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COMPUTATIONAL INVESTIGATIONS OF CARBONYL REACTIONS:
COMPARISON BETWEEN NUCLEOPHILIC ADDITION VERSUS
ENOLATE FORMATION IN THE REACTION OF ACETALDEHYDE
WITH HYDROXIDE ION

JULIANTO PRANATA
Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, Arkansas 72701, USA

Reaction pathways leading to nucleophilic addition and enolate formation were investigated for the reaction
between acetaldehyde and hydroxide anion. Ab initio calculations predict small activation barriers for both
reactions in the gas phase. Monte Carlo simulations were performed to assess the effects of aqueous solvation. It
was found that both reaction pathways involve significant solvent-induced activation barriers, in addition to

effecting some structural changes in the transition state.

INTRODUCTION

Carbonyl compounds occupy an important position in
organic chemistry. Many different compounds contain
the carbonyl functionality, and their reactions are
fundamental to many synthetically useful transforma-
tions. Many biologically important molecules are
carbonyl compounds, proteins being the most obvious
example. Our group is currently involved in the com-
putation of potential energy surfaces for the reactions of
carbonyl compounds. Our previous work in this area
concerned the base-promoted hydrolysis of esters and
amides.!” Similar processes, namely the nucleophilic
addition to a carbonyl group, have been examined by
many other workers.>~’ We have also studied other
aspects of carbonyl chemistry, including the basicities
of carboxylate lone pairs®® and protonation of
amides.'>"

The primary focus of the work reported here was to
compare the two possible pathways for the reaction
between hydroxide ion, representing a base and/or
nucleophile, and acetaldehyde, a prototypical carbonyl
compound. The first involves nucleophilic addition to
form a tetrahedral intermediate, a process similar to
those investigated previously.'~” The second is abstrac-
tion of the a-proton of acetaldehyde, leading to enolate
formation. Only a few computational investigations of
this process have been reported.'?"'* In the one that is
particularly relevant to our work,'® the reaction pathway
was constrained to enforce a colinear proton transfer,
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making it difficult to evaluate the actual energetics of
the reaction.

In our work, we utilized ab initio calculations to
compute, without constraints, the reaction pathways for
both processes in the gas phase.’*~'7 Subsequently we
performed Monte Carlo simulations to assess solvent
effects.’® This method of combining ab initio calcula-
tions and Monte Carlo simulations has been used several
times in the past for a variety of chemical reactions. !~
Our results indicate that both reactions require very little
activation energy in the gas phase, but transfer to the
solution phase introduces significant solvent-induced
activation energy barriers.

EXPERIMENTAL

Ab initio calculations were performed initially at the
RHF/6-31+G(d) level. The incorporation of diffuse
functions (the ‘+’ in the basis set designation) is
known to be particularly important in the calculation of
anionic systems.?? The transition state for both the
nucleophilic addition and enolate formation processes
were located. The intrinsic reaction coordinate (IRC)
method as implemented by Gonzalez and Schlegel'®!’
was used to follow the reaction pathways from each
transition state to the reactants and products. A total of
23 structures were computed for the nucleophilic
addition pathway; the enolate formation pathway
consisted of 31 structures. Additional ab initio calcula-
tions performed include a reoptimization of the
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stationary points at the MP2/6-31+G(d) level, fol-
lowed by single—point calculations using a larger
basis set, 6-311++G(d,p), and higher levels of
electron correlation, up to MP4(SDTQ). The stationary
points were subjected to frequency calculations at the
RHF/6-31+G(d) and MP2/6-31+G(d) level, both in
order to confirm their character and for thermodynamic
analysis." For this purpose, appropriate scaling factors
(0-9135 for RHF and 0-9646 for MP2)* [strictly, these
scale factors were developed for the 6-31G(d) basis
set (without the diffuse functions) and only for the
calculation of zero point energies; however, in the
absence of more suitable alternatives we feel their use
in the current context is appropriate] were used on the
computed frequencies, and modes with frequencies less
than 500 cm™ were treated as classical rotations. The
frequency calculations on the stationery points for the
enolate-forming reaction were also use to calculate
deuterium kinetic isotope effects, the results of which
are presented elsewhere.

Monte Carlo simulations were performed on an
isothermal —isobaric ensemble consisting of the reacting
system plus 263 water molecules in a cubic box with
dimensions ca 20x20x20 A® Periodic boundary
conditions were employed. The TIP4P model for water®
and standard OPLS Lennard—Jones parameters® for the
solute were utilized. Partial atomic charges were
obtained by fitting to ab initio-derived electrostatic
potentials?’ for all the structures computed along the
reaction pathways. These options have been shown to
produce reasonably accurate free energies of hydra-
tion.® A series of simulations incorporating statistical
perturbation theory® were utilized to compute the
changes in the free energies of hydration along the
reaction pathway. In most cases one or two simulations
are sufficient to connect any two neighboring points
along the pathway. Each simulation consists of the
generation 10° configurations for equilibration, followed
by 2 x 10° configurations for averaging.

Ab inito calculations were performed using the
Gaussian-92 program® on a Silicon Graphics Indigo R-
4000 computer. Monte Carlo simulations were per-
formed using the BOSS program® on a
Hewlett—Packard Apollo Series 700 computer.

RESULTS AND DISCUSSION

Gas-phase reaction pathways

Optimized structures for the reactants, transition states
and products for both nucleophilic addition and enolate
formation processes are displayed in Figure 1, with the
bond distances listed in Table 1. Energy related results
are listed in Table 2. The energy profiles are shown in
Figures 2 and 3. It was found that following the IRC
pathway from either transition state resulted in identical
structures for the reactants.
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Figure 1. Structures of the reactants, transition state and
products for the nucleophilic addition (top) and enolate
formation (bottom) pathways
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Figure 2. Gas-phase electronic energy profile for the nucleophilic

addition reaction. For this and Figure 3, the RHF profile was

explicitly calculated using IRC computations and the MP2 and
MP4 profiles were interpolated from the stationary points
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Figure 3. Gas-phase electronic energy profile for the enolate
formation reaction. See caption to Figure 2
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Table 1. Optimized bond distances (A)*

Nucleophilic Nucleophilic Enolate Enolate
Bond Reactant TS product TS product
C1—01 1-2054 1-2074 1-3064 1-2118 1.2613
1-2410 1-2405 1-3234 1.2458 1-2954
C1—H1 1-0869 1-0833 1-1100 1-1011 1-1016
1-1011 1-0969 1-1219 1-1130 1-1143
C1—C2 1-5019 1-5055 1-5393 1-4507 1-3688
1-4980 1.5040 1-5368 1-4545 1-3812

C2—H2 1-0826 1.0790 1.0912 1.3014

1.0978 1-0938 1.0989 1-2212
C2—H3 1.0873 1.0940 1-0891 1-0885 1-0781
1-0976 1.1002 1-0974 1-0957 1-0877
C2—H4 1-0864 1.0826 1.0877 1-0863 1-0793
1-0950 1-0945 1-0956 1-0936 1-0884

C2—02 2-9084 2-3680 1-4684
2-8885 2-4787 1-5255

H2—02 2-4654 1-3521 0-9473
21505 1.5181 0-9722
02—H5 0-9495 0-9499 0-9482 0-9500 0-9700
0-9763 0-9770 0-9781 0-9762 1-0016
O1—H5 1.8228
1.7711

*The two values shown for each parameter are optimized at RHF/6-31+G(d) and MP2/6—31+G(d), respectively.

Table 2. Energy-related quantities from ab initio calculations®

Nucleophilic Nucleophilic Enolate Enolate

Reactant TS product TS product

RHF/6-31+G(d) ~228-327402 2.7 ~13-4 73 -18:1
MP2/6-31+G(d) —228-978059 1-3 -15.0 1.2 -17.7
RHF/6-311++G(d,p) —228-392877 27 -11-6 53 -20-4
MP2/6-311++G(d,p) ~229-120736 1.2 -15-0 -0-6 -22.0
MP3/6-311++G(d,p) —229-125049 1-6 -17-3 06 -24-1
MP4(DQ)/6-311++G(d,p) —229-133889 1-8 -15-5 1-4 -21-5
MP4(SDQ)/6-311++G(d,p) —229-146190 13 -14-7 1-0 -20-5
MP4(SDTQ)/6-311+ +G(d,p) —229-176896 0-6 -14.7 -03 -20-7
Evigz‘”‘[RHF/6-31 +G(d)] 42.7 429 449 39.7 43.3
S [RHF/6-31+G(d)] 822 736 68-5 75-4 79-8
E,,,®}[MP2/6-31+G(d)] 42.7 42.6 44.6 403 43-1
S*[MP2/6-31+G(d)] 79-8 74-0 68-8 755 71-5
AG™® 22 -9:6 -15 -19.7

*Electronic energies of transition states and products are in kcal mol ™' relative to the reactant, whose energy is shown in atomic units. Vibrational
energies are in keal mol ™'; they include zero-point energies plus additional terms due to population of higher vibrational levels. Entropies are in
cal mol 'K ~'. AG™ are in kcal mol *' relative to the reactant; the values shown incorporate the MP4(SDTQ) electronic energies and MP2-derived

vibrational energies and entropies.

Optimizations at RHF and MP2 levels [both with the
6—-31+G(d) basis set] result in similar geometries for
transition states and minima. As expected, in general
MP2 bond distances are somewhat longer.”*? A notable

exception is the C1—C2 distance, which is sometimes
shorter at the MP2 level. In addition, non-bonded
distances in the reactant complex and the enolate product
complex are shorter at the MP2 level, suggesting tighter
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complexes. In the transition state for enolate formation,
comparison of the C2—H2 and H2—O2 distances
suggests an earlier transition state at the MP2 level.

It is worth noting that transition states can actually be
found for both processes. Many previous calculations on
nucleophilic additions to carbonyl compounds concluded
that there is no barrier to the formation of the tetrahedral
intermediate. > In contrast, we found activation free energy
barriers for the hydrolysis of esters and amides,’” and
likewise here. The electronic energy contribution to this
barrier is small, but entropic contributions make it larger
(Table 2). This is expected because a bond is being formed;
the entropy is even smaller in the product where the bond is
fully formed. In spite of all this, the free energy barrier
remains small (about 2 kcalmol '), probably comparable
to the limits of accuracy of the computational model. It is
possible that this reaction has a negligible activation
energy, but it would not be correct to say that the process is
energetically ‘downhill all the way.” In fact, the energy
profile is fairly flat until just past the transition state, where
C—0 bond formation is actually occurring. Then, and only
then, does the energy start to decrease.

The existence of a barrier is also ambiguous for the
enolate formation process. A substantial barrier is found
with RHF-level calculations, but inclusion of electron
correlation drastically reduces the barrier height. Beyond
the MP2 level, the barrier height remains low, at times
disappearing altogether. Inclusion of entropic contri-
butions decreases the barrier further. Again, this is
expected. The process is a proton transfer, and in the
transition state the proton is loosely bound to both the
hydroxide ion’s oxygen and the aldehyde’s a-carbon,
which restricts its motion and reduces the system entropy.
The entropy then increases towards the products, which is
a bimolecular complex. Overall, this reaction also has
negligible activation free energy in the gas phase. How-
ever, like nucleophilic addition, the energy does not start
to go down until proton transfer is actually in progress.
Once the proton has been transferred, the resulting
enolate—water complex is not at a local minimum.
Following the IRC pathway, a local minimum is not
achieved until the water molecule has moved to the other
side of the enolate to form a hydrogen bond with its
oxygen atom (Figure 1). This product complex has a
lower entropy than the reactants (Table 2), because it is
held together by a relatively stronger hydrogen bond,
whereas the reactants are at best an ion—dipole complex.

The orientation of the product looks ideal for a
reverse proton transfer to form the enol-hydroxide
complex. However, numerous attempts to explore this
additional pathway were unsuccessful. Coaxing the
proton to transfer to the enolate oxygen while moving
the hydroxide away resulted in a continuous energy
increase, without any sign of a saddle point. It is likely
that the enol-hydroxide complex is energetically much
less favorable and does not lie in a potential energy
well; the enol tautomer of acetaldehyde is certainly

much less stable than the keto form. However, it should
be re-emphasized that these calculations refer to gas-
phase processes. Solvation will certainly have an effect.

Solvent effects

The gas-phase energy profiles of both reactions indicate
substantially exothermic reactions. In aqueous solution,
a substantial reduction or even reversal of this exother-
micity may be expected. The reactant complex includes
a hydroxide ion, a fairly ‘hard” base that is expected to
be well solvated. The products are either a tetrahedral
intermediate or an enolate, both of which have much
more diffuse charge distributions and thus expected to
benefit less from solvation. It may also be expected that
the enolate has the more diffuse charge distribution
because of resonance delocalization.

These expectations are generally confirmed by the
results of the Monte Carlo simulations. In Figures 4 and
5, the relative free energy of solvation is plotted as a

230
30

- =%+ Hydration
20
— — - Gas Phase

*
Total JEI e W

Relative Free Energy (kcal/mol)
(=]
" " I " "
k)
;
A
/ .

204

-30 — 771777
-6 -5 -4 3 2 -1 0 1 2 3
Reaction Coordinate

Figure 4. Free energy profiles for the nucleophilic addition
reaction
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Figure 5. Free energy profiles for the enolate formation reaction
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function of the reaction coordinate for both processes.
The figures also show the gas-phase free energy profile,
interpolated from the ab initio data, and the total free
energy profile obtained as the sum of the gas-phase and
hydration free energy contributions. The solvation free
energy profiles indicate that the most significant change
occurs over a relatively narrow range of the reaction
coordinate, corresponding to the region where the gas-
phase energy is also changing the most rapidly. This is
the region where the actual bond-making and -breaking
process takes place.

The calculated solvent effects are summarized in
Table 3. For both reactions the solvent effect is
significant. Solvent-induced activation barriers are
observed. In addition, the reactions, which are
significantly exothermic in the gas phase, become
endothermic, owing to the lesser stabilization of the
products due to the solvent.

In addition to the dramatic changes in the reaction
energetics, solvation also causes some structural
changes in the stationary points. The transition states of
both reactions are slightly shifted towards the products,
while the locations of both reactant and product com-
plexes are shifted inward. In other words, all the
complexes are tighter in solution. One noticeable aspect
of the enolate-forming reaction is that one of the product
molecules is water, and in the gas-phase pathway this
product water molecule reorients itself until it is hydro-
gen bonded to the carbonyl oxygen. In aqueous solution,
this is of course unnecessary, and the free energy profile
in Figure 5 reflects this. The total free energy profile is
fairly flat past 1-4 on the reaction coordinate, where the
motion is primarily the reorientation of the product
water molecule.

It should be noted that the computational procedure
employed here does not include a reoptimization of the

Table 3. Summary of solvent effects

Reactant TS Product
Nucleophilic addition
Gas phase:
Position® -5-4 0 27
Relative Energy® 0 22 -9-6
Aqueous phase:
Position® -5-1 0-8 19
Relative free energy® -0-1 83 39
Enolate formation
Gas phase:
Position® -58 0 79
Relative Energy® 0 -1-5 -19-7
Aqueous phase:
Position® -33 0-5 1-4
Relative free energy® -2.5 189 67

* Position along the reaction coordinate as illustrated in Figures 4 and 5.
"In keal mol !

reacting system’s geometry in the solution phase, so the
only solvent-induced structural changes detected are
shifts along the one-dimensional reaction coordinate.
This methodology would underestimate the solvent
effects, so the actunal effect would be even more
dramatic.

Some tabulated values for the activation energies for
proton transfer reactions in water are in the range of
14-23 kcalmol ™' with activation entropies of —16 to
-26 calmol 'K ™!,» giving free energies of activation
in the range 21-29 kcalmol ~!; these are for proton
transfers from a variety of organic acids to water. For
the enolate formation reaction we studied, the acceptor
is hydroxide instead of water, but the calculated free
energy of activation in water (21-4 kcalmol™) is
consistent with this range.

In the real world, neither the enolate nor the tetra-
hedral intermediate is a particularly stable structure, and
the actual reaction between acetaldehyde and hydroxide
ion would probably be an aldol condensation. Thus,
both enolate formation and nucleophilic addition would
be happening, although in the latter the nucleophile
involved would be the enolate, not hydroxide.

CONCLUSIONS

Reaction pathways for the nucleophilic addition and
enolate formation in acetaldehyde have been investi-
gated using a combination of ab initio calculations and
Monte Carlo simulations. Both reactions were found to
be substantially exothermic and require very little
activation energy in the gas phase. Aqueous solvation
has the effect of reversing the exothermicity of the
reactions, introducing significant activation energy
barriers, and causing some structural changes in the
reactants products and transition states for the reactions.
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