substituents on the acidity of the o proton of the acetylacetone and the steric hindrance can be analyzed
by comparing these two separated steps. Moreover, the result of adding a positive charge close to the
center that develops a negative charge during the reaction confirms the catalytic role of the oxyanion hole
proposed in enzyme catalysed Michael-type additions. Stabilization of the intermediate implies, in
agreement with the Hammond postulate, a reduction of the barrier of the carbon—carbon bond formation
step. Our results can be used to predict the features that a new designed biocatalyst must present to

efficiently accelerate this fundamental reaction in organic synthesis.

Introduction

Carbon—carbon bond formation, a challenging target in organic
synthesis, is conventionally performed by nucleophilic displace-
ments, radical additions or organometallic couplings.’ In particu-
lar, a useful and efficient reaction is the Michael addition,® the
conjugated addition of a resonance stabilized carbanion or
another carbon nucleophile (Michael donor) to an activated
o,B-unsaturated carbonyl-containing compound (Michael accep-
tor), as in Scheme 1. One of the most well-known carbon-
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Michael transformations is the base-catalyzed addition of ethyl
acetoacetate to methyl acrylate.® It has been proposed that the
acetoacetate is first deprotonated by the base, providing an
enolate anion (Michael donor). Then, the enolate anion reacts in
a 1,4-conjugate addition to the olefin of the acrylate (Michael
acceptor). The carbonyl of the acrylate stabilizes the resulting
anion until proton transfer occurs, regenerating the base. Overall,
the rate determining step is proposed to be the attack of the
enolate anion on the activated olefin.*

As mentioned, strong bases are traditionally used as catalysts
for this reaction but undesired side-reactions such as elimi-
nations,” polymerization of the Michael acceptor® or cyclocon-
densations’ can take place. In order to avoid this problem,
catalysts such as transition metals, lanthanide based compounds
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Schematic diagram of the Michael addition reaction.
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or the most recent application of modified enzymes by protein
engineering can be employed.®

In the past decades, and mainly after the introduction of
recombinant DNA technology, the use of enzymes for chemical
transformations, including carbon—carbon bond formation reac-
tions, is becoming a promising tool in organic synthesis
laboratories of academia and industry.” Advantages of biocata-
lysts are due to their high efficiency, selectivity, fewer unwanted
side-products, and their capability of working at mild conditions
of temperature or pressure. These features justify the increasing
interest in understanding and applying biocatalysts in producing
high value chemicals from the environmental point of view.
But also, the use of these new synthetic strategies opens the door
to reducing the required reaction steps by using a one-pot pro-
cedure, allowing the decrease of energy consuming steps such as
separation and purification of intermediates, with the obvious
consequent economical savings. Challenges for one-pot trans-
formations are centered on the design of highly selective cata-
lysts with well-optimized isolated active sites. Heterogeneous
catalysts are promising candidates to perform multistep pro-
cesses,'® particularly when different and incompatible active
sites are required. In this case, the natural biochemical processes
in living organisms are a major source of inspiration for design
of new organocatalysts with high catalytic efficiency and
stereoselectivity.

If either an inorganic compound or a protein is used as a scaf-
fold to properly shape an efficient catalyst, a deep knowledge of
the reaction mechanism at a molecular level is required. In this
regard, computational chemistry techniques have demonstrated
to be an adequate complementary tool to explain, predict and
guide organic synthesis experiments based on theoretically pre-
dicted reaction mechanisms. In the present study, the Michael-
type addition of two different 1,3-dicarbonyl compounds to
three different o,B-unsaturated carbonyl compounds, as depicted
in Scheme 2, has been studied in the gas phase. These reactions
are the ones studied experimentally by Berglund and co-workers
in the presence and absence of enzymes (the wild-type and a
modified C. antarctica lipase B).'" Keeping in mind the molecu-
lar model we are using in this study, the experimental data will
be considered as an upper limit of our predicted rate constants
derived from the rate limiting step of the proposed molecular
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Scheme 2 Molecular model employed to study the Michael-type

additions of 1,3-dicarbonyl compounds to o,B-unsaturated carbonyl
compounds.
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mechanism. The analysis of the geometrical and electronic fea-
tures of the species appearing along the reaction paths of the
different studied reactions will be used to explain the Michael
addition reaction and to rationalize the design of an optimum
catalyst.

Computational methods

The theoretical study of six different Michael-type addition reac-
tions has been performed within six different molecular models
by changing the R1 and R2 substituents, as presented in
Scheme 2. Imidazole has been used as a base, together with an
acetate ion to modulate its proton affinity. This reduced model,
depicted in Scheme 2, has been selected to mimic the conserved
aspartate and histidine residues found in the active site of o/
hydrolases, which have shown significant activity for Michael
addition reactions. The potential energy surfaces (PESs) for the 6
different reactions have been obtained at the AM1 semiempirical
level'” and by means of density functional theory (DFT) with
hybrid functionals such as B3LYP'® and M06-2X."* The highly
parametrized M06-2X hybrid functional was selected in order to
improve the limitation of the dispersion treatment of the B3LYP
functional. The 6-31+G** basis set was used for the DFT
calculations.

After localizing the stationary points, frequency calculations
were carried out to verify that the structures represent true
minima or first-order saddle points on the gas phase PESs. Once
first-order saddle points were located and characterized, the
Intrinsic Reaction Coordinate (IRC) path was traced down from
the saddle points to the corresponding minima using the full gra-
dient vector. The global r.m.s. residual gradient in the optimized
structures was always less than 0.04 kcal mol™" A~". It is impor-
tant to note that no constraints were applied to any of the geome-
try optimizations. Although allowing more reliable energetics,
this implies that possible artifacts, such as odd interaction com-
plexes, can be obtained. Thus, proper orientation of the different
structures in the starting point structures is a crucial step in the
computational protocol. Also, keeping in mind that the reaction
under study is a multi-step process, IRC calculations traced
forward from a TS structure do not necessarily converge in the
end of the backwards path traced from the following IRC. In this
sense, efforts have been made to get a converged result, other-
wise the minimum energy structure, belonging to the reaction
path, was selected. Zero point energies and thermal contributions
to the enthalpy and to the free energy were obtained at 298 K by
means of the M06-2X functional within the rigid-rotor and har-
monic approximation in the gas phase.'> Natural population
analysis has been performed for all stationary structures.'® All
calculations were performed with Gaussian 09."7

Results and discussion

A schematic representation of the stationary point structures
located along the reaction path traced on the PESs is depicted in
Fig. 1, the potential energy profiles for the 6 studied reactions
are presented in Fig. 2 while the comparison between the poten-
tial energy profiles and the free energy profiles obtained at the
MO06-2X level is shown in Fig. 3. It is important to point out that
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Fig. 1 Schematic representation of the stationary point structures located along the reaction path traced on the PESs.

free energies computed from normal mode analysis of cluster
model systems in the gas phase are obviously related to just the
explicit molecular system and, consequently, differences can
appear in future studies in condensed media. Selected key inter-
atomic distances for the stationary point structures located on the
different PESs at the three levels of theory and relative energies
to the reactant complex are reported in the ESIL.{

The first conclusion that can be derived from the reaction
profiles is that the three theoretical methods describe all reactions
as three step mechanisms. The fact that the reaction mechanism
was qualitatively equivalent at high level and low level of theory
(DFT and semiempirical methods, respectively) can be used in
future studies of this reaction in the presence of a catalyst such
as an enzyme. These studies required the use of expensive
hybrid quantum mechanical/molecular mechanics (QM/MM)
molecular dynamics (MD) simulations, in which, due to compu-
tational limitations, QM regions are necessarily described by low
level semiempirical Hamiltonians. Nevertheless, it is also impor-
tant to note that, as is discussed in detail below, the relative
energy barriers, and consequently the rate limiting step (RLS) of
the full process, depend on the level of calculation and in the
inclusion of entropic contributions.

Interestingly, when exploring the transformation from reactant
complex to the second intermediate by means of a two dimen-
sional PES, explicitly controlling the C1-C5 distance and the
proton transfer from C5 to N7, a not very much higher in energy
concerted path could be traced, as shown in Fig. 4 for reaction
1 + 3 (see ESIi for the corresponding PESs for the rest of the
reactions showing the same feature). This result can suggest that
a protein environment could slightly change the topology of the

potential or free energy surfaces, making feasible a reaction
mechanism involving fewer chemical steps. Nevertheless, no
stationary point corresponding to a saddle point of order one can
be located on the gas phase surface for this possible concerted
path. Thus, the reaction mechanism in the gas phase is described
as follows: in the first step the o proton of the acetylacetone is
abstracted by the base, then the nucleophilic attack on the
B-carbon of the o,B-unsaturated carbonyl compound takes place
generating the negatively charged enolate intermediate, and
finally the product is formed through a proton transfer back from
the protonated base.

The catalytic dyad formed by the imidazole and acetate pro-
vides a unique function in shuttling protons back and forth in the
sequence of reaction steps. This feature of the catalytic acid—base
dyad to serve either as a Brensted acid or as a Bronsted base,
when found in the conjugate base form, has been recently used
by Yang and Wong to design a new type of chiral f-amino acid
organocatalyst.'® This was based on a carboxyl and imidazole
pair that catalyzes Michael additions of aldehydes to nitroalk-
enes. In fact, as mentioned in the introduction section, we intro-
duced the two moieties in the model to mimic the conserved
histidine—aspartate pair observed in the active site of enzymes
catalyzing the Michael addition, such as Candida antarctica
Lipase B (CALB).!"" Nevertheless, the system behaves in a
different way if comparing the results obtained with different
methods. Thus, AMI1 calculations show a relative movement
between the proton and the N9 and O11 atoms depending on the
charge of the imidazole, but proton shuttling is not observed
along the reaction process (see key inter-atomic distances
obtained for all localized stationary point structures in the ESI}).
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Fig. 2 Potential energy profiles for the Michael-type additions of 1,3-dicarbonyl compounds to o,B-unsaturated carbonyl compounds, as defined in
Scheme 2, obtained at AM1 (black line), B3LYP (green line) and M06-2X (orange line) levels of calculation.

The proton is spontaneously transferred to the acetate in initial
RC optimization and although H10—O11 suffers an elongation in
RC and PC, concomitantly with an approach between donor and
acceptor atoms, H10 proton is linked to the acetate all along the
reaction profile. According to B3LYP calculations, H10 proton is
initially bonded to imidazole in RC but it is spontaneously trans-
ferred to the acetate in the first step, remaining bonded to O11
until the last TS, when it goes back to the base concomitantly
with H6 proton transfer from imidazole to the substrate. This be-
havior is observed in all reactions except in reaction 1 + 3, where
H10 is initially bonded to acetate and remains in this position
until the last step, as occurs in AMI1 calculations. This behavior
is equivalent to the one deduced from M06-2X calculations for
reactions 1 + 3,2 + 3,2 + 4 and 2 + 5 while the shuttling of
H10 proton is observed for reactions 1 + 4 and 1 + 5. These
results reflect the labile character of this proton and the role of
the imidazole—acetate pair that adapts to reach the minimum
energy conformation, depending on the level of theory and the
substituent of both 1,3-dicarbonyl compounds and the o,pB-
unsaturated carbonyl compounds favoring the abstraction of the
o proton of the former. In fact, the energy barrier of this proton

transfer, computed at the M06-2X level for a frozen geometry,
reveals values lower than 2 kcal mol™" in all systems. Our results
show that the imidazole ring in AM1 structures of RC presents a
negative charge that can be related with the systematically lower
barrier of the first step by comparison with DFT results. DFT
results do not allow such a direct conclusion. Thus, reactions
with compound 1 follow the same trend, lower barriers are
obtained when the proton is already attached to the acetate in
RC (first barrier of reaction 1 + 3 is ca. 10 kcal mol™", while a
value ca. 15 kcal mol™" is obtained for reactions 1 + 4 and 1 +
5), but the same trend is not observed when analyzing reactions
with compound 2. Proton shuttling is observed from RC to TS1
in the three reactions of compound 2 studied by B3LYP, while
H10 is already transferred to acetate in RC structures optimized

with the M06-2X functional, also for the three reactions.

The second step, the carbon—carbon bond formation, presents
energy barriers that are, in general, close to the ones observed
for the first step. This step can be strongly favored if the negative
charge developed on the oxygen atom of the o/B-unsaturated
compound from I1 to 12 was stabilized by positive charges. This
effect has been previously described as an oxyanion hole

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Energy profiles for the Michael-type additions of 1,3-dicarbonyl compounds to o,B-unsaturated carbonyl compounds, as defined in Scheme 2,
obtained as potential energy (black line) and free energies (red line) within the M06-2X functional.
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Fig. 4 Potential energy surface for the conversion from reactants to
intermediate 2 for the 1 + 3 reaction obtained with the AM1 method.

stabilization in the case of enzyme catalyzed reactions such as
serine proteases,'” 2! human acetylcholinesterase,”” ketosteroid
isomerase,23 etc.

In order to check this hypothesis, single point energy calcu-
lations at the M06-2X level have been carried out with a positive
charge located at 2.0 A from the O4 atom, with the stationary
point structures located on the PESs. The calculations for reac-
tions 1 + 3 and 2 + 3, presented in Fig. 5, show a dramatic stabil-
ization of 12 (in a range between 25 and 30 kcal mol™"). In
agreement with the Hammond postulate, this stabilization pro-
vokes a reduction of the energy barrier for the first step. In fact,
according to the results, the Il to 12 transformation becomes,
under the effect of this positive charge, a barrier-less step.
Obviously, such an effect would not be so dramatic in an
enzyme active site where hydrogen bond interactions are estab-
lished, with residues such as glycine and threonine, rather than
interaction with positive point charges.

Regarding the third step, consisting of the proton transfer from
the protonated imidazole to the unsaturated B-carbon of the sub-
strate, its energy barrier can be modulated by the imidazole—
acetate dyad, as was the case for the first step. Thus, for instance,
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Fig. 5 Potential energy profiles for the Michael-type additions of 1 + 3 and 2 + 3, as defined in Scheme 2, obtained at the M06-2X level with a posi-

tive charge at 2.0 A from the O4 atom. See text for details.

the highest barrier for this step with DFT methods was obtained
for reaction 1 + 3, while the lowest barrier was obtained for reac-
tion 2 + 5. In the former, the variation of the N9—H10 distance
from 12 to TS3 is 0.088 and 0.070 A at the B3LYP and M06-2X
levels, respectively, while the corresponding distance for reaction
2 + 5 changes just by 0.071 and 0.045 A, respectively (see ESI}
for the list of key inter-atomic distances obtained at all levels of
theory). These results suggest a correlation between the activity
of this dyad and the energy barrier, an effect already observed in
the first step. In fact, the computed proton affinities for the imi-
dazole appear to be significantly lower than those corresponding
to the imidazole—acetate dyad (see ESIi). This result would
suggest that the acetate moiety could help in reducing the barrier
of the first step. According to these findings, we could expect
that the structure and motions of an enzyme capable of catalyz-
ing this kind of reaction must be in such a way that the relative
positions of histidine and aspartate (the two conserved residues
localized in the active site of CALB, for instance) favor the
proton transfer to, and from, the base (histidine), by reducing the
energy barrier. Another important effect in this last step is, as
discussed previously, the possible stabilization of the 12 by an
oxyanion hole in the enzyme active site by partially neutralizing
the charge developed on the O4 oxygen atom in the second step.
This effect would slightly increase the barrier of the last step,
since negative charge on this atom is neutralized from 12 to pro-
ducts. This non-favorable effect, if dramatic, could provoke the
last step to become rate limiting. Nevertheless, these results must
be analyzed from a qualitative point of view, keeping in mind
the kind of calculations performed to obtain the perturbed
profiles. Moreover, tautomers, such as the enol tautomers of the
1,3-dicarbonyl compounds, can appear under the effect of a
protein environment and this would open the possibility of com-
peting reactions. This structure can appear also in the gas phase
in reactants if the initial structures are not properly prepared, and
also in the products state if the reaction coordinate used to
explore the reaction is not adequately selected. Transformation
from 1,3-dicarbonyl to the enol tautomer requires breaking and
forming bonds (transfer of a hydrogen from the a-carbon to the
carbonyl oxygen) that, at least in gas phase calculations, imply a
non-negligible energy barrier and thus this effect can be avoided.

Overall, the three step mechanism obtained for all 6 reactions
is different to the two step mechanisms proposed for similar
reactions catalyzed by enzymes, such as the ping-pong

mechanism of the hydrolysis of methyl acrylate to acrylic acid
catalyzed by wild-type Pseudozyma antarctica lipase B (PalB),**
the Michael addition of acetylacetone to methyl acrylate cata-
lyzed by Serl05Ala PalB mutant,** or the direct epoxidation of
the unsaturated aldehyde mechanism in Candida antarctica
Lipase B (CALB).? Also, this mechanism is different from the
aldol addition of acetaldehyde or acetone studied by quantum
mechanical calculations in the gas phase with a cluster model
mimicking the CALB activity.® In all these cases, the proton
abstraction and the C—O or C—C bond formation, depending on
the reaction, would take place concertedly. According to our
theoretical predictions and as discussed before, the enolate ion,
I1, is a local minimum in all studied reactions obtained with the
AMI1 semiempirical Hamiltonian and with the two functionals
B3LYP and M06-2X. This result, in contrast to previous studies
that render two step mechanisms, opens the possibility of dis-
tinguishing two possible contributions to the total energy barrier
that have been claimed to explain the trend of the experimentally
measured rate constants:'! the acidity of the o-protons of the
acetylacetone derivatives and the steric hindrance of the
B-carbon of the acrolein derivatives. Thus, according to our reac-
tion profile, the importance of the former effect would be
reflected in abstraction of a proton by the base, the height of the
first barrier (TS1), while the latter would be measured by the
barrier of the nucleophilic carbon addition step (TS2).

In order to further analyze the result from a kinetic point of
view, and to determine the RLS, we must remember that for
multi-step reactions, as stated by Murdoch,*® the “fluid-flow
analogy” (where the RLS acts as a “bottleneck” so that it is
identified by the step with the highest energy forward barrier) is
only valid for irreversible processes while associating the step
presenting the highest energy TS as the RLS may fail for ir-
reversible reactions where intermediates more stable than the
reactants occur. Accordingly, it is interesting to observe that the
highest energy forward barriers obtained with the semiempirical
method correspond to the nucleophilic carbon addition step,
characterized by TS2, in all cases (see Fig. 2 and Table S2 of the
ESIf). Reactions 1 + 3 and 1 + 4 present, in addition, the highest
energy TS. The study of the reactions with the M06-2X func-
tional shows that the highest energy TS corresponds to the
proton abstraction for all reactions. Nevertheless, due to the
stabilization of the first intermediate, the barrier of the second
step is higher than that of the first step in reactions 1 + 3 and
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2 + 5. Finally, in the case of the B3LYP functional, the first step
presents the highest energy TS for reactions 1 + 3, 1 + 5 and
2 + 3, TS2 is the highest energy TS in reactions 2 + 4 and 2 + 5,
and TS1 and TS2 appear to be degenerate in reaction
1 + 4. Regarding the energy barriers, due to stabilization of I1,
the second step becomes the RLS in all reactions but 2 + 3.

All in all, according to the potential energy profiles, the RLS
would correspond to the second step for all reactions under study
with AM1 while DFT results provide different pictures: B3LYP
dictates that the second step would be the RLS for all reactions
but 2 + 3 where the first step would be the RLS, while according
to M06-2X calculations, the first step is the RLS in all reactions
but 1 + 3 and 2 + 5 where the rate of the process would be con-
trolled by the second step. This conclusion is slightly modified
when plotting the reaction profiles in terms of free energies, as
shown in Fig. 3. The RLS is changed from step 1 to step 2 in
reactions 1 + 5, 2 + 3 and 2 + 4 after including the ZPE and
thermal corrections in the M06-2X profiles, and from step 2 to
step 3 in reaction 1 + 3. If comparing the reactions with acetyl-
acetone, 1, with those reacting with dimethyl malonate, 2, it
could be concluded that the barriers of the first step of the reac-
tions with the latter are lower than the reactions with acetylace-
tone, in terms of both potential and free energies. The methoxy
substituent effects, which have been postulated to provoke a
decrease of the acidity of the o-protons and then present a higher
barrier for the proton transfer, are confirmed by the computed
proton affinities of both molecules (see ESI}). Nevertheless, this
can not be used as a guide for the full reaction, according to our
free energy profiles obtained with the M06-2X functional. The
RLS of reactions with dimethyl malonate, 2, is the second step
for the three reactions while for reaction with acetylacetone, 1,
the RLS can be the first step (reaction 1 + 4) or third step (reac-
tion 1 + 3), although as commented above, this last result can be
due to an over-stabilization of the second intermediate.

Finally, it must be mentioned that any attempt to compare our
theoretical results with the experimental non-catalyzed rate con-
stant of the same reactions studied by Berglund and co-workers''
must be done with caution since, as long as we are introducing
an activated base molecule in our molecular model, the reactions
cannot be considered completely as non-catalyzed. The free
energy barriers that could be deduced from the rate constants
obtained by Berglund and co-workers,'" have to be considered
as an upper limit for our model. In fact, the experimental free
energy barriers, calculated in the context of the transition state
theory, range from 23 kcal mol™' (reaction 1 + 3) to more than
31 kcal mol™" (reaction 2 + 5). We can also consider that, in
order to compare our results with experimental data in solution,
it would be necessary to estimate the free energy cost for associ-
ation of the involved species to form the reactant complex at the
same concentrations as those experimentally used. According to
the volume analysis of Warshel and co-workers, the free energy
cost of bringing two specific molecules next to each other in
solution (that is 55 M in water) is RT In 55, which renders a
value of ca. 2.4 kcal mol™" at room temperature.?” The assump-
tion that bringing the reactants together to form the reactant
complex is an entirely entropic term, appears to be an accepted
approximation but can lead to an underestimation of the free
energy cost of prealigning the groups for catalysis in solution.*®
Thus our barriers computed from the reactant complex in

vacuum have to be considered as a lower limit if comparisons
have to be done with the reactions in solution. Adding the
energy cost of association would bring our results closer to the
experimental data.

Comparisons with the enzyme catalyzed reactions can not be
straightforward neither as long as the enzyme active site can
provoke specific interactions and constraints into the substrates
that are not simulated with our method and model. Thus, for
instance, an argument based on steric hindrance to explain a
lower enzyme reactivity for dimethyl malonate 2 than acetyl-
acetone 1 when reacting with acrolein 3 would not be supported
by our calculations, but it does not necessarily mean that it was
wrong.

Conclusions

A theoretical study of the Michael-type addition of 1,3-dicarbo-
nyl compounds to o,B-unsaturated carbonyl compounds has been
performed in the gas phase by means of the semiempirical AM1
Hamiltonian and the B3LYP and M06-2X hybrid functionals.
A molecular model has been selected to mimic the role of a base
which is traditionally used as a catalyst in Michael reactions, an
acetate moiety to modulate the proton affinities of the base, and
a positive point charge to stabilize the negative charge developed
in the substrate during the process in enzyme catalyzed reactions.
The exploration of the molecular mechanism in the gas phase
can render information on the features that have to be present in
a potential biocatalyst and consequently, the future rational
design of new biocatalysts can benefit from the conclusions
extracted from this systematic study. The results of six different
reactions obtained at the three different levels of calculations
show that the reaction takes place in three steps, in contrast to
previous studies on similar reactions that suggest a two step
mechanism. Nevertheless, PESs show the possibility of a not
much higher energy path that could avoid some of the intermedi-
ates, a result that can be important in a protein environment.
Nonetheless, according to our results obtained in the gas phase,
in the first step the o proton of the acetylacetone is abstracted by
the base, then the nucleophilic attack on the B-carbon of the
o,B-unsaturated carbonyl compound takes place generating the
negatively charged enolate intermediate, and finally the product
is formed through a proton transfer back from the protonated
base. The relative energies of the located stationary points
depend on the method of calculation and, consequently, these
have to be considered to arrive at general conclusions. According
to the energy profiles, the rate limiting step corresponds to the
abstraction of the proton or the carbon—carbon bond formation
step, case depending. The free energy profiles obtained at the
MO06-2X level of calculation indicate that the rate limiting step
for reactions with dimethyl malonate, 2, would be the latter,
while in one of the reactions with acetylacetone, 1 + 4, the
abstraction of the proton would determine the rate of the process.

The effect of the substituents on the acidity of the o proton of
the acetylacetone and the steric hindrance can be analyzed by
comparing these two separated steps. The results show that the
latter effect is not decisive in the final barriers of the rate limiting
steps. A positive point charge located at 2 A from O4 confirms
the catalytic role of the oxyanion hole proposed in the enzyme
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catalysing Michael additions. Stabilization of the intermediate
would imply a reduction of the barrier of the second step.

Comparison of our predicted rate constants with experimental
energy barriers deduced from rate constants measured for the
corresponding catalysed and non-catalysed reactions has to be
done with caution. Our reactions can not be considered as equiv-
alent to a non-catalyzed reaction, since we are including some
species that mimic the catalyst, neither to the enzyme catalysed
reaction, since our model lacks the constraints imposed by
the protein in the active site and the specific electrostatic
interactions.

In conclusion, with these results in hand, an efficient biocata-
lyst should possess a strong base capable of abstracting the
o-protons of the diketone, and favourable interactions with the
04 atom of the o,B-unsaturated carbonyl compound that de-
velops a negative charge during the reaction.
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