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Effects of solvents on the DACBO-catalyzed
vinylogous Henry reaction of isatin with 3,5-

dimethyl-4-nitroisoxazole “on-water” and in
solution from QM/MM MC simulationst
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The mechanism of the DABCO-catalyzed vinylogous Henry reaction of isatin with 3,5-dimethyl-4-

nitroisoxazole and solvent effects on it have been investigated using density functional theory (DFT)
methods and QM/MM Monte Carlo (MC) simulation under “on-water” conditions as well as in methanol
and THF solutions. The DFT calculations concluded that Path A, in which DABCO directly catalyzes the
reaction of isatin 1a with 3,5-dimethyl-4-nitroisoxazole 2 in water, is the most favorable and the first

step, the proton transfer process, is the rate-determining step for the reaction. For the roles of solvents
in the reaction, QM/MM MC simulations using free energy perturbation theory and PDDG/PM3 as the
QM method have been utilized to predict the free energy profiles. The results indicated that the QM/MM
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method reproduced well the large rate increases on-water. Solute—solvent energy pair distribution and

radial distribution functions were also analyzed and illustrated that hydrogen bonding plays a significant
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1. Introduction

Water, as a green solvent, is nonflammable, nontoxic, and
abundant. It is cheaper and milder than most organic
solvents.’® In the past two decades, great progress has been
made in the study of organic synthesis in water or water-
containing organic solvents as the reaction medium,**
because water has many unique properties compared to organic
solvents, for example, hydrogen bonding, and hydrophilic and
hydrophobic interactions with the reactants. The rate
enhancing of Diels-Alder reactions in pure water was first
exposed by Breslow et al. in the early 1980s."* They found that
the reaction rate in water was more than 700-fold faster than in
isooctane, with higher internal (endo) selectivity. This work set
a precedent for modern aqueous phase organic reactions. In
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role in stabilizing the transition structures. This work reveals the feasible reaction mechanisms and
provides new insight into solvent effects for the DACBO-catalyzed vinylogous Henry reaction.

2005, Sharpless and co-workers reported some reactions “in
water”, which means that the reactants are dissolved homoge-
neously in water with large rate and yield increases compared to
organic solvents.” Subsequently, they introduced the concept
“on-water”, which was defined as a reaction environment where
the reaction occurs in an aqueous organic emulsion prepared by
vigorously stirring insoluble reactants with water.”*'* Since
then, water as a reaction medium has received more attention
for the synthesis of simple and complex molecules.’>™*

In 1895, Henry proposed nitroaldol (Henry) reactions
between nitroalkanes and carbonyl compounds, which became
an important and classic synthetic method for C-C bond
formation in organic chemistry.”® Nevertheless, the reactions
encountered low selectivity and side products. Recently, many
organocatalytic or metallic-catalyzed Henry reactions have been
successfully carried out with enhancement of reactivities and
selectivities.*'>* However, few vinylogous-type Henry reactions
in the aqueous phase had been studied.***® Nitrogen-
containing heterocyclic products are typical natural complex
and biologically active molecules.””*® It is essential to find
a facile synthetic approach for direct vinylogous Henry reactions
with high yield and selectivity in pharmacochemistry and green
chemistry. Therefore, effective methods for direct vinylogous
Henry reactions have been discovered and explored in recent
years.”?°

In 2015, Zhang et al. first reported the vinylogous Henry
reaction between isatin and 3,5-dialkyl-4-nitroisoxazole, leading

This journal is © The Royal Society of Chemistry 2019
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to isoxazole-substituted 3-hydroxy-2-oxindole derivatives,
medicinally important compounds, using water as the solvent
for optimizing the reaction conditions at room temperature.*
They found that organic base catalysts are more effective than
inorganic bases and 1,4-diazabicyclo[2.2.2]octane (DABCO) is
the optimal catalyst with a near quantitative yield (>99%) in 1.5
hours for the synthesis of the desired vinylogous product.
Furthermore, the effects of different solvents on the rate and
yield of the reaction were observed. In typical cases, when the
organic solvent THF was used, a moderate product yield of 53%
was obtained in 12 hours. Using a protic organic solvent such as
CH;O0H, the reaction efficiency showed a significant improve-
ment so that the yield was about 92% after 6 hours. It was also
found that water was the most suitable solvent with high yield
(>99%) and the shortest reaction time (1.5 hours) compared to
other organic solvents under “on-water” conditions.>® However,
the active catalysis mechanism and the internal causes of the
remarkable rate enhancement for the reaction in water are still
unclear. These require a detailed understanding at the molec-
ular level.

To gain further insights into the effects of the solvents on the
rate and geometries of transition states at the theoretical level,
in this work, isatin 1a and 3,5-dimethyl-4-nitroisoxazole 2 are
selected as the reactants and DABCO as the catalyst to investi-
gate this vinylogous Henry reaction “on-water” and in the
organic solvents THF and CH3;OH (Scheme 1) by using
a combination of multiscale computational levels. The
computational results will be contrasted with the experimental
study by Zhang et al.*® First, we adopt density functional theory
(DFT)  M06-2X/SMD/6-311+G(d,p)//B3LYP/SMD/6-31+G(d,p)
methods to investigate the reaction mechanism and obtain the
structures of the transition states and ground states in water.
Three possible reaction pathways are considered. Then, the
effects of three solvents, water, CH;OH, and THF, on the rate-
limiting step of the reaction are studied and compared. Mean-
while, microsolvent models with one, three, and six water
molecules are employed for the reaction in water. Finally, to
describe the solvent effect correctly, quantum mechanics and
molecular mechanics (QM/MM) calculation in conjunction with
Monte Carlo (MC) simulation and free energy perturbation
(FEP) theory at 298.15 K and 101.325 kPa are performed for the
rate-determining step of the vinylogous Henry reaction “on-
water” and in CH;OH and THF. The reaction system has been
treated using the semiempirical PDDG/PM3 method with
complete sampling of the geometry of the reacting systems and
explicit representation of the solvent components. The QM/
MM/MC method has reproduced very well the experimentally
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Scheme 1 The vinylogous Henry reaction of isatin la and 3,5-
dimethyl-4-nitroisoxazole 2 "on-water”.
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observed solvent effects in various reactions, such as Sy2 reac-
tions,*" nucleophilic aromatic substitution reactions,** Cope
eliminations,* decomposition of amino acids,** 1,3-dipolar
cycloadditions,**® and aldol reactions.*”** This method can
calculate the absolute free energy of activation, AG™, and
characterize the nature of the Henry reaction at atomic-level
structural details. The energy pair distribution functions and
radial distribution functions (rdfs) are evaluated to further
explain the effects of solvent molecules on the reaction.

2. Computational methods

The mixed quantum mechanics and molecular mechanics (QM/
MM) calculations were performed using the BOSS 4.9 program™
for the reacting systems. The QM method is the semi-empirical
PDDG/PM3.**** Calculations of the energy and atomic charges
in the QM method were carried out for every attempted solute
move, occurring every 100 configurations in QM/MM simula-
tions. The free energy changes were computed using FEP theory
in conjunction with double-wide sampling in Metropolis MC
simulations at 25 °C and 1 atm. To consider the electrostatic
contributions to the solute-solvent interaction energy, CM3
charges** were obtained for the solute using PDDG/PM3 calcu-
lations with a scaling factor of 1.14. All QM/MM calculations
were completed from the stored solvent boxes of the BOSS
program. The solvent molecules were represented with the
united-atom OPLS**** force field for the organic solvents and
with the TIP4P model for water.*> The systems were composed
of reactants plus 494 solvent molecules for the water environ-
ment, 396 solvent molecules for the THF environment or 391
solvent molecules for the methanol environment. The boxes
were periodic and tetragonal systems with ¢/a = 1.5 where a was
about 25, 27, and 33 A for water, methanol, and THF,

Fig. 1 Ilustration of the on-water transition structure for the proton
migration process of the DACBO-catalyzed vinylogous Henry reaction
of isatin with 3,5-dimethyl-4-nitroisoxazole on-water from QM/MM
calculations.
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respectively. FEP calculations were carried out in combination
with NVT and NPT Metropolis MC simulations for on-water and
in organic solvent environments.

As shown in Fig. 1, calculations for the reaction on-water
were performed in a similar manner to those for the homoge-
neous solution-phase (in CH3;OH and THF, Fig. S1 and S2 in
ESIt), expect that the periodicity was removed from the z axis of
a box with the explicit 494 water molecules and the two solutes,
i.e., DABCO and 3,5-dimethyl-4-nitroisoxazole 2. In addition,
the catalyst DABCO was on the top of the z axis. Hence, an
essential orientation analysis of multiple snapshots of reactants
relative to the surface of the slab (perpendicular to the z axis)
found that the DABCO was inclined to lie almost flat on the
surface of the water slab and reactant 2 was placed in the water.
The structure demonstrates that the on-water reaction of
DABCO and 2 takes place in the interface between the gas phase
and the liquid phase.

One-dimensional free energy profiles were established by
utilizing the distance of one transforming bond, RC1, as the
reaction coordinate shown in Fig. 2. The reactant state was
defined by Rgc_sn = 3.50 A and RC1 = 1.2 A. The free energy
profiles were flat in the vicinity of the reactant state. For the
reacting system, each window of a FEP calculation entailed 60
million configurations of equilibration followed by 80 million
configurations of averaging by using increments of 0.01 A for
the RC1. Solute-solvent and solvent-solvent intermolecular
cutoff distances of 12 A were employed for the reacting system
on-water, in methanol, and in THF. The entire solute-solvent or
solvent-solvent interaction was computed if any distance was
within the cutoff. Adjustments to the allowed ranges for rota-
tions, translations, and dihedral angle movements led to overall
acceptance rates of 30-50% and solute move acceptance rates of
3-30% for new configurations. The ranges for bond stretching
and angle bending were set automatically by the BOSS program
on the basis of force constants and temperature. All QM/MM/
MC simulations were run on a Linux cluster.

All the optimized geometrical structures were obtained by
performing the DFT calculations using the B3LYP***” method
with the 6-31+G(d,p) basis set and the polarizable continuum
solvation model SMD* in the Gaussian 09 program.* The
harmonic frequency calculations at the same level were carried

Fig.2 Reaction coordinate RC1 for the proton transfer of the reaction.
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out to ensure that all stationary points were either as ground
states with all-positive frequencies or transition structures (TSs)
with only one imaginary frequency. The intrinsic reaction
coordinate (IRC)® calculations were conducted to check the
energy profiles connecting each TS to the two associated
minima. The Gibbs free energy corrections at 298.15 K and
101.325 kPa were obtained from frequency calculations. The
solvent effects in the three solvents were taken into account
with the B3LYP/SMD/6-31+G(d,p) level. Moreover, the single-
point energy calculations were also performed at the M06-2X/
SMD/6-311+G(d,p) levels by using the B3LYP/SMD/6-31+G(d,p)
optimized structures. All the optimization structures of the
reactants, transition states, intermediates, and products are
shown in the ESL.}

3. Results and discussion

We investigated the three feasible reaction pathways for the
vinylogous Henry reaction of isatin la with 3,5-dialkyl-4-
nitroisoxazole 2 in water for exploring the functions of water
and the catalyst DABCO. Subsequently, we considered the
solvent effects in three solvents: water, THF and methanol.
Then, microsolvent models were employed for the rate-limiting
step. Finally, QM/MM/MC simulations were carried out for the
rate-determining step and the roles of the solvents were
analyzed in detail.

3.1 Reaction mechanism in water studied by DFT
calculations

For this vinylogous Henry reaction, we proposed three reason-
able pathways: Paths A-C, as shown in Scheme 2. In Path A,
DABCO directly catalyzes the reaction of 1a with 2. The reaction
begins with hydrogen transfer, where the hydrogen atom at the
8C atom of the CH; group in reactant 2 transfers to the 4N atom
of DABCO, followed by formation of a new C-C bond between C
of 1a and 8C of 2. The last step is the transferring of the
hydrogen atom of 4N in DABCO to the 50 atom of 1a and
hydroxyl formation. In Path B, it initiates when one water
molecule is activated by DABCO through transferring its one H
atom to the N atom of DABCO and then accepting the proton
from —CH; in 2. The following step is the C-C bond formation,
which is the same as Path A. The last step is hydroxyl forming by
means of an auxiliary water molecule. For Path C, three auxiliary
water molecules are involved in the deprotonation of -CHj; in 2
without the catalyst DABCO. There are two steps in the reaction.
In the first step, the hydrogen atom at 8C of 2 transfers to one
water molecule of a three-water-molecule chain. The second
step is the simultaneous formation of a C-C bond and
a hydrogen atom combining with the 50 atom to form hydroxyl.

The free energy profiles of the three pathways mentioned
above are depicted in Fig. S3 in the ESI.j The results of the free
energy barriers of activation for each elementary step obtained
using the B3LYP/SMD/6-31+G(d,p) and MO06-2X/SMD/6-
311++G(d,p)//B3LYP/SMD/6-31+G(d,p) methods are listed in
Table 1. The two levels give similar results and the same trend.
The following discussion is performed based on the DFT

This journal is © The Royal Society of Chemistry 2019
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Scheme 2 Three possible reaction pathways of vinylogous Henry reactions between 3,5-dialkyl-4-nitroisoxazole and isatin in water.

methods MO06-2X/SMD/6-311++G (d,p)//B3LYP/SMD/6-
31+G(d,p) used. As one can see from Table 1, it is relatively
difficult for Path C to take place with the high free energy
barriers of 34.0 kcal mol " for step 1 and 6.1 kcal mol ™" for step
2 compared with the other two pathways. For Path B, the free
energy of activation of step 1 is 27.6 kcal mol . The subsequent
two steps are easy to occur with low or even no free energy
barriers. Path A is also a three-step process with free energies of
activation of 21.2, 5.0, and —2.4 kcal mol', respectively.
Meanwhile, the rate-determining step of all Paths A, B, and C is
the first step (the deprotonation of the -CHj; group in 2).
Obviously, by comparison, the most preponderant route is Path
A with the lowest free energy barrier of 21.2 kcal mol ™" in its
rate-determining step. Thus, the presence of catalyst DABCO
significantly reduces the free energy barrier.

Table 1 Free energy of activation, AG* (kcal mol™), calculated at
25°C and 1 atm, for three mechanisms of vinylogous Henry reactions
between 3,5-dialkyl-4-nitroisoxazole and isatin in water

B3LYP/SMD/ MO06-2X/SMD/6-311++G(d,p)/

Pathway Step 6-31+G(d,p) /B3LYP/SMD/6-31+G(d,p)
Path A 1 22.4 21.2

2 7.6 5.0

3 -1.0 —-2.4
Path B 1 26.9 27.6

2 7.0 4.9

3 —-0.2 —0.6
Path C 1 35.0 34.0

2 7.6 6.1

This journal is © The Royal Society of Chemistry 2019

3.2 Effects of solvents studied by DFT calculations with the
SMD model

Next, we focus on the solvent effects on the dynamic property in
the rate-determining step (the first step, the deprotonation of
the -CH; group in 2) of the favored Path A under different
solvents containing water, methanol, and THF. The free energy
values of the related reactants and transition states in THF and
methanol were also calculated at the MO06-2X/SMD/6-
311++G(d,p)//B3LYP/SMD/6-31+G(d,p) level, which was the
same as used in water. The final free energies of activation in
water, CH;OH, and THF obtained using the B3LYP/SMD/6-
31+G(d,p) and  M06-2X/SMD/6-311+G(d,p)//B3LYP/SMD/6-
31+G(d,p) methods are listed in Table 2. One can see from Table
2 that the free energy barriers of activation AG™ are 22.4, 20.3,
and 21.7 kecal mol " using B3LYP/SMD/6-31+G(d,p) as well as
21.2, 19.4, and 21.2 kcal mol ™' using M06-2X/SMD/6-
311++G(d,p)//B3LYP/SMD/6-31+G(d,p) in water, CH;0H, and

Table 2 Free energies of activation, AG™ (kcal mol™?), calculated at
25 °C and 1 atm for the rate-determining step of vinylogous Henry
reactions between 3,5-dialkyl-4-nitroisoxazole and isatin in different
solvents

B3LYP/SMD/ MO06-2X/SMD/6-311++G(d,p)/

Solvent 6-31+G(d,p) /B3LYP/6-31+G(d,p)
Water 0-H,O 22.4 21.2

1-H,0 22.4 21.0

3-H,0 22.1 21.2

6-H,0 22.0 20.6
CH;0H 20.3 19.4
THF 21.7 21.2

RSC Adv., 2019, 9, 4932-4941 | 4935
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THF, respectively. All the computed AG™ values in organic
solvents are lower than those in water, indicating that the
DACBO-catalyzed vinylogous Henry reaction takes place more
easily in organic solvents than in water. However, the results are
inconsistent with the experimental research, in which the
reaction rate in water is faster than those in THF and
methanol.”

Whereafter, for the rate-determining step of Path A in water,
microsolvent models with the introduction of one-, three-, and
up to six-water clusters to the reaction centers were employed to
simulate the local microhydration surrounding (the corre-
sponding geometry structures of the reactants, transition states,
and intermediates are given in Fig. S4 of the ESIf). The free
energy of activation values AG™ are also given in Table 2. It can
be seen that the AG” values for the microsolvent models are
slightly decreased compared with the one in water without the
assistance of the water cluster and still higher than those in
THF and methanol. This indicates that the calculations using
the implicit SMD solvent model without or with the involve-
ment of auxiliary water molecules are unfit to reproduce the
experimentally observed changes of the rate of this vinylogous
Henry reaction in water and organic solvents. It is noteworthy
that some investigations using the DFT methods and the
polarizable continuum solvation models also failed to represent
the accurate sequence of reaction rates for the 1,3-dipolar
cycloadditions,**° the allyl p-tolyl ether rearrangement,*” and
the uncatalyzed aldol reaction® in solution. Thus, it should be
realized that the specific changes of hydrogen bond interactions
between reaction molecules and solvents along the reaction
path are important to the reaction under an “on-water” envi-
ronment, but they are not reflected in the continuum treatment.
Therefore, the QM/MM/MC calculations for the rate-limiting
step of Path A in the title reaction were performed (under the
solution conditions: on-water, in CH3;OH, and in THF, for
comparison) to gain an explicit representation of solvent
molecules in the following work.

View Article Online
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Table 3 Calculated bond lengths (A) of reaction coordinate RC1 in
transition state for the proton transfer of DACBO-catalyzed vinylogous
Henry reaction between isatin and 3,5-dimethyl-4-nitroisoxazole
from two methods

System B3LYP/SMD/6-31+G(d,p) QM/MM/MC/PDDG/PM3
On-water 1.36 1.83
In CH;0H 1.37 1.89
In THF 1.44 1.93

3.3 Role of solvents in the rate-limiting step studied by QM/
MM MC simulations

3.3.1 Structures. Geometries for the proton transfer in the
first step of the DACBO-catalyzed vinylogous Henry reaction
between 1a and 2 in solution were located with the QM/MM/MC
simulations. Configurationally averaged free energy profiles, AG
(keal mol "), were calculated by perturbing the distance of the
broken bond 8C-3H via potential of mean force (PMF) calcu-
lations in increments of 0.01 A. All internal degrees of freedom,
except for reaction coordinate RC1, were fully sampled during
the simulations. The free energy profiles for the reactions on-
water, in THF and in methanol are shown in Fig. 3. The
initial ranges were from 1.12 to 2.50 A for RC1. From the free
energy profiles, the rate-determining step in the three different
solvents was a one-step reaction with only one transition
structure. The feasibility of false data was eliminated firstly,
then we concluded all potential factors and inferred that the
deviation between reaction rates may be attributed to the
solvent effect, which plays a large role in organic reactions.

The values of RC1 in the transition state of the proton
migration process in the three solvent conditions were
computed from DFT method and QM/MM/MC simulations,
respectively, and are listed in Table 3. It is explicit that the
geometrical structures of the transition states in the three
different solvents did not have large variations with RC1 lengths
of 1.89 =+ 0.05 A from the QM/MM/MC/PDDG/PM3 method and
1.37 £ 0.07 A from the B3LYP/SMD/6-31+G(d,p) method. It can
be also seen that the change tendency of RC1 length along the
solvent polarity computed by the QM/MM/MC simulations with

PDDG/PM3 as the QM method was similar to the one by using
O ::: 'T“:l‘;‘am' DFT at the B3LYP/SMD/6-31+G(d,p) level of theory although the
40 b ——on water absolute values of RC1 distance at the TSs from the former
simulation were much longer than those obtained from the
= 30} latter method. The QM/MM/MC simulations predicted the
E transition states to be more product-like.
g 20 F
%’ 10k Table 4 Free energy changes relative to reactants, AG (kcal mol™),
calculated at 25 °C and 1 atm, for the proton migration process (the
first step of Path A) of DACBO-catalyzed vinylogous Henry reaction of
0r isatin with 3,5-dimethyl-4-nitroisoxazole obtained from the QM/MM/
MC simulations with PDDG/PM3 as the QM method
_10 i 1 " 1 i 1 i 1 i 1 i 1 r 1 i
0 12 14 16 18 20 22 24 26 gy On-water In CH,OH In THF
RCI(A)
Reactant 0.0 0.0 0.0
Fig.3 Free energy profiles for the proton transfer (the first step of Path TS 41.6 48.4 51.7
A) in three different solvents. Product —5.6 8.1 23.7
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Fig. 4 Solute—solvent energy pair distributions for the proton transfer
of the DACBO-catalyzed vinylogous Henry reaction for structures near
the reactants (solid red) and transition states (dash red). The ordinate
records the number of solvent molecules that interact with the solutes
and their interaction energy is on the abscissa. Units for the ordinate
are number of molecules per kcal per mol.

3.3.2 Energetics. The free energies in the three solvents at
25 °C and 1 atm were calculated for the rate-determining step
(the first step) of Path A of the DACBO-catalyzed vinylogous
Henry reaction of isatin with 3,5-dimethyl-4-nitroisoxazole from
the QM/MM/MC simulations beginning from a 3.5 A separation
distance between DABCO and 2. The resultant free energy
changes relative to the reactants are summarized in Table 4 and
Fig. 3. The error ranges in the computed free energy values have
been evaluated from fluctuations in the AG values for each FEP
window by using the batch means procedure with batch sizes of
0.5 million configurations; the overall uncertainties in the
computed free energies AG were below 0.7 kcal mol . From
Tables 4 and 2, all the absolute AG™ values from the QM/MM/
MC simulations are higher than the corresponding ones from
DFT/SMD computation by about 20-30 kcal mol '. It is

This journal is © The Royal Society of Chemistry 2019
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Table 5 Solute-solvent energy pair distributions for the proton
transfer of the DACBO-catalyzed vinylogous Henry reaction for the
reactants (GS) and transition structure (TS) under three solvent
conditions integrated to —4 kcal mol™ from the results in Fig. 4

On-water In CH;0H In THF
GS 2.6 2.6 2.9
TS 5.4 5.2 4.7
A(TS-GS) 2.8 2.6 1.8

important to realize that the overestimation of the absolute
AG7” in the semiempirical PDDG/PM3 method is a systematic
error and is not limited to this vinylogous Henry reaction.
Similar discoveries have been reported for Diels-Alder reac-
tions,* ene reactions,” methyl-transfer reactions,* Claisen
rearrangements,”” 1,3-dipolar cycloadditions,*® and aldol
reactions.®®

As described in Fig. 3, the free energy profiles reveal that the
proton transfer process for the DACBO-catalyzed vinylogous
Henry reaction undergoes a one-step mechanism under the
three different solvent conditions. From Table 4, the free
energies of activation from QM/MM/MC simulations were 41.6,
48.4, and 51.7 kcal mol ™ for on-water, in methanol and in THF,
respectively. We found that the AG” value on the surface of
water is approximately 7-10 kcal mol™' lower than those in
methanol and in THF and the AG values of the product are also
much lower. Therefore, it could be concluded that the rate-
determining step of Path A of the DACBO-catalyzed vinylogous
Henry reaction on-water takes place more easily than in meth-
anol and in THF and that the rate change in three different
solvent conditions follows the order of “on-water” > “in meth-
anol” > “in THF”, which is in great accordance with the exper-
iment research.”

3.3.3 Solute-solvent energy pair distributions. As is well
known, water, as a polar molecule, is a great hydrogen bond
acceptor and donor.** In previous theoretical studies of the
Henry reaction,***® the solvent effect was a remarkable factor for
the reaction rate through hydrogen bonding stabilizing the
transition structures. For the DACBO-catalyzed vinylogous
Henry reaction here, there are strong hydrogen-bonding
reception sites at 20 and 30 atoms in reactant 2. Additionally,
water can form more and stronger hydrogen bond than meth-
anol and THF because water is a strongly polar solvent. The
present results are fully consistent with these ideas. Subse-
quently, the detailed insights into the changes in the hydrogen-
bonding interactions in different solvents along the rate-
limiting step are discussed below.

The computed tendency of the rate change reflected by the
free energy of activation for the title reaction, as mentioned
above, which is in agreement with the experimental results,
indicates that the QM/MM/MC calculations obtained the origin
of the solvent effect at the molecular level. In particular, the
hydrogen bond interactions between the reaction system and
solvent molecules can be described by the solute-solvent energy
pair distributions that record average number of solvent mole-
cules interacting with the solute and the associated interaction
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energy. Through analyzing the QM/MM/MC results near the
reactant state and at the transition structure FEP windows, the
interaction energies were obtained. The solute-solvent energy
pair distributions for the proton transfer process between
reactant 2 and DABCO on-water, in methanol, and in THF are
shown in Fig. 4. The hydrogen bonds on-water and in methanol
are found in the left-most region with solute-solvent interaction
energies more attractive than —4 kcal mol™". The most favor-
able dipole-dipole electrostatic interactions in THF cover the
region from —10 to —5 kecal mol™'. The large bands near
0 kecal mol ™" result from the weak interactions with the outer
shells of many distant solvent molecules.

According to Fig. 4, with comparison of bands in solid red
lines and dashed red lines, we can see that the transition
structures have a stronger band than those of the reactant
structures for on-water, in methanol, and in THF, respectively.
Furthermore, there are remarkable differences between on-
water and in non-aqueous solvent. The low-energy bands for
the aprotic solvent are less favorable interactions than those for
on-water. In “on-water”, strong solute-solvent interactions were
obvious for the reactants and transition structure, with the
interaction energies in the range from —10 to —4 kcal mol .
The results of the solute-solvent energy pair distributions under
three solvent conditions integrated to —4 kcal mol ™" are listed
in Table 5.

In Table 5, it is clear that the variations of solute-solvent
interactions for proton transfer from reactants to the TSs have
the same tendency under the three different solvent environ-
ments. Integration of the transition structure band from —12 to
—4 keal mol™" yields about 5.4 water molecules interacting
strongly with the solute for the on-water condition, 5.2 meth-
anol molecules in methanol, and 4.7 tetrahydrofuran molecules
in THF. Therefore, the interaction intensity of the reaction
system with solvent molecules is changed in the order of
tetrahydrofuran < methanol < water. In all solvent conditions,
the number of hydrogen bonds between solvent and solute for
the TS is greater than that for the reactants, indicating that the
reduction in the free energy of activation can be attributed to
the heightened hydrogen bond interactions in the transition
structure. Furthermore, the numbers of solvent molecules
strongly interacting with the solute increase by 2.8, 2.6, and 1.8
“on-water”, in CH;OH, and in THF, respectively, on going from
reactants to transition state. These results show that the stabi-
lization of the transition structure relative to its reactant is
different in different solvents. In “on-water” and methanol, the
better solvation of the TS is owing to the larger increase in the
extent of the solute-solvent hydrogen bond interaction, while in
THF the change for the interactions with the solvent along the
reaction path is smaller.

3.3.4 Radial distribution functions (rdfs). The radial
distribution function (rdf), g(R), can be used to further charac-
terize the solute-solvent structures for the first step (proton
transfer) of the DACBO-catalyzed vinylogous Henry reaction on-
water, in methanol and in THF. The g(R) value is calculated by
the following equation:

2xy(R) = dN/(4mtpR*dR) = <N(R,R + dR)>/(4mpR*dR) (1)

4938 | RSC Adv., 2019, 9, 4932-4941

View Article Online

Paper
1. 0] on water for 20
\Ell) 05- .: ': :." . :. . i i@ ~
0.0 L : : ' .
1 0] on water for 30
ﬁ 0.5+ E ': :- A
0.0 . : : ' .
i 2 4 6 g8 10

Fig. 5 Computed O(solute)-H(water) radial distribution functions for
the rate-limiting step of DACBO-catalyzed vinylogous Henry reaction
on-water: transition structure (dash red), reactant (solid red) at 25 °C
and 1 atm.

The gyy(R) value gives the probability of the occurrence of an
atom of type y at a distance R from an atom of type X, normalized
to account for the bulk density p of the atoms and for the
volume element 4R>dR.

Hydrogen bonding between the oxygen atoms 20 and 30 in
the NO, group of reactant 2 and the hydrogen atoms of water or
methanol, O(solute)-H(solvent), should yield contacts shorter
than 2.7 A. Fig. 5 and 6 depict the computed g(R) values of the
O(solute)-H(solvent) radial distribution functions for the reac-
tant and transition structures in the rate-limiting step of the
DACBO-catalyzed vinylogous Henry reaction “on-water” and in
CH;0H, which reflect the probability of finding the hydrogen
atom of the solvent molecules at a distance R from the oxygen
atom of the reaction system.

As illustrated in Fig. 5 and 6, both for 20 and 30, we can see
that the hydrogen bonds are obviously greater for the transition
state (TS) compared to those of the reactant structures, with
a well-defined first peak centered at 1.9 A and a minimum near
2.4-2.7 A. The second peak in the O(solute)-H(solvent) rdf at
3.2-3.8 A is owing to the more remote hydrogen of the linearly
hydrogen-bonding solvent molecules. However, from the 20
atom, the integration of peaks from 0.0 to the minima at 2.4-2.7
A reveals an increased number of site-specific 20(solute)-
H(solvent) hydrogen bonds for the TS relative to the reactants
on-water and in methanol, namely, from GS to TS it is 0.2 to 0.7
for on-water and 0.1 to 0.5 for in methanol (Table 6).
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Fig. 6 Computed O(solute)-H(methanol) radial distribution functions
for the rate-limiting step of DACBO-catalyzed vinylogous Henry
reaction in methanol: transition structure (dash red), reactant (solid
red) at 25 °C and 1 atm.

Analogously, there are hydrogen bonds for 30 in the TS,
reaching 1.0 for on-water and 0.7 for in methanol. It changes
from 0.6 to 1.7 for on-water, and from 0.3 to 1.2 for in methanol.
The increase of hydrogen bond interactions between the
O(solute) and H(solvent) from the reactants to TS for on-water is
more than that in methanol. This could be the major reason
leading to the greater reaction acceleration on-water than in
CH,OH.

As depicted in Fig. S5 of the ESI,{ the interactions between
the oxygen of the reactant and the united-atom CH, group on
THF, O(solute)---CH,(solvent), were also detected by radial
distribution functions for the reactant and transition state. We
found that the probability of finding the CH, group on THF

Table 6 Number of solvent molecules interacting with oxygen atoms
of solute for reactant (GS) and transition state (TS) in the proton
transfer process on-water and in methanol from radial distribution
functions”

On-water In methanol

GS TS GS TS
20 0.2 0.7 0.1 0.5
30 0.4 1.0 0.2 0.7
Total 0.6 1.7 0.3 1.2

“ Integration of the first peak to 2.4-2.7 A from the results shown in
Fig. 5 and 6.
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molecule from the oxygen atom of the solute requires a larger
distance R compared to those “on-water” or in methanol. The
O---CH, interactions are reflected in the first peak centered at
around 3.6 A, which is extended to its minimum with a distance
of about 4.5 A. The second peak in the O---CH, rdf at around 5.5
A arises from the more remote united-atom —-CH, group of the
THF molecules. Consistent with the results in Fig. S5, the
difference between the reactant and transition state is much
diminished in comparison to the results for on-water and in
methanol.

4. Conclusion

In conclusion, three feasible pathways for the DACBO-catalyzed
vinylogous Henry reaction between 3,5-dialkyl-4-nitroisoxazole
and isatin have been explored theoretically under water as the
solvent by DFT calculations: (A) direct catalyzation of DACBO;
(B) attacking of one water molecule activated by the catalyst;
and (C) catalyzation of three auxiliary water molecules without
catalyst. We found that Path A is the most favorable mechanism
and the first step, the proton migration process, is the rate-
limiting step. Additionally, the solvent effects of three
different solvents, namely, water, methanol, and tetrahydro-
furan, have been considered by DFT methods with SMD model.
The microsolvent models with one-, three-, or six-water-
molecule clusters have also been adopted for the rate-
determining step in water. However, the results of solvent
effects obtained from DFT calculations are contrary to the
experimental research of Zhang et al.*

QM/MM/MC simulations have been carried out for the rate-
limiting step of Path A in the title reaction on the water surface,
in methanol and in tetrahydrofuran. The calculated AG™ values
of 41.6, 48.4 and 51.7 kcal mol ™! under on-water, in methanol
and in THF, respectively, indicate that the reaction rate order is
“on-water” > “in methanol” > “in THF”. This qualitatively agrees
with the experimental observation. Furthermore, the hydrogen-
bonding effects are better in the reaction on-water than in the
other two solvents. The reaction rate acceleration for the proton
transfer step is connected with the on-water environment
because of the ability of the interfacial water molecules to
stabilize the transition structure. Solute-solvent energy pair
distribution and radial distribution functions further expound
the increase of site-specific (20 and 30 atoms in reactant 2)
hydrogen bond interactions in the transition structure in the
rate-determining step. Therefore, our studies will broaden the
understanding of the reaction mechanism and the role of water
for the vinylogous Henry reaction theoretically.
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