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Ab initio direct-MD simulations and combined QM/MM computations are the theoretical methods that are expect-
ed to play an important role in the study of organic reaction mechanisms in the near future.  This account reviews recent
achievements with these methods in mechanistic studies of organic reactions.  In particular the focus is placed on proton
transfer, S

 

N

 

1, S

 

N

 

2, and S

 

N

 

2/ET borderline reactions as illustrative examples.  The direct-MD simulations revealed the im-
portance of dynamics in controlling the reaction path, which can often be different from the minimum energy path on the
potential energy surface.  It was also demonstrated that the QM/MM computations could be a promising method to ana-
lyze reactions in solution.

 

The role of computational chemistry in studying mecha-
nisms of organic reactions has become increasingly important
in recent years due to rapid advances in computer technology
and software development.  In particular, calculations of the
structures and energies of initial state, transition state (TS), and
product state as well as calculations of minimum energy path
on the potential energy surface give invaluable insights into the
reaction mechanism that cannot be obtained from experiments.
Ab initio calculations are now able to provide us information
about chemical reactions of acceptable accuracy, although the
system to be calculated is practically limited to medium size
species in the gas phase.  For deeper mechanistic study of or-
ganic reactions, further advances of the computational method
are required in two directions: one toward the analysis of the
effects of temperature and dynamics on reaction mechanism
and the other toward the computation of large systems, such as
supramolecules, proteins, and solutions.  Molecular dynamics
(MD) simulations and combined quantum mechanical/molecu-
lar mechanics (QM/MM) computations are promising methods
for these purposes.

Molecular dynamics simulations are widely used in many
fields of chemistry, ranging from inorganic materials to biolog-
ical systems.  The classical MD method

 

1

 

 is based on an analyt-
ical potential energy surface, which is generally constructed by
a fit to potential energies obtained from ab initio molecular or-
bital (MO) calculations for a large number of geometrical con-
figurations.  It is very laborious and impractical, if not impossi-
ble, to construct empirical potential functions to describe sys-

tems with many atoms.  In addition, it is, in principle, not easy
to ensure the reliability of the potential functions thus obtained
for reaction systems which involve forming and breaking
bonds.  One alternative approach is to calculate the classical
trajectories directly by utilizing ab initio QM methods without
constructing the potential energy surface.  The advantage of
the direct-MD method is that the reliability of the results is
readily evaluated in terms of the level of theory and the basis
set used.  The disadvantage of this method, on the other hand,
is that ab initio trajectory calculations require much more com-
puting time than traditional trajectory calculations on a model
potential energy surface and thus it is not feasible to calculate a
large number of trajectories for obtaining statistical quantities
such as cross sections and energy distributions.  It is difficult at
present to carry out statistical sampling to obtain reliable kinet-
ic data from direct MD calculations.  Nonetheless, individual
trajectories for a particular kinetic energy provide examples of
those dynamical processes, and provide valuable information
on the chemical processes at the molecular level.  Therefore, in
spite of such limitations, the direct MD method has become in-
creasingly popular, either with semi-empirical

 

2

 

 or ab initio

 

3–12

 

quantum chemical theories.  With the rapid advances in com-
puter technology, it is now becoming practical to use ab initio
level calculations as the energy and force generators.  In many
of these direct dynamic studies, the MD approach served as a
means to probe phase space in search of low energy structures.
A few of the studies were concerned with the characterization
of chemical reactions.
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A fundamental goal of such dynamics studies of chemical
reactions is to obtain a microscopic picture of how energy
flows and atoms move during the course of a chemical reac-
tion.  Recently it has become possible to obtain the same level
of detail from real-time femtochemistry experiments, in which
one observes the motion of the atoms involved in the chemical
reaction.  Molecular dynamics can give a complete picture of
the reaction event and the results are, in principle, comparable
with the experiments.

Although the direct-MD simulation method has become in-
creasingly popular in recent years, it is expensive to calculate
analytical gradients at every time step, and so the purpose of
the simulations should be different from the purposes of con-
ventional methods using empirical potentials.  Several limita-
tions in the direct MD simulations are: (1) the number (tens
rather than thousands) and length (ps rather than ns) of trajec-
tories are limited, which means that statistical averages would
be poor.  (2) The level of ab initio theory that can be used in
MD is not generally quantitatively accurate.  (3) The systems
studied are typically limited to classical dynamics on the
ground-state potential energy surface.  Despite these limita-
tions, this technique has so far been used to gain considerable
qualitative insight via a representative set of trajectories in
rather small systems in the gas phase, such as S

 

N

 

2,

 

13–16

 

 proton
transfer,

 

17,18

 

 fragmentation,

 

7,19–24

 

 molecular isomerization,

 

25,26

 

electron transfer,

 

27,28

 

 and others.

 

29–32

 

Computational study of chemical reactivities in solution re-
quires a method to generate and explore the potential energy
surface for very large systems.  Calculation of the chemical
properties with acceptable accuracy needs the use of quantum-
theoretical procedures, which consequently, makes the calcula-
tion expensive since large systems imply many electrons.  Fur-
thermore, characterization of the energy surface requires ex-
ploration of hyperspaces with very high dimensionality for a
large system particularly a system in solution.  One of the most
promising methods to solve these problems is a combined QM/
MM procedure, in which quantum-mechanical treatment of
chemical bond making and breaking events is combined with
molecular mechanics description of the surrounding solvent.
There are still few examples that carry out optimizations of
minima and saddle points by using the QM/MM proce-
dure,

 

33–35

 

 but this certainly will be the future method of choice
in the study of the reactivity in solution.

The present account illustrates how these methods can be
applied to organic reactions and discuss what we can expect
from further advancement of these methods in the near future.
We concentrate on proton-transfer, S

 

N

 

2, S

 

N

 

1, and ET/S

 

N

 

2 bor-
derline reactions, since they serve as illustrative examples for
the usefulness of the computational methods.  The results pro-
vide fundamental insight into the organic reaction theory.  For
methods that are not described in this article, such as Monte
Carlo simulations and Car-Parrinello approach, readers are ad-
vised to refer to other sources.

 

3,36,37

 

Proton Transfer

 

Hydrogen-bond interactions and proton-transfer reactions
often play a crucial role in chemical and biological systems.
Since proton-transfer reactions are among the simplest reac-
tions in organic chemistry, it would be beneficial to see what

we can obtain from MD simulations of this type of reactions.
Hydrated oxonium ions, H

 

3

 

O

 

+

 

(H

 

2

 

O)

 

n

 

, are known to play an
important role in proton-transfer reactions in aqueous solu-
tion.

 

38

 

  The prototype of hydrated oxonium ions is dioxonium
ion (H

 

5

 

O

 

2

 

+

 

), whose properties have been studied extensive-
ly 

 

39–42

 

 by MO calculations with several levels of theory.  Re-
sults indicate that the equilibrium structure highly depends on
the basis set and on the level of theory employed.

In the study shown here,

 

43

 

 ab initio MD simulations were
carried out for the proton-transfer reaction of the simplest sys-
tem, H

 

5

 

O

 

2

 

+

 

.  First of all, ab initio MO calculations were per-
formed at the Hartree–Fock (HF) level of theory with the
6-31G

 

*

 

 basis set, with some additional calculations with the
6-311G

 

**

 

 basis set and at the MP2 level of theory.  The sta-
tionary structures were identified by means of a full analysis of
the vibrational frequencies.  Ab initio direct-MD simulations
were then performed, starting from the local minimum.  Ener-
gies and forces were obtained using the HF/6-31G

 

*

 

 level of
theory.  A step size of 0.5 fs was used for the simulations.  The
temperature of the system is associated with the classical ki-
netic energy, and the constant temperature algorithm of
Berendsen et al.

 

44

 

 was used.  The program package of
HONDO

 

51

 

 was used for these calculations.
Molecular orbital calculations revealed that the C

 

2

 

 structure
corresponds to the energy minimum at a higher level of theory,
while the structure corresponds to the TS at a lower level of
theory with a rather small basis set.  At the HF/6-31G

 

*

 

 level of
theory, the central barrier height is small and the energy of the
symmetrical structure is even lower than the minima in both
sides if the zero-point energies (ZPE) are added.  A series of
calculations with fixed distances between the two oxygen at-
oms (

 

R

 

O–O

 

) revealed that the central barrier height strongly de-
pends on 

 

R

 

O–O

 

.  Thus, the barrier height of the proton transfer
is very high at larger values of 

 

R

 

O–O

 

 (

 

>

 

 2.5 Å), whereas it re-
duces remarkably with smaller values of 

 

R

 

O–O

 

 (

 

~

 

2.4 Å) and
vanishes at very small 

 

R

 

O–O

 

 (

 

<

 

 2.3 Å).  The energy profile at
HF/6-311G

 

**

 

 was similar to that of HF/6-31G

 

*

 

.  At MP2/
6-31G

 

*

 

 and MP2/6-311G

 

**

 

, the midpoint of the energy profile
becomes a minimum in fully relaxed calculations; i.e., the po-
tential is a curve with a single well.  It is noted that the opti-
mum 

 

R

 

O–O

 

 is shorter with a higher level of theory, and that at
shorter 

 

R

 

O–O

 

 the potential is that of a single well even at the HF
level of theory.  It is probable that the difference in the charac-
teristics of the potential, i.e., single-well or double-well, sim-
ply depends on the O–O distance.  At any level of theory, the
proton is shared by the two oxygen atoms in H

 

3

 

O

 

+

 

(H

 

2

 

O) at a
short O–O distance.

Ab initio direct-MD simulations were carried out for the
system of H

 

3

 

O

 

+

 

(H

 

2

 

O) as the simplest example of reactions, in
which the reaction (proton transfer) proceeds with a low barri-
er.  All the hydrogen atoms are replaced by deuterium in the
simulations so that the tunneling effect is not important.  The
barrier height of the proton transfer is 0.52 kcal/mol (without
taking account of ZPE) at HF/6-31G

 

*

 

.  The point of interest
here is how close to or how far from the TS structure the reac-
tion proceeds.

Figure 1 shows the variations of atomic distances in one of
the direct-MD trajectories.  In Fig. 2 are shown the structures
of the optimized reactant and TS, together with selected snap-
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shot structures along the trajectory.  It is seen in Fig. 1 that the
shift of the hydrogen and the O–O bond stretch synchronize to
each other and that the proton transfer occurs several times
during the trajectory when 

 

R

 

O–O

 

 becomes short.  At each point
with identical O–D bond distances, the O–D distance some-
what differs from that at the TS determined by MO calcula-
tions.  Snapshot structures in Fig. 2 clearly show that the O–O
distance is also different from that at the TS.  Thus, the present
simulations indicate that the proton transfer proceeds not
through the exact TS structure but through a region close to it.
It can be assumed that such a phenomenon would also happen
in other type of reactions.  Finally, an important implication
obtained from the present simulations is that the compression
of the O–O bond distance is essential to facilitate the proton
transfer between two oxygen atoms.  Thus, proton transfer in

geometrically rigid systems would be more difficult than that
in flexible systems.

 

S

 

N

 

2 Reaction

 

S

 

N

 

2 reactions of methyl halides with halide anions are one
of the reactions most frequently studied with computational
methods, since they are, like proton transfer, typical group-
transfer reactions whose reaction profiles are simple.  Several
direct-MD simulations were reported, both with semi-empiri-
cal and ab initio theories.  In 1996, Hase et al. reported direct
dynamics simulations of the reaction, Cl

 

−

 

 

 

+

 

 CH

 

3

 

Cl, using
semi-empirical AM1 theory with two different sets of specific
reaction parameters (SRP1 and SRP2).

 

15a

 

  The simulations
were started at the Cl

 

−

 

≥

 

CH

 

3

 

Br complex with different initial
non-random energy distributions and the total energy was the
harmonic zero-point energy of the complex plus approximate-
ly 2.7 kcal/mol.  Excitation of different internal modes of the
complex leads to different results.  The mode-specific dissocia-
tion trajectories were compared with previous results using an-
alytical potential functions.

 

15b

 

  Importantly the study showed
that different potential energy surface gave quantitatively dif-
ferent dynamics.  The direct dynamics quasiclassical trajectory
study of the Cl

 

−

 

 

 

+

 

 CH

 

3

 

Cl S

 

N

 

2 was later carried out at the ab
initio (HF/3-21

 

+

 

G

 

*

 

) level.

 

14

 

  From the trajectories initiated at
the barrier top the product energy partitioning was analyzed.  It
was shown that extensive CH

 

3

 

Cl vibrational excitation is need-
ed to access the frontside reaction pathway.  Direct ab initio
(HF/3-21

 

+

 

G

 

*

 

) dynamics studies were also performed for F

 

−

 

+

 

 CH

 

3

 

Cl and F(H

 

2

 

O)

 

−

 

 

 

+

 

 CH

 

3

 

Cl, in which the reaction modes
and the energy partitioning into the modes were analyzed.

 

16

 

S

 

N

 

2 reactions are classified into two types: type 

 

Ⅰ

 

 is the reac-
tion of neutral substrate with charged nucleophile and type 

 

Ⅱ

 

 is
the reaction of neutral substrate with neutral nucleophile.

 

45

 

  In

 

Fig. 1.   The atomic distance variations in the ab initio MD
simulation (HF/6-31G

 

*

 

) of dioxonium ion at 300 K.  All
the hydrogen atoms are replaced by deuterium.  The lines
(2.38 Å and 1.19 Å) indicate the distances in the TS struc-
ture.

 

Fig. 2.   (a) Optimized structure of H

 

3

 

O

 

+

 

(H

 

2

 

O) at HF/6-31G

 

*

 

.  (b) TS structure.  (c) A snapshot structure at 184.0 fs of ab initio MD
simulation with HF/6-31G

 

*

 

.  (d) A snap shot at 621.5 fs.  (e) A snap shot at 864.7 fs.  Selected atomic distances are shown in Å.
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contrast to the cases of type 

 

Ⅰ

 

 reactions, the number of compu-
tational studies for type 

 

Ⅱ

 

 S

 

N

 

2 is limited because the reaction
generates an ion pair in the product state and hence it necessar-
ily experiences a strong solvent effect.  Therefore, it is a chal-
lenge to perform MO as well as MD studies on this type of re-
actions.

 

13,46

 

The hydrolysis of methyl chloride (Eq. 1) is a type 

 

Ⅱ

 

 S

 

N

 

2 re-
action.  The attacking species is a water molecule, which ini-
tially loses a proton to a solvent water molecule with the hy-
droxide ion formally substituting the chloride ion in methyl
chloride.  Thus during hydrolysis, bond breaking and bond for-
mation involving both solute and solvent molecules take place.
It is essential, therefore, to consider the solvent molecules ex-
plicitly in modeling the methyl chloride hydrolysis.  This is in
contrast to type 

 

Ⅰ

 

 S

 

N

 

2 reactions, such as the reaction of a halide
anion with methyl halide, in which bond breaking and bond
formation occur only in the solute molecules and the solvent
molecules do not participate actively in the reaction except as a
medium.  Direct MD simulations of this type of reactions have
previously been carried out as described above and the product
energy partitioning and the lifetime of the encounter complex
were analyzed.14–16

nH2O + CH3Cl → HOCH3 + (n − 1)H2O + HCl (1)

Ab initio MO investigations of the methyl chloride hydroly-
sis have shown that the reaction energies and the kinetic pa-
rameters of the hydrolysis reaction in aqueous solution are
well described in the system of CH3Cl with 13 water mole-
cules.46  Moreover, hydrogen-bonded networks of solvent mol-
ecules, which exist in the reactant and product complexes and
in the TS complex as well, link the attacking water molecule
and the leaving chloride atom.  A similar network is also
present in the smallest cluster with three water molecules, and
proton transfers along the hydrolysis reaction path appear both
in the 13-water and the 3-water systems.  Therefore, the 3-wa-
ter system can be used as a model system to explore the dy-
namics of the methyl chloride hydrolysis.  The direct-MD sim-
ulations for the reaction of methyl chloride with 3 water mole-
cules have been carried out, regarding it as a prototypical mod-
el of the larger cluster and of the reaction in solution.13  The
calculation of the intrinsic reaction coordinate (IRC)47,48 al-
lows a full characterization of the reaction mechanism, but the
IRC path is obtained under the constraint that the velocity at
any given point along the path is zero.  At finite temperature,
energy flows among the internal vibrations of the solute as the
reaction proceeds, and thus the finite temperature pathway may
differ from the IRC path.

Stationary Points along the Reaction.    Figure 3 shows
the structures and the relative energies of the stationary points
of the SN2 reaction of the methyl chloride hydrolysis obtained
at the HF/6-31G level, which include the initial complex
(loosely bound state of CH3Cl and water cluster), the reactant
complex (complex-R), the TS, the product complex (complex-
P1), the second product complex (complex-P2), and the final
product (complex-F).  The IRC path shows that TS connects
complex-R and complex-P1.  Complex-P2 has a direct hydro-
gen-bond interaction between the Hlb atom and the Cl ion.
This interaction brings additional stability to the system.  In

complex-F, H+ exists in the form of CH3OH2
+ rather than

H3O+, consistent with a stronger basicity of CH3OH than H2O,
and Cl− is hydrogen-bonded to the proton of CH3OH2

+, the
most acidic proton in the system.  The experimental activation
enthalpy of the methyl chloride hydrolysis is 26.6 kcal/mol in
aqueous solution,49 and the reaction enthalpy is estimated to be
−6.9 kcal/mol from the data of standard heats of formation in
aqueous solution.50  In the 3-water system, if complex-R is tak-
en as the initial state of the reaction, the calculated activation
enthalpy is in reasonable accord with the experimental activa-
tion enthalpy in spite of the limited number of water molecules
included in the system and the small basis set used.

Direct-MD Simulations.    Direct-MD simulations were
carried out starting at the TS structure with the program pack-
age of HONDO.51  Energies and forces were obtained at
HF/6-31G.  The classical nuclear trajectories were obtained us-
ing a fourth-order gear predictor-corrector algorithm;1 the tem-
perature of the system is associated with the classical kinetic
energy, and the constant temperature (298 K) algorithm of

Fig. 3.   Structures of the stationary points for MeCl hydroly-
sis obtained at the HF/6-31G level.  Relative energies (in
parentheses) are in kcal/mol.
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Berendsen et al.44 was used.  Nine simulations were carried out
with different initial velocities starting from the TS.  In three of
the simulation runs, the system was found to evolve in the
backward direction, i.e. to move toward the initial state via the
complex-R region, and in the other runs, the trajectories pro-
ceeded in the forward direction toward the product state.

Forward Reaction, 1.    Figure 4 shows one of the simula-
tions corresponding to the forward run.  The O–H distance
curves show that the trajectory is made up of three regions: a
TS region for the first 100 fs, followed by a proton transfer re-
gion for the next 40 fs and then by a product region.  In the TS
region, the first peak in the atomic charge of the attacking Ol

atom around 75 fs (Fig. 4b) corresponds to a three bond build-
up on the O1 atom as a result of the shortening of the C–O1

bond in Fig. 4c.  The system then enters the proton transfer re-
gion, in which a proton relay occurs.  The first peak in the
atomic charge of the O2 atom around 120 fs (Fig. 4b) corre-
sponds to the formation of H3O+ (the first solvent molecule),
which coincides with the bond formation of H1a–O2 as shown
in Fig. 4d.  The first peak in the atomic charge of the O3 atom
around 130 fs (Fig. 4b) corresponds to the formation of a H3O+

molecule (the second solvent water), which coincides with the

bond formation of H2a–O3 as shown in Fig. 4e, indicating a
proton transfer to the second solvent water.  These structural
changes along the trajectory are seen in Fig. 5a–f.  After this
nearly concerted proton-transfer process, the system reaches
the complex-P1 region around 150 fs.  Here, the complex-P1
region means that the optimization of a conformation in this
region leads to the complex-P1.  In the product region, a peri-
odic motion of the proton (H3a atom) is observed between O3

and Cl (Fig. 3f).  A snapshot of this region is shown in Fig. 5f.
Thermal motion of the system allows an internal rotation about
the C–O single bond, which lets the proton Hlb interact more
favorably with the chloride ion, as indicated in the structure at
314 fs (Fig. 5e).  Optimization of the conformation of the tra-
jectory in this phase leads to another product complex (com-
plex-P2).  Along the trajectory up to 500 fs, most of the confor-
mations are within the complex-P1 region, although a few con-
formations are within the complex-P2 region.

The whole trajectory of the system was followed until
2000 fs.  The potential energy of the system becomes lower at
around 880 fs, which corresponds to the time when the dis-
tance between Cl and Hlb becomes shorter, implying that the
system is now in the complex-P2 region.  Then around 980 fs,

Fig. 4.   Trajectory of a forward reaction (case-1) for MeCl hydrolysis from the TS toward complex-P1: (a) potential energy (in har-
tree); (b) the atomic charges; (c) the atomic distances (in Å) between C and Cl and between C and Ol; (d) between Ol and Hla and
between Hla and O2; (e) between O2 and H2a and between H2a and O3; (f) between Cl and H3a and between O3 and H3a.
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another noticeable change is observed; reversed, nearly con-
certed proton transfers bring the system to the complex-F re-
gion.  The proton H2a, which had transferred to O3 at around
130 fs, goes back to O2 at around 980 fs; the proton Hla, which
had transferred to O2 at around 120 fs, goes back to Ol at
around 990 fs.  Optimization of a conformation in the region
after the back proton transfers leads to complex-F (Fig. 3f).
The final product (complex-F, Fig. 3f) looks as if it were a di-
rect adduct of H2O to the CH3

+ moiety, but in fact successive
proton-transfer steps are involved in this process.

Forward Reaction, 2.    There is a different type of trajec-
tory (case-2) toward the product state; the structures of some
points along such trajectory are shown in Fig. 6a–f.  Optimiza-
tion procedures on some points along the trajectory confirmed
that the system is in the complex-P1 region before 120 fs and
in the complex-P2 region after 120 fs.  It was found that the
proton transfers occurs only in the complex-P2 region.  The
system moves to the complex-P2 region without going through
a series of proton transfers in the complex-P1 region.  This is
because the Hlb atom faces the Cl atom at a rather early stage in
the transition state region; the phenomenon is brought about by
thermal motions generated by random initial velocities.  Con-
tinuation of this simulation until 2000 fs showed that the sys-
tem stays in the complex-P2 region until around 950 fs, when
the nearly concerted back proton transfers begin to occur and
bring the system to the complex-F region, in a similar manner

to that found in the simulation described above.
In short, the ab initio MD simulations exhibit dynamic fea-

tures of the SN2 reaction of methyl chloride with three water
molecules, which can be regarded as a prototype of the methyl
chloride hydrolysis in aqueous solution.  The backward reac-
tion and the forward reaction show some different features.
The backward reaction proceeds very quickly; the attacking
water molecule goes away from the methyl chloride soon after
the TS.  In the forward reaction, the attacking water molecule
keeps two hydrogen atoms in the transition region; this period
lasts around 100 fs.  Then nearly concerted proton transfers oc-
cur and an intermediate complex (complex-P1 region) is
formed around 150 fs.  With further thermal motions, the sys-
tem reaches the final complex region after 1000 fs.  The trajec-
tories from the complex-R region through TS to the complex-
P1 region are those which trace the IRC path.  Other trajecto-
ries, which are different from the IRC path, were also observed
for the forward reaction, in which the system moves to another
intermediate complex (complex-P2) region, and after the near-
ly concerted proton transfers the product is formed.  The IRC
path is not the only path along which the reaction proceeds at
finite temperature.  In either pathway, the nearly concerted
back proton transfers lead the system to the same final product.
The present study typically showed that the ab initio MD simu-
lation is a powerful technique to explore the reaction processes
at finite temperature.

Fig. 5.   Snapshot structures along the forward trajectory (case-1) at: (a) 51 fs; (b) 78 fs; (c) 119 fs; (d) 130 fs; (e) 314 fs; (f) 492 fs;
(g) 900 fs; (h) 980 fs; (i) 990 fs; (j) 1080 fs; (k) 1500 fs.
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SN1 Reaction

The hydrolysis of t-BuCl is a multi-step reaction with the in-
tervention of a series of ion-pair intermediates (Scheme 1).52

This Winstein ion-pair scheme was proposed on the basis of
kinetic behavior in aq alcoholic solvents.  The mechanism con-
siders three ionic intermediates: a contact ion pair (CIP), a sol-
vent-separated ion pair (SSIP), and free ions.  It should be not-
ed, however, that in pure water solvent a water molecule traps
t-Bu cation in ion pair stages (CIP and SSIP) before it goes to
free ions.  Product stereochemistry in aq alcohol showed net
inversion of configuration,53 consistent with the trap by the sol-
vents at the CIP and/or SSIP stages.  Any computational meth-
od aimed at describing the role of solvent molecules during the
reaction at the molecular level must reproduce events that oc-
cur in a real reaction.  In the case of hydrolysis of t-BuCl, these
are the reactions of the ion-pair intermediate to give substitu-
tion by a water molecule with the inversion of configuration as
a major product, together with substitution with the retention
of configuration, and the ion-pair return to regenerate t-BuCl.
Elimination is an important reaction channel in less polar sol-
vents,54 but it has little relevance in pure water.

Since the description of t-BuCl hydrolysis is most challeng-
ing, a number of computational methods have been applied to
this reaction.  Jorgensen et al., in a pioneer work in this field,
carried out Monte Carlo computation on the hydrolysis and

demonstrated that CIP exists with the C–Cl atomic distance of
2.9 Å but that SSIP and free ions are not energetically distinct
species.55  QM/MM computations by Hartsough and Merz re-
vealed that CIP exists with the C–Cl distance of 2.9 Å, that the
barrier to the backward reaction to t-BuCl from CIP is 8.8 kcal/
mol and that the overall barrier of the reaction is 19.5 kcal/mol,
which exists between CIP and SSIP.56  These studies do not in-
clude nucleophilic solvent molecules that play an essential role
in the reactions of ion pairs to give the products.  We have car-
ried out ab initio direct-MD as well as QM/MM-MD simula-
tions of CIP, and showed that the simulation can reproduce all
possible reaction channels of CIP in water.57  All calculations
were carried out with HONDO51 using HF/3-21G for the QM
part and TIP3P with vibrational potentials for internal vibra-
tions of water for the MM water molecules.58

Ab Initio MD Simulations from the Contact Ion Pair.
In order to perform MD simulations for the reactions of CIP in
water, a local minimum structure of CIP should have been de-
termined in advance.  A CIP complex cannot be localized as an
intermediate in the gas phase, since it is not a stable local min-
imum without solvent molecules.  We could obtain the CIP in-
termediate of the hydrolysis of t-BuCl, in which H2O, t-Bu+,
and Cl− are linearly aligned, by considering 10 bridging water
molecules explicitly.  As in the case of MeCl hydrolysis, sever-
al water molecules form a hydrogen-bond network between
the H2O and the leaving Cl atom (Fig. 7).  By means of the fre-
quency analysis, this structure was confirmed as a local mini-
mum.

Ab initio MD simulations starting from the CIP gave two
types of trajectories, one going back to the reactant state and
the other giving the substitution product of the inversion of
configuration.  Figure 8 shows a series of the snapshots along a
trajectory that leads to the product state.  Around 400 fs, a pro-
ton transfer from the attacking water molecule toward a water
molecule next to the attacking water occurs, and then several

Fig. 6.   Snapshot structures along the trajectory of a forward reaction (case-2) at: (a) 13 fs; (b) 37 fs; (c) 129 fs; (d) 147 fs; (e) 245 fs;
(f) 392 fs.

Scheme 1.   Winstein ion-pair scheme.
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consecutive proton transfers takes place.  The product state
was comprised of HO–C(CH3)3, H3O+, 9H2O, and Cl−.  Clear-
ly the system of t-BuCl with 11 water molecules can be used as
a model system to mimic the SN1 reaction at least in part.

QM/MM-MD Simulations from the Contact Ion Pair.
The QM/MM method is considered to be a suitable method to
obtain a more realistic picture of t-BuCl hydrolysis.  We used
the intermediate CIP structure of all QM (HF/3-21G) as a start-
ing geometry; we kept 4 water molecules on the rear side of t-
BuCl and 3 water molecules around Cl as QM, and put addi-
tional 79 MM water molecules around.  This CIP complex is
shown in Fig. 9.  Fourteen QM/MM-MD simulations starting
from this CIP complex were performed.  Five of the 14 trajec-
tories went back toward the reactant state directly from CIP;
six of them led to the substitution product with the inversion of

configuration; three of them gave the substitution product with
the retention of configuration.  Figure 10 shows two snapshots
along a trajectory which went toward the inversion product,
and Fig. 11 shows two snapshots along a trajectory which went
toward the retention product.  In the latter case, one of the wa-
ter molecules that are originally hydrogen-bonded to Cl− at-
tacks t-Bu+.  As far as we know, this is the first report to show
computationally that the retention product can be obtained in
the SN1 reaction from the CIP intermediate.  Calculations us-
ing a larger basis set with a larger number of MM water mole-
cules would allow us to fully analyze the product forming pro-
cesses in t-BuCl hydrolysis.

SN2/ET Borderline Reaction

Organic reactions that proceed via a region mechanistically
intermediate between two extremes are called borderline reac-
tions.45,59  The analysis of the borderline nature of the reactions
is not straightforward.  One explanation suggests that border-
line reactions proceed via two distinct routes and the observed
experimental data reflects a chemical dynamics average of the
two distinct processes.  A second explanation assumes that
these reactions proceed via a single TS of intermediate charac-
ter.  Examples of borderline reactions are found in combined
electron-transfer (ET)/substitution (SN2) reactions, depending
on the donor and/or acceptor molecules.60–63

The reaction of CH3Cl with a H2CwO radical anion (Eq. 2)
belongs to this class of reactions.  Sastry and Shaik64 carried
out ab initio MO calculations for this reaction and reported the 

H2CwO·− + CH3–Cl → H2CwO + CH3
· + Cl− and/or

(ET product)
CH3CH2O· + Cl−

(SN2 product) (2)

Fig. 7.   Optimized CIP structure of t-BuCl with 10 water
molecules (HF/3-21G).

Fig. 8.   A series of the snapshots along a trajectory toward
the product state starting from the CIP complex.  (a) at
100 fs; (b) at 300 fs; (c) at 400 fs, (d) at 500 fs.

Fig. 9.   The CIP structure with 7 QM (HF/3-21G) water mole-
cules and 79 MM (TIP3P) water molecules.  The O atoms
of the QM part are shown with filled symbols.
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existence of a TS leading to an ET product.  Bertran et al. sug-
gested that the same TS could be viewed as an SN2 TS involv-
ing the carbon atom of H2CwO radical anion as a nucleophilic
center.65  The origin of the different mechanistic assignment
for the TS was analyzed by Sastry and Shaik on the basis of the
potential energy surface calculated at the UHF/6-31G* level of
theory.66  These authors showed that the reaction path descends
from a broad saddle point to a flat ridge that separates the ET
and SN2 products.  After entering the flat ridge region the path
bifurcates to the two product states.  Different reaction-path
following methods gave different mechanistic assignments:66

the steepest descent path in Z-matrix internal coordinates leads
directly to the ET product whereas the path in mass-weighted
internal coordinates leads to a ridge and descends to the SN2
product.  However, these discussions based on the MO calcula-
tions are only relevant for the reaction at 0 K.66  The interpreta-

tion of the reaction mechanism ought to rely on reaction dy-
namics at finite temperature instead.  Ab initio direct-MD cal-
culations where the energy and the forces of the system are
computed from an ab initio MO treatment are a means to ob-
tain the desired dynamical characterization.

Ab initio MD simulations were carried27 out for the reaction
of CH3Cl and a H2CwO radical anion using the program pack-
ages of HONDO.51  The initial atomic velocities were assigned
from a random distribution with the total kinetic energy being
consistent with the simulation temperatures (100 K, 298 K,
and 400 K).  A velocity re-scaling algorithm similar to the con-
stant-temperature algorithm of Berendsen et al.44 was used to
mimic the solvent effects, and two different values of a solute-
solvent relaxation time τ (50 fs and 2000 fs) were adopted in
the calculations.  Constant-energy simulations were also per-
formed (i.e., τ = ∞) using the same initial velocities as were

Fig. 10.   A series of the snapshots during a trajectory toward the inversion substitution starting from the CIP complex.  (a) at 500 fs;
(b) at 1000 fs.

Fig. 11.   A series of the snapshots during a trajectory toward the retention substitution starting from the CIP complex.  (a) at 300 fs;
(b) at 500 fs.
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used in the “velocity re-scaling” simulations.  Fifty-one MD
simulations were performed for each relaxation time with the
UHF/6-31+G* level of theory.

Dynamics for the Borderline Reaction.    The energy pro-
file, the stationary point structures, and the potential energy

surface of CH2O·− with CH3Cl are depicted in Fig. 12.  The
ridge separating the reactant valley from the product valley and
the ridge separating the ET valley from the SN2 valley are seen
in the 3D potential energy surface (Fig. 13).  In the MD simu-
lations starting from the SN2-like TS, four types of trajectories

Fig. 12.   The UHF/6-31+G* energy profile of the reaction of CH2O·− with CH3Cl.  Relative energies are in kcal/mol.  The C1–C2

and C1–Cl atomic distances at stationary points are shown in Å.

Fig. 13.   Three-dimensional potential energy surface at UHF/6-31+G*.  Distances are in Å.  The contours are spaced by 10.0 
kcal/mol.  The filled circle indicates the position of TS-1, and the open circle TS-2.
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were observed: those leading back to the reactants, those lead-
ing to the SN2 product, those passing through the SN2 valley
and crossing over to the ET valley, and finally those going to
the ET valley directly.  The number of the trajectories of each
type is summarized in Table 1 for each of the three relaxation
times used in the simulations.  Thus, the present dynamics cal-
culations clearly confirm that the TS can lead directly to either
the ET or the SN2 product even though the TS has a nearly col-
linear C2–C1–Cl arrangement as well as partial C2–C1 and C1–
Cl bonds, in accord with the characteristics of SN2 TS’s.

Representative trajectories (3 for each type) are plotted in
Fig. 14, and the variations in the atomic spin density on atom
C1 for these trajectories are shown in Fig. 15.  The essential
features of the reactions are completed when the molecular
system reaches a region (r(C1–C2) < 1.7 Å, r(C1–Cl) > 3.0 Å)
for the SN2 reaction, and a region (r(C1–C2) > 2.3 Å, r(C1–Cl)
> 3.4 Å) for the ET reaction.  Line a in Fig. 15 is the trajectory
that goes directly towards the ET valley.  In ~30 fs starting
from the TS, the spin localization on atom C1 is almost com-
plete and the system proceeds directly towards the ET valley.
In the trajectory going towards the SN2 valley (Fig. 15, line c),
the spin localization at C1 occurs concomitant with the elonga-
tion of the C–Cl bond after ~20–30 fs starting from the TS.  At
~40–50 fs, the spin re-localization begins in the CH2O–CH3

fragment, and finally the spin localizes on the O atom.  Line b
in Fig. 15 shows the variation in the spin density on atom C1 in
the trajectory going towards the SN2 valley first and then cross-
ing over the ridge towards the ET valley.  The variations in the
C1 spin density (Fig. 15, line b) together with the atomic dis-
tance variations (Fig. 14) clearly show that the SN2 reaction is
completed in ~60–80 fs, and then the second step of the cross-
ing over the ridge begins at ~100 fs.

It is noticeable that starting from the TS, the system reaches
the valley in ~70–80 fs in any of the trajectories observed
here.  The fate of the reaction, i.e., whether it proceeds towards
the reactant region (12 trajectories), the SN2 region (36 trajec-
tories), or the ET region directly (3 trajectories) in this initial
step, is essentially sealed early and the solute–solvent relax-
ation does not really affect it.

The IRC path and selected MD trajectories (τ = 2000 fs)
obtained at temperatures of 100, 200, and 400 K with identical
initial velocity directions but with varied velocity amplitudes
are shown in Fig. 16.  They are superimposed over the 2D map
of the potential energy surface.  These trajectories follow the
IRC path at the lower temperature (100 K), whereas at higher
temperatures the kinetic energy affects the reaction.  One of
the trajectories goes towards the reactant complex at 100 K but
it evolves directly into the ET product at 200 K.  Two other tra-
jectories that lead to the SN2 product at the lower temperatures
evolve directly towards the ET product at the higher tempera-
tures (298 K and 400 K).

Shaik et al. carried out direct MD simulations on the same
system using similar levels of theory but with different initial
energy distributions.28  Comparison of the two different sets of
simulations, those in Refs. 27 and 28, further confirmed that
the kinetic energy of reacting species plays an important role
in controlling the pathway of organic reactions.

Characteristics of Trajectories of the ET and SN2
Routes.    The remaining question is what the individual SN2
and ET trajectories look like.  Figure 17 shows the results of
one of the simulations that gave the ET product.  The changes
in the potential energy (Fig. 17a) and in the atomic distances
between C1–Cl, C1–C2, and C2–O (Fig. 17b) for 300 fs reveal
that the trajectory can be divided into three phases; in phase Ⅰ

Table 1.   The Number of Trajectories towards Each of the
Stationary States

τa) Reactant SN2 SN2 then ET ET directly

50 12 36 0 3
2000 12 32 4 3

∞ 12 31 5 3

a) The relaxation time used in the simulations.

Fig. 14.   MD trajectories starting from TS-1 of the reaction of
CH2O·− with CH3Cl with the solute-solvent relaxation
time of 2000 fs at 298 K.  Distances are in Å.

Fig. 15.   The variation in the atomic spin density on C1 atom:
(a) In the trajectories directly towards the ET product val-
ley; (b) In the trajectories first towards the SN2 product val-
ley and then towards the ET valley; (c) In the trajectories
towards the SN2 product valley only.
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(~30 fs) the potential energy and atomic distances do not
change much; in phase Ⅱ (~200 fs) the energy starts to de-
crease and then stays constant, and the C1–Cl atomic distance
increases monotonically whereas the C1–C2 distance decreases
and stays at 2.1 Å until 200 fs; in phase Ⅲ (200 fs–) the poten-
tial energy becomes lower again, the C1–Cl distance now be-
comes constant, and the C1–C2 distance increases up to 4.5 Å.
The variations in the Mulliken group charges (Fig. 17c) and
spin density (Fig. 17d) exhibit a sudden change in a later part
of phase Ⅰ.  The group charge on the H2CwO moiety decreases
from −0.75 at 15 fs to −0.04 at 30 fs, and the total spin densi-
ty on H2CwO decreases from 0.78 to 0.02 in the same period of
time.  Apparently, rapid electron reorganization takes place
here on the way to the ET product state.  The methyl group
ends up with an unpaired electron and there is essentially no
spin density on Cl.  After this electron reorganization, the
group charge on H2CwO stays nearly constant at −0.1 and that
on CH3 at +0.1 in phase Ⅱ.  The spin density on Cl stays near-
ly constant at 0.0 whereas that on CH3 varies from 0.80 to
1.00.  The variations of the spin density on the H2CwO sub-
structure are noticeable; the total spin density nearly equals ze-
ro, yet the alpha and the beta spins tend to be separated, one on

CH2 and the other on O, akin to a diradical character within the
molecule.  In phase Ⅲ the two carbon centers begin to move
away from each other, giving the methyl radical and formalde-
hyde.

Figure 18 depicts one of the simulations that give the SN2
product.  The trajectory here is much simpler than the ET tra-
jectories.  The changes in the potential energy (Fig. 18a) and in
the atomic distances between C1–Cl, C1–C2, and C2–O (Fig.
18b) for 300 fs indicate that the C1–C2 bond formation and the
C1–Cl bond breaking occur in a concerted manner soon after
the trajectory leaves the TS.  The substitution is essentially
completed by 50 fs and only the translational separation of the
CH3CH2O radical and the Cl anion takes place thereafter.  The
changes in the Mulliken atomic charges and spin density were
found to be consistent with the SN2 process; Cl is formed as
the anion and O becomes a radical center.  Some simulations
were performed by using the CASSCF(4o,5e) level of theory,
which gave essentially the same results as the HF calculations.

In conclusion, the direct-MD simulations suggest that, in the
reaction of CH2O·− and CH3Cl as a prototype of borderline re-
actions, the SN2-like TS yields intrinsically the SN2 product.
At finite temperature, however, a route opens up in which the

Fig. 16.   (a) IRC path on the potential energy map.  The dot indicates TS-1.  (b) MD trajectories at 100 K. (c) MD trajectories at
200 K.  (d) MD trajectories at 400 K.  Distances are in Å and relative energy contours are spaced by 10.0 kcal/mol.
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system may evolve either directly or indirectly towards the ET
product after passing over the SN2-like TS.  Such results imply
that the TS characteristics themselves do not always dictate the
reaction mechanism and that the formation of two different
products does not necessarily mean the presence of two inde-
pendent pathways with different TS’s.  A possible occurrence
of branching from single TS to several products introduces ad-
ditional complexities in mechanistic assignment for borderline
reactions.67  Furthermore, an observation that more ET product
is formed at a higher temperature would often be taken as an
indication that the reaction would follow two competitive
routes with, as in the present case, a higher activation energy
for the ET route than for the SN2 route.  The present analysis
offers an alternative interpretation that a similar temperature

effect on the product distribution can also arise from traversing
single TS and undergoing temperature-mediated mechanisms
to different products for a borderline reaction.  Characteristic
features of each process are also demonstrated clearly by the
analyses of the trajectories.  Such dynamic characteristics can
only be treated with accuracy by the ab initio direct-MD simu-
lations.

Epilogue

The theory of organic reactions has been developed mostly
based on physical organic experiments, in which observable
quantities are the average of the behaviors of a large number of
reacting particles.  Experimental results give inherently only
an averaged picture of chemical reactions.  In contrast, compu-
tational methods described above can give information of each
reacting species at the molecular level.  According to tradition-
al interpretation of chemical reactivity, the reaction rate and
hence the product selectivity are governed by the energy of the
TS and its variation.  However, as described in this account,
this was found not universally true.  Ab initio direct-MD simu-
lations revealed that in a certain reaction of mechanistic bor-
derline, a common TS could give two types of products and
that the product ratio might not be governed by the relative en-
ergy of two independent TSs, but by the kinetic energy and the
nature of the dynamics.  A similar phenomenon of “dynamics-
driven reaction path” has also been observed for an intramolec-
ular rearrangement reaction.68  Here it was shown that the reac-
tion pathway did not follow the minimum energy path deter-
mined by MO calculations, but was rather controlled by the
dynamics of the reaction.  These results imply that the organic
reactivity theory must consider the effect of dynamics explicit-
ly.  It should also be noted that the combined QM/MM method
is becoming a practical tool to analyze organic reactions in so-
lution.  We expect that computational methods outlined in this

Fig. 17.   Trajectory to the ET product.  Variation in (a) poten-
tial energy, (b) atomic distances, (c) the Mulliken group
charge, and (d) spin density.

Fig. 18.   Trajectory to the SN2 product.  Variation in (a) po-
tential energy in hartree and (b) atomic distances.
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article should serve as a means to facilitate development of a
new reaction theory in the next decade.

The authors acknowledge the invaluable contributions of Dr.
Michel Dupuis, Pacific Northwest National Laboratory, USA.
The studies described here were partly carried out at the
Research Center for Computational Science, Okazaki National
Research Institute.
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