J. Am. Chem. Soc. 1993, 115, 9667-9675

A Two-Dimensional Energy Surface for a Type II Sn2
Reaction in Aqueous Solution?

Jiali Gao' and Xinfu Xia

Contribution from the Department of Chemistry, State University of New York at Buffalo,
Buffalo, New York 14214

Received May 19, 1993®

Abstract: The role of aqueous solvation on the potential surface of the Sy2 Menshutkin reaction between ammonia and
methyl chloride has been examined by using a combined quantum mechanical and statistical mechanical method. In
the present simulation approach, the reactant molecules are treated by the semiempirical AM1 theory, while the solvent
isrepresented by the empirical TIP3P model. Solute—solventinteractions are evaluated through Hartree~-Fock molecular
orbital calculations throughout the fluid simulation. In this paper, it is first demonstrated, by comparison with high-
level ab initio results, that this hybrid quantum mechanical and molecular mechanical (QM/MM-AM1/TIP3P) model
can provide an adequate description of intermolecular interactions between the solute and solvent for the Menshutkin
reaction. The free energy surface in aqueous solution is then determined via statistical perturbation theory with a grid
search algorithm. The results suggest that the solvent effects strongly stabilize the transition state and products. The
computed free energy of activation (26 kcal/mol) is in good agreement with previous theoretical and experimental
estimates. The most striking finding is that the transition state is shifted significantly toward the reactants, with a
lengthening of the C-N bond by 0.30 A and a shortening of the C—Cl bond by 0.15 A. This is in accord with the
Hammond postulate and consistent with previous theoretical studies. Analyses of the simulation results indicate that
the charge separation during the present Type II SN2 reaction is promoted by-the solvent effect, with a charge transfer
of about 65% complete at the transition state. Detailed insightsinto thestructural and energetic nature of the differential
solvation of the reactants and transition state are provided.

Introduction

The bimolecular nucleophilic substitution reaction is one of
the most fundamental processes in organic chemistry and has
attracted numerous experimental and theoretical investigations.!-
In his classic work, Ingold classified nucleophilic substitutions
into four categories according to the charge type of the nucleophile,
being negative or neutral, and of the substrate, being neutral or
positive.! This classification has helped qualitatively to explain
the dramatic solvent effect on the rate of Sn2 reactions observed
experimentally on the basis of charge distributions of the reactant
and the transition state.!# Quantitative characterization of the
solute-solvent interaction at the molecular level, however, was
only recently made possible, thanks to advances in computer
technology and accurate free energy computational techniques.
In particular, much attention has been paid to the prototypical
Type I SN2 reaction of Cl- + CH3;Cl — CICH; + CI-, involving
ananion and a neutral substratein aqueous and organic solvents.>?
To further our understanding of the solvation effect on SN2
reactions, extension of theory to other charge types is warranted.

t Taken in part from the Ph.D. dissertation of X.X., SUNY, Buffalo, 1993.
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Much progress has been made in elucidating the intrinsic
properties of gas-phase Sy2 reactions through quantum me-
chanical abinitio calculations. The double-well potential energy
surface for the Type I reaction® predicted by early theoretical
studies was confirmed by the extensive experimental work of
Brauman and co-workers.!%!! In addition, ab initio calculations
provide valuable information on thetransition-state (TS) structure
and charge distributions along the whole reaction coordinate.
Recently, these computations have been extended to condensed-
phase simulations using statistical mechanical Monte Carlo and
molecular dynamics techniques.>® This wasled by the calculation
of the reaction profile involving chloride and methyl chloride in
aqueous and DMF solutions.’® The strikingsolvent effect observed
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experimentally was demonstrated by a predicted increase of 15
kcal/mol in activation free energy over its intrinsic (in vacuo)
barrier.

In the present study, we report the results of a theoretical
examination of a Type II S\2 reaction, the Menshutkin reaction
in aqueous solution,l:42

H,N + CH,Cl — H,NCH,* + CI

using the combined quantum mechanical and molecular me-
chanical (QM/MM) Monte Carlo simulation method described
previously.!12 Several issues are of interest in this reaction. First,
TS structures are generally expected to be different in the gas
phaseand insolution. Thisis not a serious problem for symmetric
reactions because the solvent effects are the same on both sides
of the TS along the reaction coordinate. Thus, the structural
change is not expected to be considerably large and has been
confirmed by Jorgensen and Buckner for the Type I reaction in
water.* However, switching to a system consisting of a neutral
nucleophile and substrate (Type II), in which large charge
separation occurs during the reaction, should yield an “uneven”
solvation effect that is accompanied by a reduction of the reaction
barrier and a shift in the TS structure according to the Hammond
postulate.!* In a recent communication, we reported the results
of a study of the Menshutkin reaction using empirical potential
functions.!4 That work, along with the study of Soli et al.,!*
confirmed the empirical expectation and demonstrated that the
solvent effect can, indeed, significantly modify the position of the
transition state. Consequently, the solvent effect should be
included in the electronic structure calculations to determine the
reaction path in solution. Second, the solvent effect on the
polarization of the reactants is expected to enhance the charge
separation of the Menshutkin reaction over that of the reaction
in the gas phase.1415 Although this would be very difficult to
investigate using empirical potential functions, the problem is
naturally solved by the QM /MM method because the solvent
effect is coupled into the electronic structure calculation in fluid
simulations.!»1¢ Therefore, additional insights into the solvent
effect may be inferred from the QM /MM simulation. Finally,
it is desirable to locate the minimum free energy path for the
Menshutkin reaction in solution rather than to follow the reaction
path of the gas-phase process.>-914

In this report, we have extended our study to cover the free
energy surface of the Menshutkin reaction by mapping out the
bond formation and breaking process independently. The results
provide new insights into the structure and energetics for the
understanding of Sn2 reactions in solution. In the following,
computational details are given first, followed by results and
discussion.

Computational Details

(a) Intermolecular Potential Functions. Inthepresentstudy, weadopt
a combined QM /MM approach in statistical mechanical Monte Carlo
simulations. The method has been reviewed recently by several authors;
additional details arein ref 12. Here, the fluid system is partitioned into
a quantum mechanical region consisting of the solute molecule, H3N-
CH3—-Cl, and a molecular mechanical region containing solvent monomers
which are approximated by the three-site TIP3P model for water.1619
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Table I. Lennard-Jones Parameters Used in the AM1/TIP3P
Model

atom o, A ¢, keal/mol
H;3;N-CH;3-Cl
C 3.4000 0.1000
N 3.0875 0.1615
Cl 4.1964 0.1119
Hc 2.0000 0.0700
Hn 0.0 0.0
Water
(o) 3.1506 0.1521
H 0.0 0.0

Clearly, to compute the energies of the QM solute molecule throughout
the condensed-phase simulation, a computationally efficient method must
be used. Therefore, the semiempirical Austin Model 1 (AM1) theory
developed by Dewar and co-workers!” is employed to form the AM1/
TIP3P force field in this study.!2s¢ Warshel and co-workers have used
the empirical valence bond (EVB) theory in their study of the Type I Sn2
reaction and enzymatic processes.54.120

For the QM region, the solute is represented by valence electrons and
nuclei. The restricted Hartree—~Fock wave function, ®, is used with a
single Slater determinant of alldoubly occupied molecular orbitals (MOs),
which are linear combinations of a minimum basis set.1:18 The total
effective Hamiltonian of the system is given by!2

Heﬁ=H°+HQM/MM+iIMM ¢))

where A° is the AM1 Hamiltonian for the‘solute molecule, Ay is the
molecular mechanical solvent energy, and Hqm/mm is the solute—solvent
interaction Hamiltonian (eq 2),

HQM/MM = ‘QlM/MM+fIg}~v{V/MM
S MNeg, S .MagZ.,
(L5 ).
sm] jm] rsl sm] mm Rsm
S M O 12 O \6
wl(z)-(2)] e
;; = le le

where e is the charge of electrons, ¢, and Z, are charges on the solvent
and solute nuclei, S and M are the corresponding total numbers of
interaction sites, and 5 and Ry are the distances of the solute electrons
and nuclei from the solvent sites, respectively. The Lennard-Jones term
in eq 2 accounts for the dispersion interaction between the QM and MM
regions, which are omitted in the hybrid QM/MM approximation;!® it
contains the only adjustable parameters for the solute (om and ¢p,) in the
present approach. These parameters are listed in TableI. The combining
rules used for the solute—solvent interaction are g3y = (050m)!/2 and €
= (ftfm)l/ 2,

The total potential energy in the combined QM /MM force field is
computed using eq 3,

Ey = (‘I"ﬁeﬂq’) =Equ t EgM/MM + EgL‘X/MM +Eyy (3

Here, ¢ is the wave function of the solute in aqueous solution, Emm is
the MM pair interaction energy for the solvent molecules enumerated
with the empirical TIP3P potential, and (Eqm + EalM /MM) is determined
through Hartree-Fock self-consistent-field (SCF) MO calculations.
As usual, the intermolecular interaction energy for a water dimer in
the MM region is given as the sum of Coulombic interactions between
allatomic pairs plus a Lennard-Jones term between the two oxygen atoms
(eq 4). The three-site TIP3P model is employed for water, with
experimental geometry held fixed throughout the simulations,?

ona onb
AE, =Y (qq)/ry) + deqol(o0a/Fo0)"* = (0o/ )] (4)
[
(b) Geometrical Constraints. Due to the symmetry of the Menshutkin
reaction of H3N + CH;Cl, the three non-hydrogen atoms, N, C, and Cl,

(17) Dewar, M. 1. S.; Zocbisch, E. G.; Healy, E. F.; Stewart, J. J. P. J.
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are constrained to be collinear along the C; symmetry axis. Dihedral
variations of H;N and CHj; groups about the C-N bond are allowed
during the Monte Carlo simulation.2%® The bond length and bond angles
associated with the hydrogen atoms are optimized at a fixed H-N-C-H
dihedral angle sampled in the calculation.

(¢) Monte Carlo Simulations. Statistical mechanical Monte Carlo
calculations were carried out in the isothermal-isobaric (NPT) ensemble
at25°Cand 1 atm.20 A cubic box containing 265 water molecules (ca.
20 % 20 X 20 A3) was used in the free energy surface calculation, whereas
a rectangular box consisting of 321 water molecules (ca. 19 X 19 X 28
A3) was employed for computing the reaction profile (see below) to allow
adequate sampling at large separation distances along the reaction
coordinate (RC). Inthelatter simulation, the C3 symmetry axis is oriented
tocoincide with the z-axis of the water box. Standard Metropolis sampling
procedures were adopted along with the Owicki-Scheraga preferential
sampling technique using 1/(+2 + ¢) weighting, where ¢ = 150 A2, to
facilitate the statistics near the solute molecule.2! At least 5 X 10°
configurations were taken in the equilibration stage for each point on the
free energy surface, while 106 configurations were collected to compute
the statistical averages. The solute-solvent interaction energy was
evaluated by single-point Hartree—Fock SCF calculations using the
effective Hamiltonian of eq 1. The intermolecular interactions are
feathered to zero between spherical cutoff distances of 9.0 and 9.5 A for
water—water and solute—water interactions, based roughly on the center-
of-mass separation. New configurations were generated by randomly
selecting a molecule, translatingitin all three Cartesian directions, rotating
it along a randomly chosen axis, and varying the internal rotation. An
acceptance rate of about 40% was maintained by using ranges of £0.11
A and 10° for molecular motions. Volume changes were restricted to
within £100 A3 at every 1625 configurations. Standard deviations are
estimated from averages of blocks 10° configurations.

(d) Free Energy Surface. In order to assess the solvent effects on the
TS structure of the prototypical Menshutkin reaction, HsN + CH;Cl —
CH;3NH;* + Cl-, in aqueous solution, a two-dimensional free energy
surface was constructed through a grid search method. The two
independent coordinates of the map are C-N distance Rcn and C-Cl
distance Ry The grid searching was carried out in a rectangular region
of 1.406 A < Ren < 2,406 A and 1.744 A < Reqy < 2.444 A, while
statistical perturbation theory was used to compute free energy differences
between neighboring grid points.2? Specifically, at a given value of Reqy,
a series of perturbation calculations with ARcn = £0.05 A were carried
out to yield a free energy profile as a function of Rcn. The relative
heights of two such neighboring profiles (parallel to each other) at an
interval of 0.10 A were determined by another perturbation calculation
with respect to Rec at a fixed Ren value. Finally, the potential surface
was anchored relative to the free energy at an RC of —2.0 A (see below).
Hence, the whole free energy surface was constructed (Figure 1) through
a total of 87 simulations. The numerical results are summarized in the
supplementary material.

We note that Warshel and co-workers introduced an elaborate method
that employs a mapping function todrive the reactant state to the product
state.64126:23 The free energy of activation for the reaction is thenrecovered
by an umbrella-sampling-type treatment,* making use of the energy
gap, Ae, between the products and reactants on the mapping function
potential surface as the reaction coordinate.5423® The method is
particularly advantageous for use with the EVB approach, which has
been applied to many chemical and biological systems by these authors.2?
The method, of course, can be used with the MO approach as described
in ref 12b. Effectively, the method gives the probability of reaching the
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J.P. MOPAC, Version 5; Quantum Chemistry Program Exchange 455, 1986,
Vol. 6, No. 391.
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Figure 1. Schematic representation of the algorithm used in calculating
the free energy map. X represents the C—Cl distance, and Y is the C-N
separation in the Menshutkin reaction. In the first step, free energy
profiles in the Y direction are constructed by perturbing Y with fixed X
values. These profiles are then connected by perturbations with respect
to X.

transition state from the reactant state, while the energy of the transition
state (which is defined by Ae) results from a distribution of solute
geometries in solution. Thus, structural constraints are not involved in
these calculations, though the mapping function provides an energetic
restriction. On the other hand, the present grid approach, as in many
applications reported in the literature,6 yields the potential of mean
force for the reaction if a one-dimensional reaction coordinate is used or
the solvent-averaged free energy surface with a multiple-dimensional
reaction coordinate.

Recently, Pearlman and Kollman proposed a method for establishing
the free energy surface using statistical perturbation theory.2s They
suggested perturbing the two independent variables, the dihedral angles
in their study, in multiple directions. Consequently, several free energy
changes can be obtained from a single fluid simulation. This would,
indeed, be computationally efficient if empirical potentials are used because
the time-limiting step s the configurational sampling in those simulations.
However, the major cost in the hybrid QM /MM method is the quantum
mechanical MO calculations. Furthermore, multiple-direction mutations
over the present double-wide sampling26 will also significantly increase
the memory requirement in the combined QM /MM method. Thus, the
grid search in the present study is limited to double-wide sampling.26

Gas-Phase Reaction

(a) Potential Surface in the Gas Phase. Inour previous study,¢
the transition-state structure for the Menshutkin reaction of H;N
+ CH;Cl — CH;NH,;* + CI- was located through ab initio
molecular orbital calculations at the 6-31 + G(d) level using
GAUSSIAN 90.27 A minimum energy path (MEP) was then
determined by energy minimizations at different values of the
reaction coordinate (RC) defined by!4

RC = Req - Rey - RC, (5)

where Rec) and Ry are respectively the distances of Cl and N
from C, and RC, is the difference between the C-Cl and C-N
separations at the saddle point. A Cj,symmetry was maintained
during the minimizations. Correlation energies were obtained
by single-point energy computations at the MP4SDTQ/6-31 +
G(d) level for all structures considered. The gas-phase freeenergy
profile was constructed using standard procedures by including
zero-point energy and entropy corrections based on the 6-31 +
G(d) vibrational frequencies.!4 In these calculations, ab initio
vibrational frequencies were scaled by a factor of 0.89, and the

(25) Pearlman, D. A.; Kollman, P. A. J. Am. Chem. Soc. 1991, 113,7167.

(26) Jorgensen, W. L.; Ravimohan, C. J. Chem. Phys. 1988, 83, 3050.

(27) Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.; Foreman, J. B.;
Schlegel, H. B.; Raghavachari, K.; Robb, M.; Binkley, J. S.; Gonzalez, C.;
Defrees, D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, R.; Melius, C. F.; Baker,
J.; Martin, R. L.; Kahn, L. R,; Stewart, J. J. P.,; Topiol, S.; Pople, J. A.
GAUSSIAN 90; Gaussian Inc.: Pittsburgh, PA, 1990.
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Table II. Computed and Experimental Energies for the Menshutkin
Reaction in the Gas Phase at 25 °C (kcal/mol)

species AH (AM1) AG (MP4/6-31+G*)? AG (expt)?
H;3;N + CH,Cl 0 0 0
[H3N-CH5-Cl]* 50.0 46.7
CH;3;NH;* + CI- 137 119 110

4 Reference 14.

resulting vibrations that are lower than 500 cm-! were treated as
rotations. In addition, the normal mode along the reaction
coordinate, which becomes imaginary at the TS, was ignored.
The computed free energy of reaction is in good agreement with
the experimental data (Table II).1428 It should be pointed out
that the reaction path calculated this way is not necessarily the
steepest descent path (SDP) due to the restriction of eq 5. The
SDP or the intrinsic reaction coordinate (IRC) may be obtained
through the reaction-path-following procedure incorporated in
GAUSSIAN 90.

The ab initio free energy profile described above has been used
to compute the potential of mean force (pmf) for the Menshutkin
reaction in aqueous solution through Monte Carlo simulations
with fitted empirical potential functions.!* Although the com-
puted energetic results are in good agreement with the available
experimental data, there is concern with the predicted transition-
statestructure in water because of the dramatic solvent effect.1415
In the previous empirical approach, it was not possible todetermine
a priori the solvent effect on the change of the reaction profile
in solution. The solvation free energy has to be evaluated
separately and added to the free energy profile in the gas phase.
Consequently, the maximum point on the free energy profile in
solution will always be along the gas-phase MEP. Hence, the
“TS”structure obtained this way is not necessarily the true saddle
point on the free energy surface in solution. A proper treatment
of the solvent effects on the TS structure should couple the solute—
solvent interaction and the chemical process simultaneously and
consider a two-dimensional free energy surface by treating both
bond formation and breaking processes.

Fortunately, the combined QM/MM-AMI1/TIP3P Monte
Carlo simulation method provides a viable solution, and it is
adopted in this study. To ensure that the AMI1 method is
appropriate to describe the Menshutkin reaction of H;N + CH;-
Cl, structural and energetic results are compared with the ab
initio 6-31 + G(d) findings (Table Il and Figure 2).14 Geometric
variables for the reactant and product molecules predicted by the
AMI1 model are in excellent agreement with predictions by ab
initiocalculations at the 6-31 + G(d) level. Thelargestdeviations
are only 0.04 A for the bond lengths and 1.3° for the bond angles.
On the other hand, the AM1 model yields a much tighter TS
structure than the abinitio approach. At thetransitionstate, the
C-N and C-Cl distances are 1.899 and 2.474 A at the 6-31 +
G(d) level, which are 0.24 and 0.23 A longer than the AMI
values. In addition, the Walden inversion at the methyl group
is about 3,8° more advanced in the AM1 structure. However,
the ab initio geometric parameters appear to be somewhat
overestimated for the Menshutkin reaction in view of the results
for the Sn2 reaction of Cl-+ CH;Cl, where the two C—Cl distances
are 2.383 A at the TS.5 In any event, since the primary interest
of the present study is the solvent effect on the change in TS
structure, it seems to be reasonable to use the AM1 geometry in
fluid simulations. An alternative approach would be to use the
ab initio potential surface for the Menshutkin reaction in the gas

(28) Computed from standard free energies of formation: —3.91 (NHj),
—-14.38 (CH;Cl), -57.40 (CI), and 149.2 (CH3;NH;3%). JANAF Thermo-
chemical Tables, 3rd ed.; U.S. Government Printing Office; Washington D.C.,
1971. J. Phys. Chem. Ref. Data Suppl. 1982; Vol. 11, 1985; Vol. 14. The
value for CH;NH;* was calculated from the process CH;3NH; + H* — CHj-
NH;*: Aue, D. H.; Webb, H. M.; Bowers, M. T. J. Am. Chem. Soc. 1976,
98,311, Lias, S. G,; Liebman, J. F.; Levin, R. D. J. Phys. Chem. Ref. Data
1984, 13, 695.
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Figure 3. Contour of the heat of formation for the Menshutkin reaction,

H3N + CH;Cl — CH;3NH;3* + Cl, in the gas phase determined by AM 1

calculations. The contour level is 2 kcal/mol. Values higher than 60 or

less than —25 kcal/mol are not shown. Monte Carlo simulations are

carried out within the rectangular region.

phase, supplementing solvation free energies evaluated with the
AM1/TIP3P model.

The AM1 energy contour for the reaction H;N + CH;Cl —
CH;NH;* + CI- in the gas phase is shown in Figure 3. The
feature of a shallow minimum for the product ion pair predicted
by ab initio calculations is also revealed by the AM1 results.1415
Notethat althoughstandard enthalpies are computed in the AM1
geometry optimization, the numerical results are actually in good
agreement with free energy changes predicted at the MP4SDTQ/
6-31 + G(d) level with 6-31 + G(d) vibrational frequencies (Table
IT). Itappearsthatthe AM1 results without entropic corrections
provide a reasonable approximation to the ab initio free energy
profile and thus will be used in the present study (see below).

(b) Bimolecular Interactions. The most crucial element in the
simulation of chemical reactions in solute is the reliability of the
method for computing intermolecular interaction energies at
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complex a

complex ¢

Figure 4. Structural arrangements of monohydrated clusters of [Hx
CH;-Cl].

different stages of the reaction; of course, it is, too, important for
the solvent effects and associated boundary conditions to be
correctly incorporated into the quantum Hamiltonian.!? Con-
sequently, geometries and interaction energies for solute-water
complexes at different values of Rcn and Rec are computed at
the abinitio 6-31 + G(d) level and are compared with predictions
from the QM /MM model, through which the Lennard-Jones
parameters (eq 2) are determined. Values of Rcn and Rec are
chosen along the 6-31 + G(d) MEP corresponding to RCs of
-1.5,-1,0, -0.5, -0.25, -0.1, 0.0, 0.1, 0.25, 0.5, and 0.75. The
abinitio results for these bimolecular complexes with water have
been used to derive the empirical potential function employed in
our previous study of the Menshutkin reaction in water.14 At
each of the sclected points, two or three configurations of the
solute—water complex are considered. Figure 4 depicts the
structural arrangement of these bimolecular complexes. Structure
a specifies the hydrogen-bonding interaction between the am-
monium hydrogen and the oxygen of water, while complexes b
and c¢ denote the open and bifurcated forms between water and
Cl. In all geometry optimizations (ab initio, QM /MM, and
empirical), monomer geometries are fixed at the 6-31 + G(d)
and experimental values for the reactants and water, respectively,
while hydrogen-bonding parameters that are optimized are
indicated in Figure 4. At the 6-31 + G(d) level, complex a has
the strongest binding energy along the whole RC, whereas complex
¢ forms the weakest complex of the three structures considered.

The ab initio interaction energies are first compared in Figure
5 (top) with those predicted by the empirical potential function
usedinref 14. Asexpected, hydrogen-bonding interactions exhibit
a gradual increase along the reaction coordinate. Excellent
agreementis obtained with a root-mean-square (RMS) deviation
of 0.4 kcal/mol between the two methods; however, the param-
etrization procedure was laborious and required a cubic spline
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Figure 5. Comparison of the solute-solvent interaction energies predicted
by the potential functions (top) and by the AM1/TIP3P model (bottom)
vs the 6-31 + G(d) values. A line of slope = 1.0, indicating perfect
agreement, is shown. All energies are in kilocalories per mole.

technique to specify the changes of the potential function
parameters along the RC.14 It is perhaps not even practical to
derive such empirical potentials for the reaction surface considered
here because the empirical parameter fitting would require
consideration of bimolecular interactions spreading over the entire
potential surface.® In contrast, the solute-solvent interaction is
naturally determined in the combined QM /MM treatment.!216
Figure 5 (bottom) correlates the QM /MM prediction and the ab
initio 6-31 + G(d) results. Inthesecalculations, thesolute, [H;N—
CH;-Cl], is treated quantum-mechanically, while water is
represented by the TIP3P model. The accord is good for an
energy range of —1 to —12 kcal/mol; the overall RMS deviation
is 0.5 kcal/mol. Large deviations between the QM /MM and
6-31 + G(d) results are mainly from complex ¢, without which
the RMS deviation would be 0.4 kcal/mol. The agreement
demonstrated here provides strong support for the use of the
QM /MM method to study the Menshutkin reaction in aqueous
solution.

Free Energy Surface in Aqueous Solution

The principal goal of the present study is to determine the
solvent effect on the potential surface of the Menshutkin reaction
in water. This can be achieved by using statistical perturbation
theory in Monte Carlo or molecular dynamics simulations. It is,
of course, straightforward to compute the potential of mean force
for the reaction along a predefined one-dimensional reaction
path;%14 however, the construction of the potential surface requires
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Figure 6. Computed free energy surface for the Type II SN2 reaction
[H3N-CH3-Cl] in aqueous solution as a function of C-N and C-Cl
separations. The transition state is marked by an X, while the minimum

energy path defined by eq 5 is indicated by the curve across the diagram.
Energies are givenin kilocalories per mole, and distances arein angstroms.

knowledge of relative free energies of all grid points (Figure 1)
on the two-dimensional map.2* This is a substantial undertaking
in computational effort, especially with the use of the combined
QM /MM potential. Consequently, emphasis is centered on the
region indicated in Figure 3, where bond forming and breaking
in the Menshutkin reaction take place. The results are shown in
Figure 6, in which the saddle point at Ren = 1.96 A and Reg
=2.09 A ismarked by an X, while that in the gas phase s indicated
by an O.

Several technical points should be addressed before the results
are discussed further. First, in the present QM /MM approach,
it is possible to decompose the computed total free energy change
between two adjacent grid points into the intrinsic (gas-phase)
contribution and the free energy of hydration.?® This is accom-
plished by writing the quantum mechanical energy of given C-N
and C-Cl distances Eqm(Rcn,Rccr) (eq 3) in terms of the gas-
phase energy and an energy penalty required to polarized the
electron distribution in solution:16.2

Equ(RensRee) = E °gas(RCN’RCCl) + AE 4 (RensRec)

(6)
Here, E°gy(Ren,Rea) = ($°|H° qu(Ren,Rea)|®°), and Equ-
(RCN,RCCI) = (¢|H°QM(RCN,RC(;1)|4>), which are the electronic
energies of the reactants in the gas phase and in water. AEgiq
is the electron distortion energy due to solute—solvent interac-
tions,'6:2% and &° and & are the wave functions of the solute in
the gas phase and in water, respectively. Thus, the solvation free
energy for the Menshutkin reaction can be determined by
subtracting the gas-phase potential (Figure 3) from the aqueous
free energy surface (Figure 6) obtained via the QM/MM
simulations. It should be emphasized that the combined QM/
MM approach has the advantage of taking into account of the
solvent polarization effects that are partially reflected by the
AEg4, term.18 Generally, this is of great concern if pairwise,
empirical potential functions are used.

Second, the enthalpy change computed with the AM1 method
is used here to approximate the free energy surface for the reaction
of H;N + CH;Cl in the gas phase. Table II shows that the
approximation is quite reasonable since the estimated enthalpy
of activation (50 kcal/mol) is in reasonable accord with the free
energy predicted at the MP4SDTQ/6-31 + G(d) level (47 kcal/
mol). However, the AM1 method overestimates the energy of
reaction for the Menshutkin reaction by 18 (27) kcal/mol
compared with the ab initio (experimental) data.?® The dis-
crepancy is largely due to the poor performance of the AMI

(29) Gao, J. J. Phys. Chem. 1992, 96, 6432.
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Figure 7. Potential of mean force for the Menshutkin reaction in water
(solid curve) and in the gas phase (dashed curve). Thereaction coordinate
is the minimum energy path shown in Figure 6.

theory for the chloride ion, whose heat of formation is predicted
to be 18.2 kcal/mol higher than the experimental number.!? This
difference is expected to be fully transferred into the results from
the QM /MM Monte Carlosimulation; however, it is not expected
to affect the energetics in the region before/near the transition
state.

Finally, a major concern in the present study is the choice of
the independent variables for the reaction surface, A linear
approach of the nucleophile to CH;Cl is assumed, which appears
to be reasonable; however, a full descriptionof the reaction surface
should also include the angular averaging of the nucleophilic
attack. Extension beyond the present two-dimensional surface
that treats the C-Cl and C-N variations independently is
unfortunately beyond our current computational capability. Note
that classical trajectory studies of the Type I Sn2 reactions with
a box of solvent molecules have been carried out by Gertner et
al.” and by Hwang et al.5 while Tucker et al.? used a
multidimensional transition-state theory, but included only a few
solvent molecules. It isof interest to performsimilar calculations
using the present QM /MM approach.

The most striking finding in Figure 6 is the shift of the TS
structure that accompanies a dramatic solvent stabilization of
the products. This finding is in good agreement with the prediction
based on the Hammond postulate.l* The structural change
features a lengthening of the C-N distance of 0.30 A from its
gas-phase value of 1.66 A and a decrease in the C~Cl bond length
by0.15A (2.09 Ain water). Therefore, the TS of the Menshutkin
reaction occurs much earlier in aqueous solution than in the gas
phase. For comparison, structural changes predicted in our
previous investigation using empirical potentials are +0.15 and
-0.10 A for Rcn and Regy, respectively.!4 However, that work
differs from the present investigation in two ways: (1) there is
no relaxation of the electronic structure allowed during the
simulation and (2) the gas-phase MEP is held fixed without
consideration of the symmetric stretch along the reaction path.*
The structural change is entirely due to solvation without
consideration of electronic structure relaxation.!4 The present
QM /MM method, on the other hand, allows electronicrelaxation
of the reactants on a two-dimensional free energy surface in
aqueous solution through the quantum Hamiltonian.!¢ Conse-
quently, a much more dramatic solvent effect is observed. Note
that a similar Menshutkin reaction involving H;N and CH;Br
has been studied by Sola et al., using a continuum self-consistent
reaction field method in ab initio molecular orbital calculations.'s
They found similar qualitative features for the TS structure when
a dielectric constant of 78 was used to represent the aqueous
solution,

Figure 7 illustrates the pmf along the reaction path shown in
Figure 6 for the Menshutkin reaction, which has been extended
by additional calculations along the path leading to the reactants
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Figure8. Free energy of hydration for the Menshutkin reaction in water.
Energies are given in kilocalories per mole relative to the reactants at an
RC=-24A

and products. The RC of Figure 7 is defined by eq 5, but the
TS structure in aqueous solution (Figure 6) is used to specify the
reference state for RCy. In Figure 7, the pmf is zeroed at RC
=-2.0 A, which is virtually flat for [RC| = 1.0 A, suggesting that
the SCF-type calculation can provide reasonable estimates for
the energetics for the entire Menshutkin reaction, including the
entrance and exit channels. It should be mentioned that the
potential surface shown in Figure 6 is also anchored relative to
this point (RC =-2.0A). Thecalculated free energy of activation
is 26.3 £ 0.3 kcal/molin water. Experimental datado not appear
to be available for this particular system, perhaps due to practical
difficulties in using gaseous CH;Cl to carry out these experiments;
however, the result is in accord with the experimental activation
energy (23.5 kcal/mol) for a similar reaction between H;N +
CH;l in water3® and the previously computed value of 25.6 kcal /
mol.!4 The agreement further supports the utilization of the
combined QM/MM-AM1/TIP3P potential in the present study.
For comparison, an activation energy of 8.3 kcal/mol was
predicted by Sold et al. for H3N + CH3Br, which appears to be
too small,1% indicating that specific consideration of solute-solvent
interactions is important for the present type II Sy2 reaction.

Figure 7 also gives the free energy of reaction, AG,,,, in water
(~18 * kcal/mol), which represents a solvent stabilization of
about 155 kcal/mol relative to the gaseous process. The latter
value is in exact agreement with the prediction of ref 14. The
experimental estimate of AGy, from a thermodynamic cycle,
using free energies of hydration and standard free energies of
formation, is about —34 £ 10 kcal/mol.14 As mentioned above,
the AM1 model overestimates the heat of formation of Cl-by 18
kcal/mol.!7 If the experimental value were used, the computed
reaction free energy would be —36 kcal/mol. The calculations
by Sold et al. yield values of —27 to —44 kcal/mol with different
basis sets.l’

A detailed consideration of the free energy surface sheds light
on the nature of the Menshutkin reaction in water. The attack
of H;N toward the substrate leads to a charge separation to yield
methylammonium and chloride ions. The process is extremely
unfavorable in the gas phase due to Coulombic interactions.
Indeed, Menshutkin reactions have never been reported in the
gas phase.?! However, in aqueous solution, the reactants become
better and better solvated as the reaction proceeds, eventually
leading to an exothermic process.l42 The contour of the free
energy of hydration is depicted in Figure 8, which shows a
continuous enhancement of the reaction toward products.
Therefore, the balance between the increase in energy due to

(30) (a) Okamoto, K.; Fukui, S.; Shingu, H. Bull. Chem. Soc. Jpn. 1967,
40,1920. (b) Okamoto, K.; Fukui, S.; Nitta, I.; Shingu, H. Bull. Chem. Soc.
Jpn. 1967, 40, 2354.

(31) Abraham, M. H. Prog. Phys. Org. Chem. 1974, 11, 1.
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Figure 9. Comparison of the average charge transfer in aqueous solution
(solid curve) and in the gas phase (dashed curve) along the reaction
coordinate for H;N + CH;Cl. Partial charges for the leaving group (Cl)
are given in electrons. Standard errors for the computed atomic charge
in water are about 0.005 e.

charge separation during the reaction and the favorable solvation
effects result in a shift in the position of the transition state and
a reduction of the free energy of activation. Analogously Soli
et al. used a Shaik-type state correlation diagram to rationalize
the solvent effects on the change of the TS structure.!532 It is
also interesting to notice that the pmf in Figure 7 corresponds to
a unimodal energy profile in aqueous solution, which is consistent
with the traditional notion of Sn2 reactions and with the prediction
from the empirical approach.l:1415

Differential Solvation on the Reactants and the Transition
State

(a) Atomic Charges. Additional insight into the solvent effect
can be obtained by analyzing the extent of charge transfer during
the reaction in the gas phase and in aqueous solution. The
computed Mulliken population charges for the leaving group (Cl)
along the reaction path of Figure 7 for both the gas-phase and
the aqueous processes are shown in Figure 9, since it gives a good
indication of the charge development during the reaction. Charge-
population analyses have been performed by Bash et al.% and by
Hwang et al.% in their molecular dynamics calculation of the
reaction, Cl- + CH;Cl — CH;Cl + CI-, using the combined
AM1/TIP3P potential and an EVB approach.% Similar cal-
culations have been performed for other systems.’.12b1433 [n
contrast to the findings by Bash et al. for the Type I process,
where charge transfer in water lags behind the process in the gas
phase,® the Type II reaction exhibits a solvent-promoted charge
separation due to stabilization by interacting with the solvent
molecules. Thisis, of course, consistent with the observed solvent
effect on the activation energies for these reactions. For the
Menshutkin reaction, a charge separation of more than 65% at
the transition state in water is predicted from the QM/MM-
AM1/TIP3P simulation, whereas it is only about 50% in the gas
phase. It should be pointed out that although the Mulliken
population analysis only gives a “rough” estimate of the charge
distributions, the qualitative trends are still informative. Inter-
estingly, the partial charge used in the empirical potential is about
0.7 e on the chlorine atom at the TS.14

(b) Energy Distributions. Details of the solute-solvent inter-
action are provided in Figure 10, which shows the distribution
of pairinteraction energies between the solute and water molecules.
Three distributions, corresponding to the reactants (RC = -2 A),
TS (RC = 0 A), and products (RC = 2 A), are shown. As
expected, the neutral reactant molecules interact weakly with
the solvent without any specific structural features, while the

(32) Shaik, S. S. Prog. Phys. Org. Chem. 1985, 15, 197.
(33) (a) Cramer, C. J.; Truhlar, D. G. Science, 1992, 256,213. (b) Tapia,
O,; Colonna, F.; Angyan, J. G. J. Chim. Phys. 1990, 87, 875.
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Figure 10. Computed solute—solvent energy pair distributions for the
reactant (dashed curve), transition state (solid curve), and product (dotted
curve). The ordinate gives the number of water molecules bound by the
solute, with the energy shown on the abscissa. Units for the ordinate are
molecules per kilocalories/mole.
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Figure 11. Computed Cl-O radial distribution functions. Dashed curves
are for the reactant, solid curves are for the transition state, and dotted
curves are for the product. This convention is used throughout.

striking pike centered at Eiy = 0 kcal/mol is due to interactions
with distant water molecules. Although ammonia is a good
hydrogen bond acceptor, the close proximity of the substrate
prevents water from forming a hydrogen bond to the lone pair
of electrons on the nitrogen atom. On the other hand, it is well
known, both from gas-phase microwave experiments and theo-
retical investigations, that ammonia is a poor hydrogen bond
donor.3¢ The pair energy distribution is thus consistent with
bimolecular interactions shown in Figure 6. AtRC=-2A (Ren
=3.5 A), the best reactant—water interaction energy is —2.6 kcal /
mol. For the transition state, a hydrogen-bonding band begins
todevelop (solid curve in Figure 10). The best interaction energy
from Figure 10 for the TS is —7.6 kcal/mol. Finally, two low-
energy bands are clearly seen for the product ion pair (dotted
curve). Thelowest energy band can be assigned to water molecule
solvating the ammonium ion, while the second peak is for the
chloride ion-water complex. In fact, the low-energy bands can
nearly be superimposed with pair energy distributions for CH;-
NH;* and CI- obtained from separate simulations.
Integration of the dotted curve to —12.0 kcal/mol yields about
3.7 water molecules, whereas integration of the second band from
-12.0 to -8.0 kcal /mol reveals another 5 water molecules. The
total number of the water molecules resulting from the first and
second peaks is 8.7, which consists of approximately three CH3-
NH;*-water pairs and six Cl-—water pairs. An important
observation is that the number of strong hydrogen-bonding

(34) (a) Nelson, D. D., Jr.; Fraser, G. T.; Klemperer, W, Science 1987,
238, 1670. (b) Del Bene, J. E. J. Phys. Chem. 1988, 92, 2874. (c) Frisch,
M. J.; Del Bene, J. E.; Binkley, J. S.; Schaefer, H. F., II1 J. Chem. Phys. 1986,
84, 2279.
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Figure 12. Computed Cl-H rdfs.

interactions increases from O for the reactants at RC = -2 A to
about 9 for the product ion pair. It is noteworthy to recall findings
for the TypeI reaction of CI- + CH;Clin water, where the number
of hydrogen bonds is roughly constant along the whole reaction
path.® The differential solvation for the reactants and the
transition state in that study is due to variations in the strength
of the hydrogen bonds. In contrast, increases both in the total
number of hydrogen bonds and the strength of interaction energies
are critical to the stabilization of the TS and products for this
Type II Sy2 reaction in aqueous solution.

(c) Radial Distribution Functions. The solute—solvent structure
can be further characterized by the radial distribution functions
(rdfs) shown in Figures 11-15. In these figures, the first atom
for an xy distribution, g,(r), refers to a solute atom, and the
second atom is either the hydrogen or the oxygen of water. The
rdf gyy() gives the probability of finding an atom y at a distance
r from atom x. Here, the dashed, solid, and dotted curves
correspond respectively to the reactants (RC = -2 A), TS (RC
= 0 A), and the products (RC = 2 A) in aqueous solution.

The Cl-0O and CI-H distributions in Figures 11 and 12 reveal
the progress of hydrogen-bonding interactions between chlorine
and water during the reaction. The positions of the first peaks
in the C1-O rdfs (Figure 11), are 4.0, 3.6, and 3.2 A for the
reactant, TS, and product, respectively, indicating strengthened
interactions with the solvent in the series. The trend is unam-
biguously demonstrated by the CI-H rdfs in Figure 12 by the
appearance of the hydrogen bond peak at 2.4 A for the transition
state and the striking first peak at 2.3 A for the product chloride
ion. The reactant methyl chloride shows no hydrogen-bonding
interactions between Cl and water, consistent with previous
findings by Chandrasekhar et al. using empirical potential
functions.5® Note that for the product ion-pair structure, there
is also a well-defined second solvation shell centered at 3.5 A in
the C1-H rdf, while the third peak near 5 A can be assigned to
water molecules forming hydrogen bonds with the ammonium
ion. Integration of the first peaks for the product and TS to their
minima at 3 A reveals 6.6 and 3.1 nearest neighbors forming
hydrogen bonds with the chlorine atom. This is in accord with
the prediction based on the integration of the pair energy
distributions, where the number of hydrogen bonds to the chlorine
atom is estimated to be about 6 for the product.

Similar trends exist for hydrogen-bonding interactions between
the nucleophile H;N and water. In the ammonia Hn—O rdfs
(Figure 13), there is no strong interaction between the ammonia
hydrogen and the oxygen of water (dashed line), while a shoulder
in the distribution at the hydrogen-bonding range occurs for the
transition state (solid curve). Integration of the sharp first peak
centered at 1.8 A for the product gives 1.0 hydrogen bonds. Thus,
there are a total of 3 water molecules hydrogen-bound to the
ammonium ion. The progression of hydrogen bonding with the
ammonia group is also indicated by the N-O rdfs given in Figure
14. Note that the location of the sharp first peak for the product
ion pair (2.8 A) isabout | A (N-H bond length) longer than the
first peak in the Hy-O rdf.
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Figure 15. Computed C-O rdfs.

The C-O (Figure 15) rdfs may give some indication of the
change in solvation at the methyl group that is being attacked
by the nucleophile. However, no special features exist in these
plots, especially for the reactant and transition state. Note that
a strong first peak is shown in the C-O rdf for the product. This
is perhaps due to electrostatic interaction between the ammonium
ion and water, which have been observed for hydrophobic cations
in water.> Comparing gno (Figure 14) with gco (Figure 15),
two differences are apparent: (1) the distances in the carbon—
water oxygen rdfs are much longer than those in the nitrogen—
water oxygen rdfs and (2) the change in the rdf on going from
the reactant to the product is less dramatic for gco than for gno.
Both observations suggest that the interaction between the methyl
group and water is weak throughout the reaction.

Conclusions

A comprehensive study of the Type II Sy2 reaction between
H;N and CH;Clin aqueous solution has been carried out through

(35) Jorgensen, W. L.; Gao, J. J. Phys. Chem. 1986, 90, 2174,
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statistical mechanical Monte Carlo simulations using the com-
bined quantum mechanical and molecular mechanical AM1/
TIP3P potential. The endothermic Menshutkin reaction in the
gas phase is strongly enhanced by the influence of aqueous
solvation. This stems from the fact that a charge separation is
developed in the course of the reaction, giving rise to favorable
solvent stabilizations. The reaction becomes exothermic in water.
The computed free energy of activation and free energy of reaction
are in good agreement with experiment,

A major thrust of the present study is to characterize the solvent
effect on the potential surface and the transition-state structure
for the Menshutkinreaction. Thus,a two-dimensional free energy
surface has beendetermined. Thepresentstudy hasthe advantage
of taking into account the effect of solute electronic structural
relaxations, while the symmetric stretch along the reaction path
is being considered through the grid search. In accord with
previous theoretical studies and the empirical expectation ac-
cording to the Hammond postulate, an early transition state is
predicted in aqueous solution for the type II Sny2 reaction, with
adramaticincrease in the C-N distance by 0.30 A and a decrease
in the C-Cl separation by 0.15 A at the transition state. When
the gas-phase minimum energy path was used to approximate
the reaction path in water, the change for C-N and C-Cl was
predicted to be +0.15and —0.10 A, respectively.!4 Clearly, solvent
effects should be included in electronic structure calculations for
asymmetric reactions in condensed phases. The combined QM/
MM simulation method as demonstrated here and in other works
provides a viable approach.

The present calculations also illustrate the power of the
combined QM /MM Monte Carlo simulation method in providing
both qualitative and quantitative insights into the solvent effects
on chemical reactions. In the past decade, computer simulations
have greatly enhanced our understanding of chemical processes
and intermolecular interactions in solution. These techniques
have been extended to enzymatic reactions. In the past, these
calculations were performed primarily with the use of effective
pairwise potential functions. Although the classical approxi-
mation is quite reasonable and can provide valuable information
on solute—solvent interactions, the coupling between the solvent
charge distribution and the solute electronic polarization, which
is of central importance for reactions involving heterolytic bond
cleavage,5412is not specifically considered. Further,itisgenerally
not practical to fit parameters for a potential surface such as the
one studied here. Using the combined QM /MM approach, we
anticipate that a variety of chemical processes, both in solution
and in enzymes, will be investigated with ease.
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