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ABSTRACT: Methylation of [R1R2CNO2]
−, where R1 = R2 = H

(1), R1 = CH3 and R2 = H (2), R1 = R2 = CH3 (3), and R1 + R2 =
c-(CH2)2 (4), by CH3I was studied by an ab initio MP2/CBS
method, RRKM theory, and kinetic simulations. Contrary to a
previous proposal for the reaction mechanism, C-methylation is
the preferred pathway of thermodynamics and kinetics. This is
corroborated by the agreement between the calculated and
experimental reactivity trend 4 ≫ 3 > 2 > 1. The regioselectivity
toward C-alkylation is explained by the much larger exothermicity
of this reaction channel compared to that of O-alkylation. The
increase in reactivity with an increase in the crowdedness of the
central carbon atom is explained by differences in sp3 character at
this atom and the decrease in the vibrational frequency associated
with pyramidalization around this carbon atom.

■ INTRODUCTION

Deprotonation of nitroalkanes, R1R2CHNO2, can be achieved
in the gas phase and in solution under mild and controlled
conditions.1−4 These generated anions, [R1R2CNO2]

−, known
as nitronates or azinates, are useful synthetic reactive
intermediates because they can form C−C and/or C−O
bonds.1−8 For instance, the Henry (or nitro-aldol) reaction
between nitronates and aldehydes or ketones is a classic
carbon−carbon bond formation reaction.1−9 Alkylations of
nitronates are also quite useful reactions; however, the
ambident nature of these anions10 may lead to C-alkylation
and O-alkylation.1−9,11 Thus, determining the origin of the
regioselectivity in alkylations of nitronates is important to
broaden the scope of these reactions. For instance, only O-
alkylated products were obtained in the reaction of ring-
substituted phenylnitromethanes with MeOBs in several protic
and aprotic solvents, where the stereoselectivity in X-Ph−
CHN(O)OMe always favored the Z isomer; however, the
Z:E ratio was dependent on the solvent.11 B3LYP/6-31+G*
calculations for these reactions suggested a kinetic preference
for O-methylations because they presented barriers lower than
those of the respective C-methylations.11 It is noteworthy that
these and many other experimental studies were performed in
solution, where the solvent can have significant effects that
mask the intrinsic reactivity and selectivity.12 In fact, the energy
profiles of SN2 reactions in the gas phase are quite different
from those in solution,12,13 which leads, for instance, to large
differences between reaction rate constants.14,15 In addition,
there have been reports of reversal of ordering of acidities and
basicities in solution compared to those in the gas phase and
significant nucleophilicity differences in polarizable nucleo-

philes in solution and the gas phase.16−18 Thus, studying
reactions in the gas phase is relevant to determine the intrinsic
reactivity and selectivity, which by comparisons with solution
studies can be used to ascertain and, possibly, quantify the
solvent effects. Indeed, reactions of alkyl-nitronates
[R1R2CNO2]

−, where R1 = R2 = H (1), R1 = CH3 and R2 =
H (2), R1 = R2 = CH3 (3), and R1 + R2 = c-(CH2)2 (4), with
iodomethane (CH3I), depicted in Scheme 1, were studied in
the gas phase using the flowing afterglow technique.19 The
reaction with asymmetric nitronates, such as [CH3CHNO2]

−,
can yield Z and E stereoisomers.
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Scheme 1. Reactions of Alkyl-nitronates [R1R2CNO2]
−,

where R1 = R2 = H (1), R1 = CH3 and R2 = H (2), R1 = R2 =
CH3 (3), and R1 + R2 = c-(CH2)2 (4), with Iodomethane
(CH3I)

a

aFor asymmetric nitronates such as 2, O-alkylation yields Z and E
stereoisomers.
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The experimental kinetic measurements provided the
following values for the overall rate coefficients:19 kobs(1) =
1.05 × 10−10 molecule−1 cm3 s−1, kobs(2) = 1.50 × 10−10

molecule−1 cm3 s−1, kobs(3) = 1.77 × 10−10 molecule−1 cm3 s−1,
and kobs(4) = 5.02 × 10−10 molecule−1 cm3 s−1, with an
accuracy of ±25%.19,20 Notice that the reaction rates increase
with the crowdedness around the deprotonated carbon atom
(carbanion). Thus, it was suggested19 that O-methylation
should be preferred because the steric effects would be
insignificant in this pathway. In addition, as mentioned

previously, the nitronic esters provided from O-alkylations are
the primary products in solution. However, because the neutral
products could not be detected and characterized in the
experiments, this suggestion about the C/O selectivity of this
reaction could not be ascertained. As a result, our main goal
consists of studying these reactions in the gas phase with ab
initio quantum chemical methods to determine the reaction
mechanism and to explain its selectivity and reactivity. In fact,
we intend to show that the C-methylation is thermodynami-
cally and kinetically preferred, thus contradicting the proposed

Figure 1. Energy profiles and selected structures of the [CH2NO2]
− + CH3I gas-phase reaction of 1 through the oxygen (SN2@O), O-methylation,

and the carbon (SN2@C), C-methylation, atoms of the nucleophile. Calculations at the MP2/CBS level. Energies (in kilojoules per mole) include
the zero-point vibrational corrections and distances in angstroms.

Figure 2. Same as Figure 1 for the [CH3CHNO2]
− + CH3I reaction of 2.
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selectivity. In addition, the reactivity may be explained by the
different sp3 character of the carbanion in the nucleophile
(nitronate) and by the vibrational frequencies associated with
the pyramidalization of this carbon atom.

■ RESULTS AND DISCUSSION
Gas-phase SN2 reactions have been widely explored by
computational methods; benchmark assessment studies have
shown that the MP2 method with large basis set is the most
suitable for kinetic simulations,21−28 whereas DFT-based
methods have performances that may depend upon the
particular system.27,28 Calculations of the enthalpies of
deprotonation of nitroalkanes19 and the vibrational frequencies
of CH3NO2 were compared with the experimental values29,30 to
ascertain the reliability of MP2 and DFT methods (Tables S1
and S2 of the Supporting Information). Indeed, the overall
results provided by the MP2 method with medium to large
basis sets are in excellent agreement with the experiment.
However, systematic calculations (Tables S3 and S4 of the
Supporting Information) of the activation energies of
[R1R2CNO2]

− + CH3I reactions, especially the difference

between the nucleophilic replacement through the carbon and
the oxygen atoms, showed a strong dependence with the basis
set employed. Thus, the energies of the stationary structures of
the reaction profiles were extrapolated to the complete basis set
limit (CBS) to provide accurate results for kinetic calculations
using the RRKM theory. We have also provided comparisons
with selected DFT functionals.

Reaction Energy Profiles and Structures. The potential
energy profiles of [R1R2CNO2]

− + CH3I reactions, where R
1 =

R2 = H (1), R1 = CH3 and R
2 = H (2), R1 = R2 = CH3 (3), and

R1 + R2 = c-(CH2)2 (4), calculated at the MP2/CBS level are
presented in Figures 1−4. These energy profiles show the
typical behavior of a double-well/single-barrier model of SN2-
type reactions26−28,31,32 involving either the carbon (SN2@C)
or the oxygen (SN2@O) atom of the nucleophile. Both
pathways start at the appropriate reactant complex (RC@C or
RC@O) formed between the anion and the polar neutral
substrate. These reactant complexes formed at the oxygen are
slightly more stable for 1 and 2, while the reverse is observed
for 3; for 4, they are degenerate. These results are relevant
because they suggest that a pre-equilibration between the

Figure 3. Same as Figure 1 for the [(CH3)2CNO2]
− + CH3I reaction of 3.

Figure 4. Same as Figure 1 for the [c-(CH2)2CNO2]
− + CH3I reaction of 4.
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reactant complexes should not strongly affect selectivity. Thus,
the selectivity should be driven by the kinetics. From the
respective reactant complex, the reaction proceeds through a
typical bipyramidal distorted transition state structure21−28,31,32

toward the product, where the structures are also illustrated in
Figures 1−4 with selected distances values.
A general feature of these energy profiles is that the C-

methylation pathways (SN2@C) have energy barriers almost
half, except for 4, where this barrier is nearly one-sixth, of that
of the corresponding pathway through the oxygen (SN2@O),
O-methylation. Other general and relevant features of these
energy profiles are as follows. (i) The activation energies (Δ⧧E)
of the C-alkylation reactions are as follows: Δ⧧E(1) > Δ⧧E(2)
> Δ⧧E(3) ≫ Δ⧧E(4). Those of O-alkylation are as follows:
Δ⧧E(4) ≫ Δ⧧E(2-Z) ≥ Δ⧧E(1) > Δ⧧E(3) ≥ Δ⧧E(2-E). The
trend observed for the C-methylation reactions follows the
same trend of the experimental rate constants. (ii) The reactant
complexes (RCs) are formed with an internal energy excess of
∼50 kJ mol−1. This suggests that the RCs have enough internal
energy to overcome the energy barriers, especially via the SN2@
C pathway. (iii) The product complexes formed through C-
methylation (PC@C) are ∼140 kJ mol−1 more stable than the
corresponding PC@O, except for 4, where this stability is
nearly 240 kJ mol−1. The reactions are highly exothermic,
especially for the formation of PC@C. These results combined
indicate that these gas-phase reactions should be quite efficient
and irreversible.
Clearly, considering the difference between the activation

energies and the exothermicities, the reaction pathways through
the carbon atom are strongly preferred. These results do
contradict the proposed explanation for the differences in
reaction efficiencies;19 namely, as the nucleophile becomes
more sterically hindered, the reaction efficiencies increase and,
thus, the nucleophilic attack should be through the oxygen
atom where the steric effect is insignificant. For ring-substituted
phenyl-nitronates [R1R2CNO2]

−, where R1 = X-Ph and R2 = H,
B3LYP/6-31+G* calculations provided barriers for O-methyl-
ation slightly lower than those of the respective C-
methylation.11 The origin of these differences between alkyl
and aryl nitronate regioselectivities is under investigation.
Notice that the transition states for O-alkylation (TS@O) of
symmetric nitronates are doubly degenerate, and thus, care
must be exercised when inferring the selectivity from the energy
differences between TS@C and TS@O, except for the O-
methylation of 2 that can occur via two different pathways,
TS@O (E) and TS@O (Z), to form isomers E and Z,
respectively (see Scheme 1), which are thus treated separately.
It is noteworthy that the calculated difference in the

activation energies between both pathways (TS@C vs TS@
O) is directly related to the difference in the exothermicity of
the respective product, in accordance with the Bell−Evans−
Polanyi principle.33−35 In other words, we could use the
difference in exothermicity to predict selectivity. Employing
average bond strengths to estimate reaction enthalpy is not a
straightforward task for these reactions because of the Lewis
structures associated with the R−NO2 and CN(O)O−R
groups. For instance, the exothermicity difference between O-
and C-methylation R1R2CN(O)−O−Me → R1R2C-
(Me)−N(O)2 is approximated as ΔrH ≈ [L(CN) −
L(NO)] + [L(N−O) − L(C−N)] + [L(C−O) − L(C−C)]
= (615 − 594) + (201 − 305) + (360 − 347) = 21 − 104 + 13
= 70 kJ mol−1, where L(A−B) are average bond enthalpies.36

Thus, the greater exothermicities of the C-methylated products

are in agreement with the quantum chemical calculations,
despite the underestimation of more than twice by the average
bond enthalpy approach applied to those Lewis structures. It is
noteworthy that the origin of the higher exothermicity of the C-
methylated products is the much stronger C−N bond
compared to the N−O bond.
With regard to the structures of the main stationary points

on the energy profiles, we observed that transition states show
the following order of the C−I distance: 1 > 2 > 3 > 4 for the
C-methylation (TS@C) and 4 > 2-Z ≥ 1 > 3 ≥ 2-E for the O-
methylation (TS@O). These sequences match exactly those
observed for their respective activation energies. This is because
the C−I distance is associated with the geometry distortion
from the reactant structure (positive contribution to the
activation energy) and with the partially broken C−I bond
(stabilizing contribution to Δ⧧E). Namely, the shortest C−I
distance would have the smallest distortion and the largest C−I
stabilizing interaction, thus, the smallest activation energy. In
fact, the trends observed for the C−I distances indicate that the
most exothermic reactions (C-methylation) occur through
earlier transition states that correlate to lower activation
energies for larger reaction exothermicities via the Bell−
Evans−Polanyi principle.33−35
In a more technical note, we observed that the activation

energies of the reaction pathway through the carbon atom
decrease more strongly than that through the oxygen atom with
an increase in the basis set because the former mechanism
involves a larger structural and electronic rearrangement of the
nucleophile and should be more susceptible to the quality of
the basis set employed (see Table S3 of the Supporting
Information). With regard to the reliability and convergence of
the calculated properties, the potential energy profiles of
methylation reactions of 1 and 2 were determined with the
MP2/aug-cc-pVTZ method, which corroborated quantitatively
the results presented in Figures 1 and 2, as presented in Tables
S4 and S5 of the Supporting Information.
Despite the agreement between observed and calculated

trends, a consistent explanation for this reaction mechanism
and experimental results is still lacking. This explanation should
be based on comparisons between the calculated rate constants
and kinetic simulations as well as the origin of the reactivity
differences. We thus present next the results for the RRKM
calculations of the rate constants, the numerical solutions of the
complete kinetic scheme of these reactions, and the possible
reasons for the observed and calculated dependence of the
nucleophile reactivity upon substituent replacements.

Reaction Rates and Kinetic Simulations. To calculate
the relative concentrations and, thus, the reaction selectivity, we
solved the kinetic rate equations, which depend upon the rate
constant of each elementary step. Scheme 2 represents all of the
different pathways of the reaction between iodomethane and
nitroalkane anions (nitronates).
Simulations of the kinetics of these reactions require the

knowledge of the rate constants associated with the reactant
complexes, their reactions to form the product complexes that
dissociate into the products. Because the reactions are highly
exothermic, the backward rate constants (k31, k41, k53, k64, k75,
and k86) are very small. The capture rate constants for the
formation of the reactant ion−dipole complexes (k13 and k14)
and product ion−dipole complexes (k75 and k86) were
calculated within the parametrized average dipole orientation
(ADO) theory.37−42 This choice of theory was predicated upon
the consistency with the experimental measurements and

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.5b01273
J. Org. Chem. 2015, 80, 8198−8205

8201

http://dx.doi.org/10.1021/acs.joc.5b01273


calculations of the reaction efficiencies. Using the MP2/aug-cc-
pVDZ calculated dipole moment and polarizability of the
neutral substrate (CH3I) for reactant complexes and those of
the neutral products (P@C and P@O) for product complexes,
the values of k13 = k14 of k75 and k86 were obtained (Tables S6
and S7 of the Supporting Information). The dissociation rate
constants of the reactant complexes (k31 and k41) were
estimated from the equilibrium constant obtained from the
calculated standard Gibbs free energy, and similarly for the
dissociation rates of the product complexes. The remaining rate
constants were obtained by integration of the microcanonical
RRKM rates43−45 weighted by the Boltzmann factor at 298 K.45

In the RRKM theory,43−45 the structures and vibrational
frequencies calculated at the MP2/aug-cc-pVDZ level were
employed, whereas the energy barriers were provided by the
MP2/CBS method. The available energy (E) to be distributed
within the rovibrational states is given by E0 + Ethermal, where E0
is calculated as the difference between the energies of the
transition state and the separated reactants while Ethermal is the
(classical) thermal energy.43−45 The calculated canonical rate
constants for each reaction pathway are presented in Figures 5

and 6. It can be observed that the canonical rate constants for
the C-methylation reactions have the order 4 > 3 > 1 > 2, while
the O-methylation has the order 2-E > 1 > 2-Z > 4 > 3, which
is not exactly the same sequence as that of the activation
energies. Therefore, one can say that the activation energy is
not the only determining factor of the reaction rate. However,
the calculated trend for the C-methylation reactions does
coincide with the observed reaction rates; namely, kobs (10

−10

molecule−1 cm3 s−1) = 1.05, 1.50, 1.77, and 5.02 for nitronates
1−4, respectively.19 It also can be observed in Figure 6 that the
canonical rate constant of C-methylation reaction of 2 is
initially larger than that of reaction of 1. However, as the
available energy increases, the rate of 1 becomes higher than
that of 2, because the reactant complex of 1 has fewer
vibrational modes than that of 2. Therefore, the available
energy is more focused toward the reaction coordinate for the
alkylation of nitronate 1.
Clearly, despite the O-methylation reactions being doubly

degenerate, the regioselectivity toward the formation of the C−
C bond is highly preferred according to the canonical rates by
several orders of magnitude.
The rate equations associated with the kinetic scheme were

solved numerically using the fourth-order Runge−Kutta
method with an adaptive integration step.46 To mimic the
experimental conditions,19 the initial concentration of the
nucleophile, Nuc(2), was set to 104 times smaller than the
concentration of the neutral substrate, R(1), in Scheme 2. The
initial concentrations of the remaining species were set to zero.
The temporal dependence of the formation of the product
through each reaction pathway is presented in Figure 7.
Once the reactions have reached completion, the O:C

product ratio can be calculated for each nitronate to provide
quantitative measurements of selectivity. Notice that this

Scheme 2. Kinetic Scheme for the SN2 Reaction Pathways
Involving Deprotonated Nitroalkane (nitronate)
Nucleophiles (Nuc) and Iodomethane Substrate (R)

Figure 5. Canonical rate constants for the O-methylation (@O) of the
nitronates [H2CNO2]

− (1), [CH3CHNO2]
− (2), [(CH3)2CNO2]

−

(3), and [c-(CH2)2CNO2]
− (4) with CH3I, calculated with the RRKM

theory as a function of the available energy to the reactant complexes,
starting at the E0.

Figure 6. Same as Figure 5 for the C-methylation (@C) of the
nitronates.

Figure 7. Temporal dependence of the relative concentration of the
O-methylation (@O) and C-methylation (@C) products of nitronates
[H2CNO2]

− (1), [CH3CHNO2]
− (2), [(CH3)2CNO2]

− (3), and [c-
(CH2)2CNO2]

− (4) by CH3I, at available energy E0 + Ethermal. This
simulation uses the equilibrium between the reactant complexes,
namely, k34 ≅ k43 ∼ 1012 s−1, k31 ≠ 0, and k41 ≠ 0.
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selectivity will depend upon the values of the interconversion
rates between the reactant complexes, namely, k34 and k43.
Thus, when k34 = k43 = 0, we have no equilibrium between the
reactant complexes, which represents a purely kinetic control of
selectivity, whereas for k34 and k43 obtained from the RRKM
theory that provides values on the order of 1012 s−1, a pre-
equilibrium is established between the reactant complexes and
the concentration of the slower pathway can populate the faster
one. We also can assume that the reactant complexes are not in
equilibrium (k34 = k43 = 0) and also not in equilibrium with the
separated reactants (k31 = k41 = 0). The selectivities for all these
cases are listed in Table 1. When the reaction pathways are

independent (k34 = k43 = 0; k31 = k41 = 0), there is no selectivity
because the reactant complexes RC@O and RC@C are formed
at the same rate (k13 = k14), except for nitronate 4, [c-
(CH2)2CNO2]

−, for which the rate of dissociation of the
reactant complex is so small that the RC@O species becomes
trapped and yields a C-methylation:O-methylation ratio of
50:23 on the time scale of the simulation. If the reactant
complexes are allowed to dissociate back to the separated
reactants (k31 and k41 ≠ 0), then some selectivity toward the C-
methylation is observed. Indeed, in this case, when these back-
dissociation rates become comparable to the rates of the RC →
PC steps, the C-methylation selectivity increases significantly
because it is the fastest reaction pathway. In the limit where the
reactant complexes RC@O and RC@C are in fast pre-
equilibrium, the C-methylation is dominant and practically
quantitative.
In flowing afterglow studies, as already mentioned, the

concentration of the neutral substrate, [R], is ∼104 times larger
than the anion (nucleophile) concentration, [Nuc], typically
[R] ∼ 1012 molecules cm−3 and [Nuc] ∼ 108 molecules
cm−3.19,20 Thus, the pseudo-first-order kinetics applies, and the
bimolecular reaction rate coefficient can be estimated with an
accuracy of ±25%.19,20 The numerical simulations of the kinetic
mechanisms (Scheme 2) provide the temporal dependence of
the concentration of each species for both reaction pathways,
which can be used to obtain the overall rate coefficient (kobs)
for comparison with the experimental value. In fact, plots of
ln[RC] or ln(1 − [P]/[RC]0) versus time (t) have slopes equal
to [Nuc]kobs, where [RC] and [P] are the overall
concentrations of the reactant complexes and the products at
time t, respectively, and [Nuc] is the concentration of the
nitronate. Unfortunately, this concentration was not provided
in the experimental studies, and direct comparisons with the
calculated values are not feasible. Therefore, in Table 2, we
present the relative rate coefficients calculated for the three
cases considered as well as the experimental values.
The trend in the calculated relative rate coefficients

considering the equilibrium between the reactants and reactant

complexes (fourth column in Table 2) matches the
experimental one. This is consistent with the experimental
conditions under which the kinetic measurements are
performed in buffer gas (helium) at 40 Pa, which could allow
the equilibrium between the reactant complexes to be reached.
These trends show that the bimolecular reaction rate
coefficients increase with the increase in crowdedness around
the central carbon atom of the nitronate. However, the
calculations do overestimate the substituent effects on the
reaction rates, especially of nitronate 4, [c-(CH2)2CNO2]

−.
These overestimations may be due to dynamics effects26,27 that
are not taken into consideration in the RRKM calculations as
well as electron correlation effects on the activation energies.
For instance, reactions between methyl nitrate (CH3ONO2)
and OH− can occur via the SN2 direct mechanism without
forming the reactant complex.27 In addition, for these reactions,
the long-range electrostatic interactions can direct the
nucleophilic attack and determine the selectivity.27 Another
relevant dynamics effect is the significant number of
quasiclassical trajectories that present recrossings during SN2
pathways.26,27 Therefore, for quantitative predictions of the
relative and absolute rate coefficients of the [R1R2CNO2]

− +
CH3I gas-phase reactions, the inclusion of dynamics effects via,
for instance, quasiclassical direct molecular simulations, is
probably necessary.

Explaining the Selectivity and Reactivity. The agree-
ment between the calculated and experimental trends suggests
that the theoretical approach is reliable and may be used to
explain the dependence of the rate coefficients on the
nitronates. Indeed, the increase in the rate coefficients with
the increase in crowdedness around the central carbon atom of
the nucleophile suggested selectivity toward the O-methylation
of the nitronate.19 However, the calculated energy profiles
showed a high regioselectivity toward C-methylation, which is
corroborated by the agreement between the experimental and
calculated trends of the reaction rates. The explanation for this
regioselectivity can be drawn from the Bell−Evans−Polanyi
principle, where the most exothermic pathway (C-methylation)
should be preferred because it would have a smaller activation
energy. The differences in the exothermicity of C- and O-
alkylated products were already qualitatively rationalized in
terms of average bond enthalpies.
A complete explanation still needs to account for the increase

in the reaction rate coefficients upon the increase in the
substituents at the central carbon atom of the nitronate. The
structures of nucleophiles 1−3 are planar, whereas nitronate 4
presents a pyramidal geometry around the central carbon. This
suggests that this central carbon should have a strong sp2

character in nucleophiles 1−3, while sp3 hybridization would be

Table 1. C-Methylation:O-Methylation Product Ratios of
Nitronates [R1R2CNO2]

− by CH3I at Different Equilibrium
Situations between the Reactant Complexesa

nitronate k34 = k43 = 0 k34 ≅ k43 ∼ 1012 s−1

1 66:34 89:11
2-E 61:39 97:03
2-Z 70:30 97:03
3 94:06 100:0
4 97:03 100:0

aCalculations at available energy E = E0 + Ethermal.

Table 2. Calculated and Experimental Relative Rate
Coefficients for the [R1R2CNO2]

− + CH3I Gas-Phase
Reactionsa

nitronate
k31 = k41 = 0;
k34 = k43 = 0 k34 = k43 = 0 k34 ≅ k43

b experiment19

1 1.0 1.0 1.0 1.0
2-E 0.7 0.7 2.2 1.4
2-Z 0.7 0.7 1.8
3 1.8 1.6 2.3 1.7
4 174 189 670 4.8

aCalculations at available energy E = E0 + Ethermal. Relative rate
coefficients: kobs/kobs(1).

bApproximately 1012 s−1.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.5b01273
J. Org. Chem. 2015, 80, 8198−8205

8203

http://dx.doi.org/10.1021/acs.joc.5b01273


expected in nucleophile 4. Because this carbon atom has sp3

hybridization in the products, the largest reaction rate
coefficient obtained with nitronate 4 may be explained by the
smaller energy required to deform its electronic density from
the reactant to the product. The same rationale suggests that
the degree of sp3 hybridization at the central carbon atom of
the nucleophile would be related to the increase in the reaction
rates. The barriers to internal rotation of the C−N bond in the
nitronate and in the product were used to infer the degree of
sp3 hybridization. The differences between these barriers are
125.2, 139.5, and 132.8 kJ mol−1 for nitronates 1−3,
respectively. Notice that these differences do not explain the
observed reactivity of these nucleophiles. Analyses using
electron density and orbitals47,48 have provided inconclusive
results for the hybridization character at the central carbon
atom. However, vibrational analysis showed that the frequency
of the normal mode related to the pyramidalization of the
central carbon decreases significantly in the series of 1, 2, and 3,
as observed in Table 3. This trend matches perfectly the

calculated and experimental trends in reactivity. In fact, the
decrease in this vibrational frequency upon the increase in
substituents is directly related to a decrease of the force
constant and an increase in the reduced mass, where the former
has a larger effect. Steric effects between the substituents at the
central carbon atom are probably the reason for the significant
decrease in the force constant in the series of 1, 2, and 3. Thus,
thermal excitation of this low-frequency mode is more likely,
which causes the reaction to accelerate because the nitronate
would be more apt to react. In fact, because this normal mode
can couple with the intermolecular mode of the SN2
pathway,26,27,31,32 the direct mechanism without the formation
of the reactant complexes also becomes more probable as the
frequency of the pyramidalization mode decreases.

■ CONCLUSIONS
Methylation of deprotonated alkyl-nitroalkanes or nitronates,
[R1R2CNO2]

−, where R1 = R2 = H (1), R1 = CH3 and R2 = H
(2), R1 = R2 = CH3 (3), and R1 + R2 = c-(CH2)2 (4), by CH3I
in the gas phase was successfully modeled by the MP2/CBS
method. The C- and O-methylation regioselectivity and the
reactivity of these nitronates were studied. The experimental
rate coefficients (kobs) follow the trend 1 (1.0) < 2 (1.4) < 3
(1.7) ≪ 4 (4.8),19 where the values in parentheses are relative
rate coefficients kobs/kobs(1). It was thus proposed19 that the
alkylation should proceed through the oxygen atom of the
nitronate, to account for the increase in the steric effect around
the carbanion. The quantum chemical calculations showed that
the C-methylation would be preferred because they presented
significantly smaller activation energies. Indeed, the selectivity
toward the C-alkylated products and the reactivity trend 4 ≫ 3
> 2 > 1 were quantitatively ascertained by RRKM calculations

of the rate constants and numerical simulations of the kinetic
equations. The selectivity may be explained by the much larger
exothermicity of the C-methylation compared to that of O-
methylation, according to the Bell−Evans−Polanyi principle.
These higher exothermicities can be qualitatively obtained
using average bond enthalpies of appropriate Lewis structures.
The reactivity of 4 being much larger than those of the other
nucleophiles was explained by the already large sp3 character of
the carbanion in nucleophile 4, whereas the reactivity trend 3 >
2 > 1 could be explained by the significant increase in the
vibrational frequency associated with the pyramidalization
mode in this series.
Because the O-methylation of nitronate 2 with trialkyloxo-

nium is preferred in solution,49 the origin of the regioselectivity
of alkylation of nitronates in solution needs to be revisited,11

where the solvent effects as well as the alkylating agent may
play decisive roles, which could provide new design strategies
for controlling these reactions.

■ COMPUTATIONAL SECTION
All electronic structure simulation calculations were performed with
the Gaussian 09 program50 using its default criteria. Molecular
structures were determined without symmetry constraints with the
MP251,52 method using aug-cc-pVDZ and aug-cc-pVTZ basis
sets.53−56 The extrapolation to the complete basis set (CBS) limit
was performed from MP2/aug-cc-pVXZ (X = D, T, and Q) energy
calculations.57,58 Optimized structures with all positive force constants
were characterized as stable species, whereas those having all but one
positive force constant were transition states. Intrinsic reaction
coordinate (IRC) calculations were performed to properly connect
the transition state to its respective reactant and product complexes.
RRKM calculations43−45 were conducted for energy values (E) from
E0 to E0 + Ethermal (at 298 K) using the superRKKM program.59 The
initial value E0 was taken as the complexation energy of RC. The
RRKM rate constants ka(E) were weighted by a Boltzmann
distribution and integrated from E0 to E0 + Ethermal to yield the
canonical rate constant at 298 K. The numerical solution of the
coupled differential equations describing the kinetic scheme was
obtained using an in-house program employing the fourth-order
Runge−Kutta method with an adaptive integration step.46 The initial
concentrations of the nitronate and the neutral substrate were 1 and
104, respectively, with the initial time step set to 10−16 s.
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