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ABSTRACT: Well-established statistical approaches such as
transition-state theory based on high-level calculated potential
energy profiles are unable to account for the selectivity
observed in the gas-phase OH− + CH3ONO2 reaction. This
reaction can undergo bimolecular nucleophilic displacement at
either the carbon center (SN2@C) or the nitrogen center
(SN2@N) as well as a proton abstraction followed by
dissociation (ECO2) pathway. Direct dynamics simulations
yield an SN2:ECO2 product ratio in close agreement with
experiment and show that the lack of reactivity at the nitrogen
atom is due to the highly negative electrostatic potential
generated by the oxygen atoms in the ONO2 group that scatters the incoming OH−. In addition to these dynamical effects, the
nonstatistical behavior of these reactions is attributed to the absence of equilibrated reactant complexes and to the large number
of recrossings, which might be present in several ion−molecule gas-phase reactions.

■ INTRODUCTION

The outcome and selectivity of chemical reactions are usually
viewed within the context of statistical models such as
transition-state theory (TST). For example, the kinetic
selectivity between two reaction pathways starting from the
same reactants is predicted to favor the product(s) formed
through the smallest energy barrier. Under these conditions,
the product ratio is expected to be determined by the difference
in Gibbs activation energies. Accordingly, the reaction energy
profiles (intrinsic reaction coordinate (IRC) pathways) and the
assumption of a statistical distribution of microstates are
sufficient to explain the behavior of a large number of reactions.
However, in some cases the energy profile, or the IRC, does not
uniquely determine the reaction outcome,1−5 and examples of
nonstatistical behavior6 have been shown for a few gas-phase
SN2 reactions.1,7−10 For these cases, Hase and co-workers have
provided a detailed and comprehensive discussion of the
importance of studying the dynamics of these reactions through
trajectory calculations to probe mechanisms at the microscopic
level.11

A recent study of the gas-phase reaction between OH− and
methyl nitrate (CH3ONO2) under high-vacuum conditions has
posed some puzzling questions.12 Three channels were
calculated to be energetically possible, as shown in Scheme 1.
The experiments revealed the fast formation of NO2

− and
NO3

− in a 0.86:0.14 ratio, but no displacement through the
SN2@N mechanism could be observed at near-thermal
energies. The fact that no reaction occurs (within experimental
error) by attack at the nitrogen center (SN2@N) is surprising

because ab initio quantum chemical calculations at different
levels suggest this pathway to be a barrierless process.12

Understanding the reasons as to why the gas-phase OH−/
CH3ONO2 system avoids a feasible low-energy pathway is an
intriguing problem that can provide considerable information
on elementary reactions that can proceed through different
mechanisms. Furthermore, these model gas-phase reactions of
methyl nitrate are particularly relevant because light alkyl
nitrates, as well as NO3

− species, are known to play an
important role in atmospheric chemistry13,14 and to act as odd
nitrogen reservoirs in the troposphere.15−17 Thus, a thorough
characterization of the reactive behavior of these substrates is of
considerable interest.
In order to address the reactivity of methyl and related alkyl

nitrates, we initially decided to carry out a reinvestigation of the
energy surface for reactions (1)−(3) at higher levels of theory.
While these calculations provide a more elaborate description
of the reaction pathways, and particularly for the SN2@N
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Scheme 1. Reaction Pathways for the Isotopically Labeled
OH− Nucleophile and Methyl Nitrate
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channel, these new energy profiles are still unable to account
for the selectivity of the different channels. We then decided to
investigate these reactions by direct dynamics to explore
whether dynamical features can account for the observed
reactivity.
The direct dynamics approach reveals an unusual chemical

system where the dynamics effectively controls the selectivity of
non-bifurcating reaction channels18,19 and explains the lack of
reactivity at the N center. Furthermore, it provides some new
insight on whether elimination-type reactions like reaction (3)
proceed through a concerted or stepwise mechanism.

■ COMPUTATIONAL DETAILS
All electronic structure and Born−Oppenheimer molecular dynamics
(BOMD) simulation calculations were performed with the Gaussian
09 program20 using its default criteria. Ab initio HF, MP2, and
CCSD(T)21 as well as density functionals B3LYP21 and M06-2X22

were employed with 6-31+G(d) and 6-311+G(3df,2p) basis sets:21

HF/6-31+G(d), B3LYP/6-31+G(d), M06-2X/6-31+G(d), MP2/6-
31+G(d), MP2/6-311+G(3df,2p), and CCSD(T)/6-311+G(3df,2p)//
MP2/6-311+G(3df,2p). These methods were selected mainly because
MP2 and CCSD(T) are references for ion−molecule reactions in the
gas phase that involve competing nucleophilic displacement and
elimination pathways.23−27 However, detailed studies of the dynamics
are hindered by the high computational demand of MP2 and
CCSD(T) calculations, so less demanding methods such as HF/6-
31+G(d), B3LYP/6-31+G(d), M06-2X/6-31+G(d), and MP2/6-
31+G(d) were also tested. All methods were validated by comparing
the structures of the stationary points on the potential energy surface
(PES) as well as their relative energies with respect to the CCSD(T)/
CBS//MP2/6-311+G(3df,2p) reference method. The extrapolation to
the complete basis set (CBS) limit was performed from CCSD(T)/
aug-cc-pVXZ (X = D, T, and Q) calculations28,29 with the ACESIII
program.30 The main goal of this validation procedure was to select a
less demanding method to perform the BOMD simulations where
thousands or even tens of thousands energy, gradient, and Hessian
calculations are necessary to integrate a trajectory. The main stationary
points on the PES of the OH− + CH3ONO2 reaction were properly
characterized by their Hessian, and the transition states were shown to
connect a reactant to a product by the IRC approach.31 It should be
noticed that the IRC corresponds to the minimum energy path on the
PES that connects the reactant to the product through the transition
state.
RRKM calculations32 were carried out for energy values from E* =

21.0 to 74.6 kcal mol−1 using an in-house program.33 The initial value
of E was taken as the complexation energy of RC1 (ERC1), the lowest
energy content of the activated complexes under high-vacuum
conditions. To calculate the RRKM rate constants consistent with
the experimental conditions, the rate constants ka(E*) were weighted
by a Boltzmann distribution and integrated from E* = 21.0 to 74.6 kcal
mol−1 to yield the rate constants ka. The MP2/aug-cc-pVTZ energies,
structures, and vibrational frequencies used in the RRKM calculations
are provided in the Supporting Information (Table S5).
The BOMD simulations were employed for the reactive and

nonreactive scattering of OH− on the CH3ONO2 substrate at several
collision energies and relative orientations. The trajectories started at
the reactant structures of the OH− + CH3ONO2 system, and a quasi-
classical sampling34 was used. This sampling included the zero-point
energy (ZPE) of each vibrational mode of the OH− and CH3ONO2
fragments with random phases. In addition, rotational sampling was
performed considering a Boltzmann distribution at 300 K of
symmetric tops. An initial translational energy (Ecoll) of 1.0 or 10.0
kcal mol−1 was given to the OH− nucleophile or distributed randomly
among the reactants. The value of 1.0 kcal mol−1 is compatible with a
thermal energy of 300 K, and the higher translational energy was used
to investigate the presence of reaction channels, particularly the SN2@
N pathway.

Monte Carlo approaches are usually recommended for determining
rate constants because they can provide error estimates and moderate
accuracy from a limited number of trajectories.35,36 However, the rate
constants were not measured experimentally, so our main goal is to
explain the observed selectivity. We used the systematic approach
depicted in Figure 1. This approach has been used to explore the SN2/

E2 selectivity in the F− + C2H5Cl reaction
37 and can increase the

relative number of reactive trajectories because these pathways have
small impact parameters.37 In addition, it can provide relationships
between the reaction pathways and the relative orientations of the
reactants. The geometric parameters (see Figure 1) used for the initial
conditions of the trajectory simulations consisted of an initial distance
(d) between the fragments (O atom at OH− and CH3ONO2 center-of-
mass) of 8.0 Å. The nucleophile was oriented around the CH3ONO2
substrate in five planes, namely, the plane xz corresponding to the Cs-
symmetry plane, two perpendicular planes yz and xy, and two bisecting
planes at 45° and 135°. For a collision energy (Ecoll) of 1.0 kcal mol

−1,
given either to the OH− fragment or randomly assigned to both
reactants, a total of 130 trajectories were generated by varying
uniformly θxz and θyz in increments of 10° and θxy, θ45, and θ135 in 15°
increments. For Ecoll = 10.0 kcal mol−1 assigned to the nucleophile,
larger increments (20°) were used only for θxz and θyz, resulting in 36
trajectories. These trajectories were calculated at the M06-2X/6-
31+G(d) level. Several other trajectories with different electronic
structure methods and fragment orientations were calculated for
comparison purposes.

All BOMD simulations employed a Hessian-based predictor−
corrector algorithm38,39 with the prediction step performed in the
normal coordinates, which does not conserve angular momentum.39

However, the maximum deviations of the angular moment for all
simulations were smaller than 10−6ℏ. In addition to being small, these
deviations are insignificant because we are not interested in state-to-
state analysis of the products, so the lack of angular momentum
conservation should not affect our conclusions. All trajectories were
integrated up to 2 ps or until the separation of the products exceeded
10 Å. The Hessian was computed at each propagation step.

■ RESULTS AND DISCUSSION
A more detailed analysis of the free-energy profiles for reactions
(1)−(3) calculated at the CCSD(T)//MP2 level is shown in
Figure 2. As for most exothermic gas-phase ion−molecule

Figure 1. Coordinate frame and geometry of the CH3ONO2 + OH−

reacting system used in the initial conditions for BOMD simulations.
The origin of the coordinate system is placed at the center-of-mass (X)
of the methyl nitrate substrate, and its symmetry plane (Cs point)
labels the plane xz. The OH− is placed at a distance d from the origin
in the planes xz, yz, xy, 45°, and 135° illustrated by the circles. Ecoll
represents the value of the translation energy, and the vector indicates
its relative velocity. The angular orientation of the nucleophile is
indicated by θ.
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reactions, the initial ion-neutral reaction complexes and the
transition states are lower in energy than the reactants.
Based on Figure 2, it should be pointed out that the SN2@C

and ECO2@H1 pathways start at the reactant complex RC1,
whereas the SN2@N and ECO2@H2 pathways are related to
RC2. Notice a low-energy pathway that interconverts RC1 into
RC2. The SN2@C pathway is described by the typical double-
well model,1,7 while the SN2@N involves an intermediate
structure after the first transition state that disappears upon
inclusion of the ZPE corrections and entropic contributions.
These calculated profiles reveal two distinct elimination
pathways. Abstraction of the proton in the symmetry plane of
the CH3ONO2 substrate starts with the reactant complex RC1
and follows a pathway (ECO2@H1) different from that
associated with RC2 (ECO2@H2), which removes either of
the equivalent protons off the symmetry plane. The details of
these pathways after the transition state are presented in Figure
2b. The proton abstraction and the O2N−OCH3 bond
dissociation are concerted steps in the ECO2@H1 pathway,
but they are asynchronous for the ECO2@H2 mechanism
because the −NO2 group needs to perform an internal rotation
to induce the N−O bond cleavage. These two pathways
(ECO2@H1 and ECO2@H2 or E1cb-like) are limiting cases in a
spectrum of continuous reaction mechanisms ranging from
synchronous to non-synchronous eliminations.40

In order to account for the product distribution reported in
ref 12, an initial attempt was made to estimate the branching
ratios that would be expected on the basis of RRKM
calculations starting from the RC1 and RC2 complexes. The
first important result from these calculations is that the rate
constants for the elimination channels are estimated to be
orders of magnitude more favorable than the substitution
channels, based on MP2/aug-cc-pVTZ calculations (see Table
S5). For example, RRKM calculations starting from the RC1
complex predict that 100% of the reaction would proceed
through the ECO2@H1 mechanism. A more complete kinetic
scheme, as shown in Scheme 2, allowing for the interconversion
of RC1 and RC2, yields similar results, with both RC1 and RC2
favoring the elimination pathways exclusively (see Figure S4
and Table S6).
RRKM calculations were also carried out at the CCSD(T)/

CBS//MP2/6-311+G(3df,2p) level of theory and yield results

similar to those obtained with the MP2/aug-cc-pVTZ method,
as shown in Figure S4b and Table S6.
The main difference between these results is the increase in

the SN2@C rate when compared to the SN2@N pathway and
the inversion in the H1 and H2 elimination rate constants
values. All these changes can be rationalized by the subtle
decrease in the H2 and C reaction barriers and the increased
barrier calculated for the N and H1 routes at the CCSD(T)/
CBS level of theory.
The kinetic model used above reveals the inability of a purely

statistical approach to account even for the fact that the SN2@C
mechanism is competitive with the ECO2 mechanism as
observed experimentally, regardless of the level of theory
used. Thus, it is questionable whether this approach can explain
the lack of reactivity through the SN2@N mechanism. We
therefore proceeded to investigate this system by BOMD
simulations.34

Because of the high computational cost of these simulations,
less demanding ab initio (HF and MP2) and density functional
theory (DFT) methods (B3LYP, M06-2X) were tested. The
M06-2X/6-31+G(d) method proved to yield the best overall
performance for relative energies, shape of the IRCs and
structures for all four reaction pathways (see Figures S1−S3 in
Supporting Information). Thus, 130 and 36 trajectories were
calculated with this method for translational energies of 1.0 and
10.0 kcal mol−1. All trajectories were integrated up to 2 ps or
until the separation of the fragments exceeded 10 Å and quasi-
classical samplings34 of the vibrational modes were employed.
A quantitative analysis of the trajectories depicted in Figure 3

for scatterings in the planes xz and yz (see Schemes S1 and S2
and Tables S7 and S8 in Supporting Information) showed
78.9% of the collisions to be reactive, which leads to a good
predicted reaction efficiency and significant statistics for the
calculated selectivity. Our calculated SN2:E2 product ratio of
0.29:0.71 is in reasonable agreement with the experimental

Figure 2. Energy profiles and structures for the OH− + CH3ONO2 reaction. (a) Energy profiles (in kcal mol−1) with inclusion of zero-point
corrections (ZPE) calculated at the CCSD(T)/CBS//MP2/6-311+G(3df,2p) level. The relative energies are shown for the main stationary points
and the reactant complex structures. (b) Calculated structures (distances in Å) at the MP2/6-311+G(3df,2p) level along selected values (s = 0.0
transition state, 2.5, 5.0, 7.5, and 10.0 amu1/2 a0) of the IRC after the transition state and along their respective pathway.

Scheme 2. Kinetic Scheme for the Various Unimolecular
Reaction Pathways Originating from the RC1 and RC2
Reactant Complexes Shown in Figure 2
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data12 and the calculated ratios are almost independent of the
collision energy. The contribution of the SN2@N pathway is
smaller than 4%, which is comparable with the original
experimental detection limit. Considering only the trajectories
in the planes xz and yz with the collision energies 1.0 and 10.0
kcal mol−1 given to the OH− fragment, amounting to 70 and 36
trajectories (see Figure 3), respectively, a SN2:E2 product ratio
of 0.28:0.72 (see Table S8 in Supporting Information) is
obtained. This result suggests that the calculated SN2:E2
selectivity is converged with respect to the initial conditions and

that the errors are ca. 3% estimated from the standard deviation
of a binomial distribution (reactive or nonreactive trajectory).
This error is close to that estimated for the dynamics study of
the F− + CH3OOH reaction with a similar number of
trajectories chosen randomly.36

The dynamical approach can also provide details of the
atomic motions (see Movies S1−S5 in Supporting Informa-
tion), and some representative trajectories are depicted in
Figure 4.
Figure 4-ii and iii illustrates selected ECO2@H1 and ECO2@

H2 pathways that emphasize the synchronicity and concerted-
ness aspects of these mechanisms.41,42 The ECO2@H1 pathway
is faster than the ECO2@H2 because the latter pathway requires
an internal rotation (motion between 1150 and 1450 fs in
Figure 4-iii) of the −NO2 group for a proper alignment of the
electron densities to induce the dissociation. The ECO2@H1
pathway is concerted and practically synchronous because the
proton transfer occurs at ca. 700 fs and the N−O bond
dissociation occurs within a few vibrational periods at ca. 770 fs.
The ECO2@H2 mechanism has a distinct dynamical behavior
with the proton transfer occurring at ca. 1150 fs, significantly
earlier than the N−O bond dissociation at ca. 1600 fs, thus
being an asynchronous process. Furthermore, the
[CH2ONO2]

− intermediate has a lifetime long enough to
undergo internal rotation and several vibrational periods, so this
pathway might also be considered nonconcerted, or otherwise
an E1cb-like mechanism.40 A quantitative analysis (see Figure
S6 in Supporting Information) of the elapsed time between
these two events, i.e., proton abstraction (H···O forming bond
≤1 Å) and dissociation of the N−O bond (≥2 Å), showed that
the elimination reactions involve an almost continuous
spectrum of mechanisms ranging from synchronous to highly
asynchronous and possibly nonconcerted pathways.
Figure 4-iv illustrates one of the two trajectories (calculated

at the M06-2X level) that resulted in the SN2@N product. This
trajectory involves rotation of the CH3ONO2 molecule to
maximize the attraction between the incoming OH− and the
CH3 group. Conservation of angular momentum leads to a
geometry that resembles the RC2 structure (see Figure 2b) at
ca. 610 fs followed by a structure similar to the transition state
(see Figure 2b) at ca. 700 fs, ensued by an internal rotation of
the OH− moiety during the next ca. 100 fs to dissociate into the
products.
Figure 4-i depicts a typical SN2@C trajectory and shows the

distorted trigonal bipyramid (Figure 4-i, 970 fs) transition state
structure usually associated with the SN2 mechanism.1,43 In
addition, Figure 4-i illustrates an interesting trajectory where an
initial proton abstraction by the nucleophile allows for energy
transfer from the nucleophile to the substrate and activation of
the SN2@C pathway. In the meantime, one of the SN2@C
trajectories at 10.0 kcal mol−1 of collision energy involved the
indirect roundabout mechanism (see Movie S5 in Supporting
Information) observed for collisions (at ca. 44 kcal mol−1) of
Cl− with CH3I where the neutral species performs a complete
rotation before the nucleophilic displacement.43 Notice,
however, that for the OH− + CH3ONO2 reaction the non-
hydrogen atoms (carbon, nitrogen and oxygen) have similar
masses, whereas in the Cl− + CH3I reaction the masses of the
nucleophile (Cl−) and the leaving group (I−) are very different
and might facilitate the roundabout mechanism.
The SN2@C/SN2@N selectivity observed in the simulations

can be attributed to the dynamic control exerted by the long-
range electrostatic interactions.

Figure 3. Trajectories for the OH− + CH3ONO2 reaction.
Classification of the trajectories according the initial conditions:
angle (degrees), collision plane (xz is the molecular symmetry plane),
and collision energy (1.0 kcal mol−1 is the inner sphere, and 10.0 kcal
mol−1 is the outer sphere) obtained with the M06−2X/6-31+G(d)
method (see Computational Details). Notation: NR-R and NR-C are
unreactive collisions that backscatter to the reactants and remain as a
complex for 2 ps, SN2@C and SN2@N are nucleophilic displacements
at the carbon and nitrogen centers, and ECO2 are eliminations. The
numbers in parentheses are the number of recrossings during the
trajectory.
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The dynamical behavior of the trajectories observed in the
simulations and the corresponding calculated energy profile can
be interpreted with the help of the electrostatic potentials of the
methyl nitrate and hydroxyl illustrated in Figure 5.
It is noticeable that the electrostatic potential near the

nitrogen center is highly positive, so the transition state would
be predicted to be stabilized by the attractive interactions of the
nucleophile near this center. On the other hand, the less
positive electrostatic potential at the carbon atom could be
expected to lead to a higher energy barrier for the SN2@C
pathway compared to SN2@N, as schematically represented by
the dashed arrows in Figure 5. However, the highly positive
potential at the nitrogen is shielded by a very negative
electrostatic potential from the oxygen atoms that can explain
the lack of reactivity on the nitrogen observed in the dynamics.
Namely, the nucleophile is scattered by the negative electro-
static potential generated by the oxygen atoms during the
collisions of OH− with CH3ONO2. Interestingly enough, all
trajectories with the OH− initially directed toward the nitrogen
atom to promote the SN2@N reaction were either deflected or
induced a rotation of the neutral substrate to yield a reaction
along the SN2@C or ECO2 pathways. These features are general
in all BOMD simulations regardless of the electronic structure
method.
A detailed analysis of Figure 3 shows that the ECO2

trajectories are nearly independent of the relative orientation
of the nucleophile with respect to the methyl nitrate substrate,
whereas the SN2@C trajectories are mostly restricted to near-

frontal collisions on the methyl group, namely within ±60°
around the C−O bond axis (Figure 3). These patterns were
observed in these figures because the initial configurations were
chosen systematically and they might be relevant for under-
standing the differences between the SN2@C and ECO2
pathways, and thus the reaction selectivity. The behavior of
the SN2@C mechanism was previously described for halogen
exchange reactions (Cl− + CH3 X, with X = Cl and Br)1 as well
as for the OH− + CH3Cl → CH3OH + Cl− reaction45 and
agrees with a proposed dynamical model involving intermo-
lecular and intramolecular complexes.1,7,9 In this model, the
reactants form an intermolecular complex that still has most of
its collision energy in the translational degrees of freedom. The
coupling between the translational degrees of freedom with the
vibrational modes allows for this energy to be redistributed and
to form an intramolecular complex that is equivalent to the
reactant complexes RC1 or RC2 in Figure 2b. If the energy
equilibration is accomplished then statistical models are
applicable and should provide reasonable results. However,
for the SN2 reactions Cl− + CH3X (X = Cl, Br), the
translational−vibrational energy redistribution is slow com-
pared to the direct reaction rate and thus precludes the use of
statistical theories.1,7,9 Alternatively, the lifetimes of the
intramolecular complexes are too short to be amenable to a
statistical modeling. In fact, measurements for several SN2
reactions of halide ions with monohalogenated methanes such
as F− + CH3X (X = Cl, Br, I) cannot be described by statistical
theories.44 The observation that for slightly larger reactants the

Figure 4. Representative trajectories dynamics for the OH− + CH3ONO2 reaction. Top panel: relevant interatomic distances (in Å) for the (i) SN2@
C, (ii) ECO2@H1, (iii) ECO2@H2, and (iv) SN2@N pathways. Lower panel: relevant structures along a (i) SN2@C, (ii) ECO2@H1, (iii) ECO2@H2,
and (iv) SN2@N trajectories. The atomic labels are shown in the figures in the lower panel. Videos for each trajectory are available in the online
version.
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kinetics of the SN2 reaction 37Cl− + 35ClCH2CN → 35Cl− +
37ClCH2CN is properly described by the RRKM theory
suggests that the nonstatistical behavior of halogen exchange
reactions X− + CH3Y at energies near the room temperature is
not a general phenomenon.9,44 Indeed, it was shown that the
nearly thermoneutral reactions 37Cl− + m-FC6H4CH2

35Cl →
35Cl− + m-FC6H4CH2

37Cl and 37Cl− + RC6H4C(O)
35Cl →

35Cl− + RC6H4C(O)
37Cl (R = m-F, m-CF3, H, m-CH3, p-CH3)

involving large organic substrates also behave statistically.9

These results thus suggest that the statistical or nonstatistical
behavior may be related to the number of vibrational modes of
the intermolecular complexes. However, SN2 halogen exchange
reactions of multihalogenated methanes F− + CF3X (X = Cl, Br,
I) also show statistical behavior,44 which could be explained by
the long lifetimes of the intramolecular complexes because of
the observation of association channels. Thus, the fact that the
reactivity pattern of the gas-phase OH− + CH3ONO2 reaction
cannot be adequately described by the usual statistical theories
is quite relevant because the intermolecular complex has almost
twice (27 versus 15) the vibrational modes of the X− + CH3Y
systems and shows that the dynamics may determine the
outcome of several other SN2 reactions.
Lastly, the qualitative agreement between the calculated and

observed product ratio for the SN2@C and ECO2 channels is
remarkable considering that (i) the M06-2X calculated barrier
for the SN2@C mechanism is slightly lower (ca. 0.8 kcal mol−1)
than the reference value (CCSD(T)//MP2), (ii) no tunneling
effects were included in the simulations for the proton
abstraction in the elimination channels, and (iii) the energy

transfer from the translational motion of the nucleophile to the
vibrational modes of the substrate is not quantized because of
the classical treatment of the nuclear motions. This caveat
overestimates the energy transfer among the nuclear motions
and thus possibly the cross sections for SN2 reactions.

■ CONCLUSION
The dynamics of the simple reactions in (1)−(3) have been
shown to be extremely rich and provide us with some unusual
insight on these reactions. For example, the lack of formation of
reactant complexes with lifetimes long enough for energy
equilibration suggests a nonstatistical behavior of the OH− +
CH3ONO2 reaction. As a matter of fact, 30% of the reactive
trajectories yield the products in a single event and for all the
remaining trajectories the products are formed within ca. 2 ps,
which is well below the required time for energy redistribution
and equilibration.1,7,9 Interestingly enough, 30% of the reactive
trajectories, mostly elimination, presented at least one
recrossing (Figure 3). For instance, Figure 4-i illustrates
recrossings between 400 and 700 fs where the proton is
abstracted, water is formed and the system returns to
regenerate the reactants. This behavior is not accounted for
in the traditional TST and more elaborate statistical approaches
would be required for a proper description of the selectivity.
Yet, the most dramatic conclusion of our work is to show

how reaction selectivities and mechanisms are controlled by the
dynamics and long-range electrostatic interactions of the OH−

+ CH3ONO2 system.
46 This is the first case to our knowledge

where the dynamics clearly reveal how a reaction avoids a
feasible low energy pathway such as the nucleophilic displace-
ment at nitrogen, and may determine the selectivity in related
systems.
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