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Molecular Dynamics with a Quantum-Chemical Potential: Solvent Effects on
an Sy2 Reaction at Nitrogen

Haiyan Liu, Florian Miiller-Plathe and Wilfred E. van Gunsteren*

Abstract: Solvent effects on an S\2
reaction at nitrogen (Cl- + NH,Cl -
CINH, + C17) in dimethy! ether solution
were studied by means of molecular dy-
namics simulation with a combined quan-
tum-chemical and molecular-mechanical
potential. The energetics and geometrical

with the gas phase potential energy sur-
face, the free energy profile of the reaction
in dimethyl ether solution shows that the
solvent makes the ion-dipole com-
plex well shallower by approximately
6.4 kcalmol ™! and raises the height of the
effective barrier from the complex to the

transition state by about 2.2 kcalmol .
The overall transition barrier between the
separated reactants and the products
is raised from 6.4kcalmol™' to
15.0 kcal mol ~ ! upon solvation. The radi-
al distribution functions between solvent—
solute atom pairs at different stages of the

parameters of the reaction in the gas
phase, calculated by means of the semiem-
pirical model PM 3 (the quantum chemi-
cal part of the combined potential), were
compared with ab initio calculations up
to the 6-311+G**/MP2 and 6-311+
G(2d,p)/MP2 levels of theory. Compared

Introduction

While quantum-chemical methods can provide excellent de-
scriptions of molecular systems in the gas phase {(in a vacuum),
they often fail to account for effects caused by an environment,
such as a solvent, a surface or the active site of a protein. This
happens because explicit treatment of all the atoms that form
the environment quickly becomes prohibitively expensive as the
size of the system increases. On the other hand, classical molec-
ular simulation methods based on empirical force fields have the
capability to treat effects of the environment, of finite tempera-
ture as well as dynamic processes, and so on. However, since the
force fields are empirical, they can be inaccurate and they may
fail in circumstances for which they have not been designed or
parameterised. One of the classic cases is the breaking and mak-
ing of chemical bonds, their description not being included in
standard force fields.

The approach used in this article combines the best of both
worlds in order to study a chemical reaction in solution. We use
a hybrid scheme in which the reactants and the products are
treated by quantum chemistry, whereas the solvent is described
by a classical force field.['! This hybrid method allows us to
study the evolution of the system over several hundred picosec-
onds by conventional molecular dynamics (MD) with the forces
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reaction course were compared. Results
show that better solvation of the charge-
localised separated reactants is responsi-
ble for the increase in the barrier height.
Polarisation of the solute by its surround-
ings is also discussed.

molecular dy-

on the reactant atoms being evaluated by quantum chemistry.
‘We have used this hybrid approach previously on the conforma-
tional equilibrium of dimethoxyethane in solution.'! There, it
was successful: it explained features that could not be explained
by vacuum quantum chemistry nor by a continuum reaction
field approach.!”) Details of the method are reported else-
where.[!!

In this paper, we investigate the model reaction (1) in the gas
phase and in solvent (dimethyl ether, DME). We use con-

Cl~ + NH,Cl — CINH, + CI~ )

ventional ab initio quantum chemistry to calibrate the semiem-
pirical method (PM 31)) in a vacuum, which we then use in the
hybrid MD scheme in solution. We report properties of statisti-
cal—mechanical nature (for example the free energy profile
along the reaction coordinate) as well as electronic properties,
reflecting the dual origins of the method.

Experimental and theoretical investigations have suggested
an Sy2 mechanism for nucleophilic substitutions at nitro-
gen;* 31 double labelling experiments with isotopes have yield-
ed evidence for a classical S\2 transition state.'! Gas phase ab
initio quantum-mechanical calculations have been reported for
the model reaction (2)!*! which show the same characteristics

F~ + NH,F — > FNH, + F~ @
as S\2 reactions at carbon,®! namely, formation of a
complex and a symmetric transition state (barrier height

= 24.0 kcalmol ™" at the TZP + /CISD level of theory). Sy2 re-
actions at carbon in the gas phase and in solution have been
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studied extensively.[® 7> 81 Tt has been found that in solution the
reactants are better stabilised by polar, protic solvents than the
transition state, the charges on which are less localised.!®® It has
yet to be shown to what extent these findings apply to S\2
reactions at nitrogen.

Results and Discussion

Ab initio calculations were carried out at the SCF/6-31 + G**,
SCF/6-311 4+ G** and MP2/6-311 + G** levels of theory. The
resulting geometrical parameters and relative energies for struc-
tures shown in Scheme 1 are listed in Table 1.

Harmonic vibrational frequencies calculated at SCF/6-
314+ G** level show that complex 1 (with Cg symmetry) is actu-
ally a transition state for the migration of C1~ between the two
hydrogen atoms, with an imaginary frequency of 133icm™".
This is quite similar to the F~ - - - NH,F complex with the same

H1.2N-_ /}!\1 _
AN 7/ ~cn ci N Cl
CIZ?’H/ ~CH /HZ A H
T=H ci2
Complex 1 Complex 2 Transition State

Scheme 1. Different NH,Cl; species.

Table 1. Gas phase optimised geometrical parameters and relative energies of dif-
ferent NH,Cl; species (Scheme 1) at different levels of theory [a].

PM3 SCF/ SCF/ MP2/
6-31+G**  6-3114G**  6-311 4+ G**[b}

NH,CI +Cl~, separated reactants

'n_ar 1.737 1.726 1.730 1.746
Inn 0.997 1.001 1.001 1.018
«CI-N-H 108.6 106.2 105.8 105.5
¥ H-N-H 109.7 108.1 107.6 105.8
energy 0 0 0 00
Complex 1

n-ai 1.753 1.748 1.749 1.760
on 1.004 1.004 1.004 1.022
Faiz-u 2.449 2.789 2.799 2.631
*Cl1-N-H 107.9 105.4 105.2 105.4
«H-N-H 107.6 102.2 102.1 98.7
xCI2-H-N 106.9 111.6 111.7 112.2
% C11-N-C12 120.3 126.0 126.0 126.0
energy —15.4 —13.2 —13.2 —152(-15.3)
Complex 2

P 1.750 1.745 1.747 1.757
[ 0.997 1.002 1.002 1.019
P 1.065 1.012 1.012 1.041
Feiz_mz 1.739 2.405 2.399 2.141
xH1-N-H2 108.2 104.1 103.8 102.5
«N-H2-C12 164.5 150.1 150.2 163.4
£« Cl1-N-H1 106.0 104.4 104.1 103.5
xCl1-N-H2 110.3 106.2 106.1 1059
Teiz -H2-N-ci1 121.0 128.7 129.4 130.5
energy —189 —13.5 —13.5 —16.6 (—16.6)
Transition state

n_ci 2.006 2.288 2.288 2.220
IN-H 0.992 1.000 1.000 1.019
xCI-N-C1 173.2 166.2 166.4 170.2
*H-N-H 113.4 106.9 106.0 103.3
% CI-N-H 91.9 85.9 85.9 86.9
energy 6.4 9.5 9.6 33(2.8)

[a] Distances in A; angles in °; energies in kcalmol ~!. [b] Energies calculated at
MP2/6-311 + G** geometries, but at the MP2/6-311 + G(2d,p) level, are given in
parentheses.
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symmetry.l°® The transition state of the Sy2 reaction has an
imaginary frequency of 474icm™1!,

The results in Table 1 do not show strong dependence on the
levels of theory used. At the SCF level, going from the 6-
31+ G** basis set to the 6-311 +G** basis set has only minor
effects on the resulting geometrical parameters. The relative
energies show almost no change (less than 0.1 kcalmol™!). In-
clusion of electron correlation at the MP 2 level has a somewhat
larger effect. Inclusion of a second polarisation function on the
heavy atoms [MP 2/6-311 + G(2d,p)] has no significant effect on
the gas-phase energetics (Table 1). This insensitivity to change
in basis set also indicates that the effect of the basis set superpo-
sition error is minor. Most of the geometrical parameters show
only moderate changes, except that the Cl-H distances in the
two hydrogen-bonded complexes are shortened by more than
0.1 A. The transition state is stabilised by approximately
6 kcalmol ~! compared with the SCF result with the same basis
set, while complex 1 and complex 2 are stabilised by approxi-
mately 2 kcalmol ~! and 3 kcalmol !, respectively. Similar ef-
fects have also been found in the study of reaction (2), in which
the configuration interaction method has been used to deal with
electron correlation.!”! At the highest level of theory employed,
that is, the MP2/6-311 + G** level, the “intrinsic’” barrier of
reaction (1), namely, the energy difference between the transi-
tion state and complex 2, is 19.8 kcalmol ~ !, higher than that of
the analogous reaction (3) (13.9 kcalmol ™! calculated at the

Cl” + CH,;CI” — CICH; + CI™ 3)

MP2/6-31 G* level'®®l). The difference between the barrier
heights of these two reactions involving chloride is almost equal
to that between the barrier heights of the two reactions involv-
ing fluoride, reaction (2) (24.0 kcalmol ! at the TZP+ /CISD
level®)) and reaction (4) (17.1 kcalmol ™! at the DZDP/CISD
level).I®) (For a more recent discussion, see ref. [7].) Both cases

F"+CH;F — FCH, +F~ 4

suggest that the Sy2 mechanism is viable for nucleophilic substi-
tution at nitrogen, although the barriers may be higher than
those of analogous Sy2 reactions at carbon.

The ability of the PM 3 method, the quantum-chemical model
used in our hybrid scheme, to describe reaction (1) can be judged
by comparing it with ab initio models. Most of the geometrical
parameters and relative energies agree reasonably well between
PM 3 and MP2 (Table 1). However, there are also some dis-
crepancies. Complex 1 becomes a real minimum rather than a
saddle point, the lowest mode having a frequency of 75 cm ™!,
This complex, however, was not observed in the MD simula-
tions since its energy is about 6k, T higher than that of complex
2. The height of the intrinsic barrier is overestimated by approx-
imately 5.4 kcalmol ~! compared with the MP 2/6-311 + G** re-
sults. Notable discrepancies in the geometrical parameters are
the C1-H “hydrogen bond” distances in the two complexes, for
which the PM 3 results deviate slightly more from the MP2
results than the ab initio SCF results, albeit with opposite sign.
Another large deviation (0.2 A) occurs in the N—Cl distance of
the transition state. In the transition state, the CI-N-Cl angle
calculated by PM 3 also bends in the opposite direction with
respect to that shown in Scheme 1, although it still remains close
to 180°. However, in general, the PM 3 model is able to repro-
duce the basic features of this reaction in the gas phase and thus
should be appropriate for MD simulations of the reaction in
DME solution.
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The free energy profile along the reaction coordinate of the
reaction in solution at 248 K and 1 atm has been determined by
means of MD simulations and umbrella sampling!'®! (see com-
putational details). The reaction coordinate r, has been defined
as the difference between the two N—Cl distances of the solute.
It has large values when the reactants are separated. At the
transition state, its value is 0.

The calculated free energy profile is shown in Figure 1, to-
gether with the gas-phase potential energy curve along the min-
imum energy reaction path calculated by PM 3. The reaction
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Fig. 1. Free energy profile for the S,2 reaction CI~ + NH, C1 - CINH, + CI~ in
dimethy! ether solution (solid line) and the gas-phase potential energy surface (cal-
culated by PM 3, dashed line). In both curves, the energies of the separated reactants
are taken to be zero. The reaction coordinate is the difference between the two C1-N
distances.

path from the intermediate (complex 2) to the transition state is
as follows. As the C12 atom approaches the nitrogen atom, the
H-N-H plane becomes more and more perpendicular to the
N-Cl1 vector until the transition state is reached. Meanwhile,
the CI2 atom gets closer to the plane which corresponds to the
symmetry plane of complex 1. C, symmetry is reached only
when r, becomes less than 0.3 A. As in the analogous carbon
reactions, an inversion of the tetrahedral configuration (in this
case, formed by the N atom, its lone-pair electrons and the two
H atoms) happens in going from the reactant to the product
state. The overall features of the two profiles in Figure 1 are
quite similar, suggesting a similar reaction path in solution and
in the gas phase. Inspection of the solute configurations encoun-
tered during the MD simulations confirmed that, in solution,
the basic features of the reaction path remain the same as in the
gas phase. The intermediate complex corresponds to complex 2.

The effects of solvation on the relative free energies are mod-
erate. The well depth at the intermediate complex minimum
{complex 2) decreased from 18.9 to 12.5 kcalmol ~* (relative to
the separated reactants both in the gas phase and in solution).
The transition state barrier is raised from 6.4 to 15.0 kcalmol ™.
The largest part of the solvent effect (ca. 6 kcalmol~*) occurs
during the process of complex formation, owing to the superior
solvation of the separated species compared with the complex.
As in the well-studied carbon case (reaction (3)),!°” one can
expect that a solvent with stronger anion-solvent interactions
will further decrease the well depth. However, for this reaction,
a solvent with much stronger anion —solvent interactions may be
needed to change the mechanism into a “concerted” S,2 one,
that is, to make the complex well in the free energy profile
disappear completely and the free energy profile unimodal,
since the well in the gas-phase energy profile is much deeper
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than for the carbon analogue. The “intrinsic” barrier was in-
creased by approximately 2 kcalmol ™! in DME solution, re-
flecting the difference between the ability of DME to solvate the
transition state and to solvate the more charge-localised hydro-
gen-bonded complex. In Figure 1, one also observes the effec-
tive shielding of the charge —dipole interaction between Cl~ and
NH,Cl at intermediate distances: in solution, the “infinite-sepa-
ration” limit is reached for an r, of approximately 4 A (the
corresponding C1-N distance is about 5.7 A).

Solute—solvent atom-pair distribution functions have been
computed from the MD trajectories. These functions, which
correspond to the separated-reactant state, the hydrogen-bond-
ed complex state (complex 2) and the transition state, respective-
ly, are shown in Figure 2. Comparing the distribution functions
of different states, it is seen that the rearrangement of the solvent
molecules during the reaction process is consistent with the di-
rection of charge transfer. Key changes occur around the Cl
atoms. From the reactant state to the transition state, negative
charge is transferred from the attacking CI~ anion to the depart-
ing Cl atom. Correspondingly, in the Cl-C pair distribution
functions (Figs. 2a and b), the peak at about 4 A around the
CI™ anion decreases, while the same peak around the attached
Cl atom is narrowed. The peak at about 5.2 A in the curves for
the C1-O pairs (Figs. 2c and d) shows the same trend. However,
the peaks are not high compared with, for exampile, those in the
case of C1™ in protic solvent,'®! and their changes are moderate.
This is because of the large size and the moderate partial charges
of the solvent atoms, and explains why the free energies of
solvation of complex 2 and the transition state differ by only
about 2 kcalmol ~*.

Atom-pair distribution functions involving solute atoms oth-
er than the two Cl atoms are far less structured (Figs. 2e and f),
but they still reflect the changes in charge distribution and in
structure of the solute. For example, a small peak at about 3.0 A
appears in the N—O pair distribution function for the separated-
reactant state (Fig. 2f), suggesting the existence of weak hydro-
gen bonds. This peak disappears as the negatively charged Cl~
anion approaches the nitrogen in the complex 2 state. The exis-
tence of these weak hydrogen bonds also explains why in Fig-
ure 2 c the first peak in the curve corresponding to the separated
state shows a shoulder at a smaller C1-O distance. The differ-
ences between the radial distribution functions around the two
solute hydrogen atoms for the complex 2 state (not shown here)
are consistent with the fact that only one of the hydrogen atoms
is hydrogen-bonded to the Cl~.

Upon solvation, the solute is polarised. This is reflected in the
difference between its charge distributions in the gas phase and
in solution. Figure 3 shows the Mulliken charges on solute
atoms as a function of the reaction coordinate. The curves cor-
responding to the reaction in solution show the same character-
istic charge transfers as those of the gas-phase reaction. In both
cases, the charges on the two solute hydrogen atoms are differ-
ent in between r, = 0.3 and 1.3 A, corresponding to the asym-
metric hydrogen-bonded complex 2 in Scheme 1. However, the
polarisation of the solute is also clearly shown in Figure 3. From
the separated reactants up to an r, of about 0.5 A, the Mulliken
charge on the nitrogen atom is about 0.1 e more negative for the
reaction in solution. At the same time, the two solute hydrogen
atoms are more positively charged. In the transition state, the
polarisation of the solute is somewhat less obvious. The negative
charges on the two Cl atoms are slightly larger in solution than
in the gas phase, while the positive charge on the nitrogen is
smaller and the positive charges on the two hydrogen atoms are
larger than their gas-phase values. For this reaction, DME as a
solvent has only slightly modified the charge-transfer process.
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Fig. 2. Solute—solvent atom-pair distribution functions in the separated-reactants state (solid lines), the ion—molecule complex 2 state (dashed lines) and the
transition state (thick dashed lines) for the Sy2 reaction C1~ + NH,Cl —» CINH, + Cl~ in dimethyl ether solution. a) Cl1-C pairs. b) Cl12-C pairs.c) Cl1-0O
pairs. d) C12-0 pairs. e) N-C pairs. f) N-O pairs. Cl1 is the attached Cl atom; C12 is the attacking Cl atom.
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Fig. 3. Mulliken charges (PM 3) on atoms along the reaction coordinate of the S\2
reaction Cl~ + NH,C! —» CINH, + C1~ in the gas phase (dashed lines) and in
dimethy! ether solution (solid lines). The reaction coordinate is the difference be-
tween the two Cl—N distances. Cl1 is the attached Cl atom; C12 is the attacking C]
atom; H?2 is the H atom forming a hydrogen bond with C12.
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The transfer of negative charge to the attached Cl atom is almost
unchanged. The negative charge on the C1~ in the complex state
is increased by about 0.06 e. Consequently, its decrease is slight-
ly accelerated when the system goes from the complex state to
the transition state.

Conclusion

To summarise, results obtained with the hybrid MD scheme
show that in a dipolar solvent, the barrier height of reaction (1)
is raised because solvent molecules interact more strongly with
the reactants. In dimethyl ether solution, the barrier height is
only moderately increased. One major reason for this is that
DME is aprotic and in our solvent model the partial charge on
the methyl groups is small (0.18 ). In the hybrid scheme, the
wavefunction of the solute electrons responds to the change in
the solvent charge distribution and thus the polarisation of the
solute is taken into account naturally. Polarisation effects are
observed in these simulations; this provides further support for
the use of hybrid quantum-classical simulation methods in
studying chemical processes in solution.
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Computational Details

The combined quantum-mechanical and molecular mechanical potential energy
function used here contains various Lennard-Jones terms and Coulombic terms
[1d]. Parameters for these terms have been taken from the GROMOS force field [11]
and are listed in Table 2. The DME molecules were held rigid by the SHAKE
method [12]. The heat of vaporisation and the density of liquid DME at 248 K and

Table 2. Potential energy function parameters and solvent model used in the MD
simulations [a].

Atom type C,, (107 kealmol "' A'?)  C, (kcalmol™'A®)  Charge (¢)
solute Cl 2.5553 3299.4 -

solute N 0.040450 582.26 -

solute H 0.0 0.0 -
solvent CH, [b]  0.62500 2121.5 0.18
solvent O 0.017724 540.56 —0.36

{a] The Lennard-Jones interactions take the form V; = Cl,/rl? — C/rS, where r;
is the distance between the two atoms. Combination rules for the parameters are C3,

= (Ch,Ci )V and Cf = (CLCL2. b} re_o =1.41 A, £C-O-C =111.0°

1 atm calculated from MD simulation with this DME model have been found to be
in good agreement with experimental values. A truncated-octahedron periodic box
containing one NH,Cl; as solute and 349 DME molecules as solvent was used. The
cutoff radius for the nonbonded interactions was 11 A. The weak coupling method
[13] was used to keep the temperature at 248 K and the pressure at 1 atm with
relaxation times of 0.1 and 0.3 ps, respectively. The initial structure of the solute was
the gas-phase transition state structure optimised by PM 3. The length of the time
steps was 0.5 fs. The restraining potential energy function used in the umbrella
sampling procedure had the form ¥, = 0.5K,(r, — r,)?, where K, is the force con-
stant and r, is the reference value of the reaction coordinate. After a 40 ps equilibra-
tion with a restraining potential of K, =750 kJmol~ ' A~2 and r, = 0, the umbrella
sampling procedure was started. 24 different values of V, were used with r, values
ranging from 0 to +3.8 A and K, values from 200 to 650 kJmol~' A~ 2. With each
V., 5 ps were used for equilibration and 20 ps for sampling.

Ab initio calculations were carried out with the GAUSSIAN 92 programs [14].
Semiempirical calculations were carried out with the MOPAC programs [15]. MD
simulations were carried out with the GROMOS programs [11] and MOPAC mod-
ules modified to integrate the quantum-chemical and the force-field methods.
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