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The theoretical representation of solvent effects in study-
ing reaction mechanisms and rates in condensed phases is an
important but a difficult problem in chemical physics.' The
neutral hydration of carbonyl group is commonly thought to
proceed via a stepwise pathway with charged intermediates
in water solvent.”> However, this mechanism is disfavored
due to continuous solvation and desolvation of reaction
species with respect to a cyclic, cooperative mechanism
(Scheme 1), as originally suggested by Eigen® and by Long.*
The neutral hydration of a carbonyl group by a cooperative
mechanism involving several water molecules implies the
formation of a cyclic n-membered reaction complex, and
protons moving, more or less synchronously, in the transi-
tion state. This suggestion was supported and taken up
theoretically® and experimentally.®

With an assumption that the water clusters (H,O), are in
rapid equilibrium with each other and with the reactant
complexes RC,, the neutral hydration of formaldehyde was
theoretically found to involve four water molecules in the
gas phase and in water. But the experimental works gave
inconsistent results for the mechanism - three water mole-
cules involving,’ or four water molecules involving coopera-
tive mechanism® without catalyst.

One possible reason for the discrepancy between the
theory and experiment might be that both works were unable
to consider the water-assisted effect® in the gas phase and the
solvent effect accompanied by the water-assisted effect in
water, and it is obvious that the water-assisted effect is more
important in water than in the gas phase since there are lots
of available water molecules surrounding the reaction system.

In this work, hydration of formaldehyde is reexamined in
detail by micro-solvation which divides the role of water
molecules into three parts - directly involved in the reaction
(called active water molecules), in the first and second
solvation shells. Especially, the model system selected in
this work is the hydration of formaldehyde by two water
molecules, 1 (n = 2 in Scheme 1). In considering the first
solvation shell, solvent water molecules could be positioned
around the three regions as shown in Scheme 2. Region 1
relates to the interaction of ancillary water molecules with
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two hydrogens of formaldehyde, region 2 relates to the
interaction with carbonyl oxygen, and region 3 relates to the
interaction with active water molecules. Final model was
generated after adding additional water molecules in the
second solvation shell under the constraint of water density
of 1.0 g/cm® which was calculated from the Connolly
volume surface’ by using MS Modeling software.'

The calculations started by gradually adding a series of
water, nH,O (n = 0, 2, 3, 5, 6, 20) around the reaction
system. Energies for the reactant complexes (RCs), transi-
tion states (TSs), product complexes (PCs), activation ener-
gies and reaction energies are summarized in Table 1. As the
number of water molecules in the first solvation increased,
activation and reaction energies showed similar concave
pattern - activation and reaction energies show minima when
n = 3 and 5, respectively. Here we chose n = 5 as the first
solvation shell model, which was employed to generate the
final model. This was because the reaction energy showed
minimum value at n = 5 and activation energy could be
improved by considering the second solvation. In this
model, two orientations of five ancillary water molecules
were found to be possible as shown in Figures 1 and 2. (1)
Model 1 (labeled M1): four of them were located near the
active water molecules and the remaining one near to the
carbonyl oxygen, (2) Model 2 (labeled M2): three ancillary
water molecules were linked to the active water molecules
and two others to the carbonyl oxygen and hydrogen, respec-
tively. These models were further developed to construct the
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Table 1. Effects of number of water molecules (n) in the first
solvation shell

n E (RC)* E (TS)" E(PC)"  AE™  AE¢
0 —267.37862 -267.34138 -267.39057 2337  -7.50
2 -418.66875 -418.64627 -418.68241 14.11  -8.57
3 49431076 -494.29566 —494.32948 9.48 -11.75
5 —645.59036 -645.57393 —645.61508 1031 -15.51
6 —721.23480 -721.21014 -721.25238 15.48 -11.03
20 -1780.27977 —1780.24469 -1780.28568 22.01  -3.71

“electronic energy in a.u. Pactivation energy in kcal/mol. reaction
energy in kcal/mol.

final models by measuring the density of water box using
MS Modeling software. We found that 59 water box which
had a dimension of approximately 12.3 A x 123 A x 123 A
satisfied the density criterion. The final models labeled M1f
and M2f are also depicted in Figures 1 and 2. In the final
models, inner layer was composed of the reaction system
and five water molecules in the first solvation shell. The rest
of the system formed the outer layer, which was treated at
the low level of theory. ONIOM optimized energies for
the structures considered in this work are summarized in
Table 2.

In the transition states, O,-H, and Os-H; were broken
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partially to transfer hydrogen atoms to the neighboring
oxygen atoms, which made the TSs polar. Therefore,
surrounding solvent could stabilize the TSs by a favorable
dipole-dipole interaction or hydrogen bonds. To maximize
the polarity of the transition states, d(C;=0) became longer
and d(C;-O,) became shorter in M1-TS (and M2-TS)
compared to 1. As a result of such structural changes, the
charge density on carbonyl oxygen O; should increase. This
implied much stronger interaction of O; with Hs in the active
water. However, d(O;-H3) increased on going from 1 to M1-
TS (and M2-TS). This was because there was one freely
moving water molecule which could form stronger hydrogen
bond to O. In fact, (hydrogen) bond length between O; and

Table 2. Energetics (in kcal/mol) for the reaction system studied in
this work

Species AEL,,  AEM"Eh*  ApONIOMz  £G*

model
1 21.82 - - 23.65
M1 14.16 20.43 14.52 16.23
Mif 13.94 18.31 14.56 17.26
M2 16.46 21.60 16.95 18.53
M2f 14.29 17.84 15.02 15.98
Experimental"-'"® 16.00
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Figure 1. Transition structures of 1, M1 and M1f. Inner layer is shown in ball-and-stick and outer layer in wireframe.
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Figure 2. Transition structures of 1, M2 and M2f. Inner layer is shown in ball-and-stick and outer layer in wireframe.
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nearby solvent H-OH changed from 1.81 A in M1-RC (and
M2-RC) to 1.77 A in M1-TS (and M2-TS).

Such geometrical changes were reflected in the AE™
values of —5.91 and —4.65 kcal/mol for M1 and M2, respec-
tively, calculated from Table 2. These amounted to more
than 20% decrease in the activation energies when the first
solvation shell was taken into account.

When additional 59 water molecules were added to the
reaction system to form the second solvation shell, changes
in the geometries and activation barriers could also occur.
Similar changes in d(Ci=0;) and d(C;-O,) were observed:
d(C,=0) increased continuously (1: 1.329 A, M1-TS: 1.362
A, M1£-TS: 1.373 A, and M2-TS: 1.354 A, M2£-TS: 1.369
A) and d(C;-0») decreased in a similar pattern. However,
d(O-H3) showed different behavior. In M1 reaction, d(O;-
H;) lengthened from 1.308 A (1) to 1.366 A (M1-TS) but
decreased to 1.317 A (M1£-TS). In M2 reaction, however,
d(O1-H;) increased continuously from 1.308 A (1) to 1.422
A (M2-TS) and to 1.491 A (M2£-TS). Based on these
structural variation, we thought that the M2 was better than
M1. From Table 2, we calculated the AE™ values to be
—-3.75 and —2.82 kcal/mol for M1f and M2f, respectively,
which was over 60% of the AE™ values for the correspond-
ing M1 and M2. This suggested that inclusion of the second
solvation shell was essential to understand the chemical
reactions in solution even if much larger stabilization came
from the first solvation shell. This idea was further
supported by the comparison of the activation free energies.
The AG” value for M2f was 15.98 kcal/mol, in complete
agreement with the experimental value of 16.00 kcal/mol.

In conclusion, we have developed two different solvation
models on the hydration of formaldehyde catalyzed by two
water molecules in aqueous solution. When the solvent
effects were considered by using the two-layer ONIOM
method, 60% of the solvation energy came from the first
solvation shell and the rest from the second solvation shell.
Our activation free energy calculated using M2 matched
with experimental result.

Computational Method

The newly developed ONIOM method,'? implemented in
the Gaussian03"® package, allowed us to perform high level
theoretical calculations in bulk system. In this work, we have
adopted a two-layered ONIOM method - inner layer for the
most critical elements of the system and outer layer for the
rest of the system. The total ONIOM energy E2V°M is given by

ONIOM high

model

E = F Elow _ Eluw (])

real model

where E f,,’ozel is the energy of the inner layer at the high level
of theory, E'®, is the energy of the entire system at the low
level of theory, and Emode, is the energy of the model system
at the low level of theory. E2YOM includes the mteractlon
between the inner layer and the outer layer, while Emode,
only serves to the inner layer.'”®'* Therefore, AE™ defined

as the difference in the activation energies between the entire

Notes

system and the inner layer (= AEOMOM= _ AE""=y indi-

cates the stabilization or destabilization by the outer layer. In
this work, HF/3-21G* was chosen as the high level and the
semiempirical PM3 method'® was selected as the low level.
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