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ABSTRACT: Contributions by resonance and inductive effects
toward the net activation barrier were determined computation-
ally for the gas-phase SN2 reaction between the acetaldehyde
enolate anion and methyl fluoride, for both O-methylation and C-
methylation, in order to understand why this reaction favors O-
methylation. With the use of the vinylogue extrapolation
methodology, resonance effects were determined to contribute
toward increasing the size of the barrier by about 9.5 kcal/mol for
O-methylation and by about 21.2 kcal/mol for C-methylation.
Inductive effects were determined to contribute toward increasing
the size of the barrier by about 1.7 kcal/mol for O-methylation
and 4.2 kcal/mol for C-methylation. Employing our block-localized wave function methodology, we determined the
contributions by resonance to be 12.8 kcal/mol for O-methylation and 22.3 kcal/mol for C-methylation. Thus, whereas inductive
effects have significant contributions, resonance is the dominant factor that leads to O-methylation being favored. More
specifically, resonance serves to increase the size the barrier for C-methylation significantly more than it does for O-methylation.

■ INTRODUCTION

Enolate anions are ambident nucleophiles in which the negative
charge is delocalized over the oxygen atom and the α carbon
atom. They can therefore undergo SN2 alkylation at either atom,
producing new C−C or O−C bonds, according to Scheme 1 for
the acetaldehyde enolate anion.
The favored site of attack in these reactions depends on the

particular reaction conditions. In solution, enolate anions tend to
undergo C-alkylation, which makes them particularly valuable
intermediates for the formation of new C−C bonds in organic
synthesis.1 Even though the enolate anion’s dominant resonance
contributor is the one with the negative charge on oxygen, strong
solvation of the oxygen in a protic solvent reduces oxygen’s
nucleophilicity, leaving the α carbon as the preferred alkylation
site.2,3 Yamataka and co-workers,4 furthermore, showed that the
coordination of the metal counterion hinders O-methylation.
In the gas phase, on the other hand, enolate anions favor O-

alkylation, as evidenced experimentally by Ellison and co-
workers,3 who showed that the gas-phase SN2 reaction between
the cyclohexanone enolate anion and methyl bromide yields the
O-methylated product exclusively. Computationally, Houk and
Paddon-Row5 showed that, in the gas-phase reaction between
acetaldehyde enolate and methyl fluoride, the energy barrier is
lower for O-methylation than for C-methylation, even though
the C-methylation product is thermodynamically favored.
Because these studies were carried out in the gas phase, the

solvent and counterion effects described above are absent,6

revealing the intrinsic reactivity of the enolate.7

The lower energy barrier for O-alkylation than C-alkylation
has been described from the perspective of Marcus theory.8−13

According to Marcus theory, the reaction energy barrier for an
SN2 reaction is governed by an intrinsic energy barrier (i.e., in
which the transition state is located at the crossing of the reactant
and product energy surfaces, assuming a thermoneutral reaction)
as well as the energy difference between reactants and products.
Namely, because C-alkylation leads to the thermodynamically
favored product, the lower energy barrier of O-alkylation of
acetaldehyde enolate in the gas phase must be due to a lower
intrinsic energy barrier for that pathway. Indeed, Mayr and co-
workers14 calculated the intrinsic energy barrier for the identity
exchange SN2 reactions for both O-methylation and C-
methylation of acetaldehyde enolate and found that the intrinsic
energy barrier for O-methylation is about 22 kcal/mol smaller
than that for C-methylation. This mirrors the results by Rozental
and co-workers,15 who calculated the intrinsic energy barrier for
the CH3O¯ + CH3−OCH3 identity exchange SN2 reaction to be
about 25 kcal/mol lower than the analogous H3CCH2¯ + CH3−
CH2CH3 reaction. In the same vein, it is worth pointing out that
Houk and Paddon-Row5 showed that the SN2 reactions involving
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CH3F exhibit a lower energy barrier whenHO¯ is the nucleophile
than when H3C¯ is the nucleophile.
Even though the regioselectivity of enolate alkylation can be

presented in terms of Marcus theory, there are important effects
that still need to be accounted for, in a direct fashion, to provide a
complete understanding of why O-alkylation is favored over C-
alkylation in the gas phase. Resonance, for example, should play
an important role, as shown in Figure 1a. Resonance in the
enolate nucleophile provides substantial stabilization that can be
impacted differently along the reaction coordinates for C- versus
O-alkylation. Moreover, as shown in Figure 1b, inductive effects
should play a role, too. Each localized resonance structure of the
enolate anion exhibits an inductively electron-withdrawing
substituent directly attached to the nucleophilic atom, which
will impact the concentration of negative charge on the
nucleophilic atom. This is seen relatively easily in the second
resonance structure in Figure 1b, which exhibits an electro-
negative oxygen atom near the nucleophilic carbon atom. But
inductive effects are expected in the first resonance structure, too.
The nucleophilic oxygen atom is attached to an sp2-hybridized
carbon that has an enhanced effective electronegativity due to its
s-character. In fact, we have previously shown that such an
inductive effect can be substantial.16

Our present study therefore aims to quantify the contributions
by resonance and inductive effects toward the energy barriers for
the gas-phase C- and O-alkylation of an enolate. To our
knowledge, we are the first to do so. We have chosen the reaction
between acetaldehyde enolate and methyl fluoride as the model
system and we applied two different computational method-
ologies to study it: vinylogue extrapolation and block-localized
wave functions. Both of these methodologies are described
below.

■ THE DOUBLE-WELL POTENTIAL ENERGY SURFACE
FOR GAS-PHASE SN2 REACTIONS

Olmstead and Brauman17 showed that the double-well potential
in Figure 2 describes gas-phase SN2 reactions involving
negatively charged nucleophiles. As the distance between the
reactants decreases, attractive ion−dipole forces cause the energy
to decrease to a local energy minimum, corresponding to the
reactant ion−dipole complex, Nu¯ • R−L. The ion−dipole
complex forms prior to any substantial bond breaking or forming.
Energy then rises as the Nu−R bond begins to form and the R−L
bond begins to break, until the transition state is reached at the
local maximum. Continuing along the reaction coordinate,
energy decreases to the local minimum corresponding to the
product ion−dipole complex prior to separation of the product
species.
Given the double-well potential, there are two ways the energy

barrier for the reaction can be computed. One is the central
activation barrier, E*, which is the energy difference between the
reactant ion−dipole complex and the transition state, and the
other is the net activation barrier, Eb, which is the energy
difference between the separated reactants and the transition
state. In our previous study of the benzylic effect,18 values of Eb

were used for comparison instead of E* in order to avoid
complications from intermolecular forces contributing unequally
to the various ion−dipole complexes. Comparisons will be made
among Eb values in the present study, too.

■ COMPUTATIONAL METHODOLOGIES
Vinylogue Extrapolation (VE). The vinylogue extrapolation (VE)

methodology has been described elsewhere.16,19−21 As it applies to the
present study, the energies of the transition state and the separated
reactant species are calculated for each SN2 reaction of acetaldehyde
enolate with methyl fluoride, and Eb is obtained by subtracting the
energy of the transition state from the sum of the energies of the
separated reactant species. These calculations are repeated with parallel
vinylogues, perpendicular vinylogues, and reference vinylogues of the parent
nucleophile and transition state species, which are shown in Figures 3
and 4. Each parallel vinylogue is constructed by inserting n vinyl groups
between the nucleophilic atom and the attached group responsible for
resonance and inductive effects (i.e., the CHCH2 group in O-
methylation and the CHOgroup in C-methylation), ensuring that the
π system along the chain is entirely coplanar. Each perpendicular
vinylogue is obtained by rotating the group responsible for resonance
and inductive effects perpendicular to the remaining conjugated chain.
Reference vinylogues are constructed by replacing the group responsible
for resonance and inductive effects with a hydrogen atom.

Values of Eb are calculated for the n = 1−5 parallel, perpendicular, and
reference vinylogues, denoted Ebn,par, E

b
n,perp, and Ebn,ref, respectively.

Because orthogonal π systems effectively do not interact via resonance,
the difference in Eb between analogous (i.e., same n) parallel and
perpendicular vinylogues is the contribution by resonance toward Eb for
that value of n, denoted ΔEbres(n), according to eq 1. Because hydrogen
does not contribute via resonance or inductive effects, the difference in
Eb between analogous perpendicular and reference vinylogues is the
contribution by inductive effects toward Eb for that value of n, denoted
ΔEbind(n), according to eq 2.

Δ = −E n E E( ) n n
b

res
b

,perp
b

,par (1)

Δ = −E n E E( ) n n
b

ind
b

,ref
b

,perp (2)

Values of ΔEbres(n) and ΔEbind(n) are determined for n = 1−5 and are
separately extrapolated back to n = 0, which represents the parent
enolate reaction systems.

Block-Localized Wave Function (BLW). The concept of
resonance applies when a single Lewis structure cannot appropriately

Scheme 1. O-Alkylation versus C-Alkylationa

a(Left) The two resonance structures of the acetaldehyde enolate
anion. (Top) O-alkylation is shown to take place with a generic
substrate, producing an enol ether. (Bottom) C-alkylation is shown to
take place with a generic substrate, producing an α-alkylated product.

Figure 1. Resonance and inductive effects in the enolate anion. (a)
Resonance delocalization in the enolate anion gives the O and C atoms
partial negative charges. (b) In each resonance structure of the enolate
anion, the negatively charged atom is directly attached to an inductively
electron-withdrawing substituent.
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describe the physiochemical properties and structural parameters of a
molecule.22,23 In other words, a conjugated system is described with
several electron-localized Lewis structures. Accordingly, in the ab initio
valence bond (VB) theory, a molecular wave function is expressed as a
superposition of several Heitler-London-Slater-Pauling (HLSP)
functions, each of which corresponds to a Lewis structure.24−27

However, due to the fast increasing number of Slater determinants
involved in each HLSP function and the nonorthogonality of orbitals,
the computations of the Hamiltonian and overlap matrix elements
between HLSP functions remain the challenging task for ab initio VB
methods.27 One way to significantly reduce the computational costs is
through the use of nonorthogonal doubly occupied bond orbitals which
were later generalized to fragment-localized orbitals.28−35 In the BLW
method, where a BLW corresponds to an electron-localized diabatic
state,36−38 it is assumed that the total electrons and primitive basis
functions can be divided into several subgroups (blocks), and each MO

φij is block-localized and expanded in only one block iwhose subspace is
composed of mi basis functions {χiμ} as

∑φ χ=
μ

μ μ
=

Cij

m

ij i
1

i

(3)

Subsequently, the BLW is defined using a Slater determinant, and in
the closed-shell case

φ φ φ φ φ φ φΨ = | ··· ··· ··· ··· |

= ̂ Φ ··· Φ ··· Φ

M

MA

det

[ ]

n i i n k n

i k

BLW
11
2

12
2

1( /2)
2

21
2

1
2

( /2)
2

( /2)
2

1

i k1

(4)

where Φi is the direct product of block-localized orbitals in block i.
Orbitals in the same subspace are subject to the orthogonality constraint,
similar to MO theory, but orbitals belonging to different subspaces are
nonorthogonal, a characteristic in VB theory. Since Kohn−Sham DFT
has a self-consistent procedure identical to the HF method except that

Figure 2. The double-well potential energy surface for a gas-phase SN2 reaction. Complexation energies of the reactant and product complexes are
denoted Ewreact and Ewprod, respectively. The central activation barrier is denoted E*, and the net activation barrier is denoted Eb.

Figure 3. Vinylogues in O-methylation. Parallel and perpendicular
vinylogues are constructed by inserting n vinyl groups between the
nucleophilic oxygen and the attached CHCH2. In the parallel
vinylogues, the entire conjugated chain is coplanar. In the perpendicular
vinylogues, the terminal CHCH2 group is perpendicular to the rest of
the conjugated chain. Reference vinylogues are constructed by replacing
the terminal CHCH2 group with H.

Figure 4. Vinylogues in C-methylation. Parallel and perpendicular
vinylogues are constructed by inserting n vinyl groups between the
nucleophilic carbon and the attached CHO. In the parallel vinylogues,
the entire conjugated chain is coplanar. In the perpendicular vinylogues,
the terminal CHO group is perpendicular to the rest of the
conjugated chain. Reference vinylogues are constructed by replacing the
terminal CHO group with H.
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the HF exchange potential is replaced by a DFT exchange-correlation
(XC) potential, the BLW method can be straightforwardly extended to
the DFT level.37 Thus, for each resonance structure, we can construct a
BLW. But we also understand that a delocalized wave function fromMO
or DFTmethods is essentially a combination of all resonance structures.
As such, the resonance energy can be defined as the energy difference
between a MO or DFT state and the BLW state as

Δ = Ψ − ΨE E E( ) ( )res
DFT BLW (5)

■ COMPUTATIONAL DETAILS
Vinylogue Extrapolation (VE). For the VE method,

molecular orbital calculations were employed using the Gaussian
09 and GaussView5 software packages.39,40 These calculations
were carried out with density functional theory at the
MPW1PW91 level of theory (Barone’s modified Perdew−
Wang 1991 exchange functional and Perdew and Wang’s 1991
correlation functional),41 using the 6-311++G(3df,3pd) basis set.
This level of theory and basis set were chosen because they were
shown18 to reproduce, to within 1 kcal/mol, the net activation
barriers of gas-phase SN2 identify exchange reactions involving
methyl and benzyl halides that were calculated42 using the
extremely rigorous focal-point approach. Moreover, density
function theory calculations are not excessively computationally
expensive, making it possible to carry out calculations on the
large vinylogues.
Geometries were optimized for each reactant and transition

state species involved in the parent (i.e., n = 0) methylation
reactions and also the methylation reactions involving the n = 1−
5 parallel vinylogues. For reactions involving the perpendicular
vinylogues, geometries of the vinylogues were obtained by
beginning with the optimized parallel vinylogue and rotating the
terminal CHCH2 or CHO group 90° to the rest of the
conjugated chain. For reactions involving the reference
vinylogues, geometries of the vinylogues were obtained by
beginning with the optimized parallel vinylogue and replacing
the terminal CHCH2 or CHO group with a hydrogen atom.
Frequency calculations were carried out on all structures to

provide each species’ zero-point energy (ZPE). The ZPE-

corrected energies were used to calculate values of Eb for the
various reactions. These frequency calculations also allowed us to
ensure that there were no imaginary frequencies in the optimized
reactants of the parent reactions, confirming that they were true
energy minima, and that there was one imaginary frequency in
each optimized transition state of the parent reactions,
confirming that they were first-order saddle points.

Block-Localized Wave Function (BLW). The acetaldehyde
enolate anion is described with two resonance structures, as
shown previously in Scheme 1. In the resonance structures, a pair
of π electrons is strictly localized on either the CHCH2 or
CHO group and a lone pair is on the oxygen or carbon atom,
leading to either O-methylation or C-methylation. In other
words, our focus is on the π delocalization of the four π electrons.
Thus, we can construct two BLWs corresponding to the two
resonance structures by partitioning all orbitals and electrons
into three blocks in each BLW computation. Two blocks are used
for the four π electrons, while the third block involves all the
remaining electrons and orbitals. The BLW method has been
implemented in our in-house version of the quantummechanical
software GAMESS,43 and all BLW computations were
performed with the above optimal geometries at the B3LYP/6-
311+G(d,p) level of theory. The comparison of the molecular
energies computed with the standard B3LYP and the BLW
methods manifests the impact of the resonance on the SN2
reactions.

■ RESULTS AND DISCUSSION

Optimized Geometries. The optimized geometries for
acetaldehyde enolate and the transition states for both O- and C-
methylation are shown in Figure 5a−c. The geometries of the
nucleophile and transition state of the reference reactions are
shown in Figure 5d−g. In the transition state of O-methylation,
we observe an anti conformation of the CHCH2 group and the
reaction center about the enolate’s C−O bond. In the transition
state of C-methylation, the plane of the enolate anion is
essentially perpendicular to the axis in which the new σ bond is

Figure 5. Optimized geometries at the MPW1PW91/6-311++G(3df,3pd) level of theory are shown for: (a) acetaldehyde enolate, (b) the transition
state for O-methylation of acetaldehyde enolate with CH3F, (c) the transition state for C-methylation of acetaldehyde enolate with CH3F, (d) hydroxide
anion, (e) the transition state for the reaction of hydroxide anion with CH3F, (f) methanide anion, and (g) the transition state for the reaction of
methanide anion with CH3F.
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formed. Both of these optimized geometries are consistent with
the ones reported by Lee and co-workers.44

VE Results. Table 1 contains the MPW1PW91 calculated
values of Eb for the SN2 reactions involving the parallel,
perpendicular, and reference vinylogues for O-methylation.
Table 2 contains these values for C-methylation. In both tables,
contributions by resonance [ΔEbres(n)] and inductive effects
[ΔEbind(n)] toward Eb are provided, which are computed using
eqs 1 and 2, respectively. For each value of n, the Hückel charge at
the nucleophilic atom of the reactant vinylogue is also listed.
These Hückel charges were used for extrapolation of the n = 1−5
values of ΔEb

res(n), as outlined later in the Discussion section.
The values in parentheses are the n = 0 contributions by
resonance or inductive effects, derived by extrapolation of the n =
1−5 values.
For both O- and C-methylation, the values of ΔEb

res(n)
computed for the n = 1−5 vinylogues becomemore negative with
a decreasing value of n, indicating that the inclusion of resonance
by the terminal CHCH2 and CHO groups serves to
increase the size of the energy barrier as n decreases. To
extrapolate the n = 1−5 values back to n = 0 (the parent
reactions), plots ofΔEbres(n) versus the Hückel calculated charge
were constructed for both O-methylation and C-methylation
(Figure 6). Both plots are quite linear, with R2 values of 0.9958
and 0.9989, respectively. The resonance contribution for each
parent reaction was computed by substituting the Hückel charge
for n = 0 (Tables 1 and 2) into the appropriate linear equation:
−0.76 for O-methylation and −0.33 for C-methylation. This
yields a resonance contribution of −9.5 kcal/mol for O-
methylation and −21.2 kcal/mol for C-methylation, as shown
in parentheses in Tables 1 and 2.
The reasons for using the Hückel calculated charge for the

fitting parameter of ΔEbres(n) were explained for our previous
study on the benzylic effect.18 Briefly, it embodies the
electrostatics at the reaction center, which, as Allen and co-
workers42 pointed out, is the principal factor that scales with
values of Eb for gas-phase SN2 reactions. Moreover, Hückel

theory, by design, takes into account effects only from π
delocalization, which is what governs ΔEb

res(n).
Like ΔEbres(n), values of ΔEb

ind(n) become more negative for
the n = 1−5 vinylogues as n decreases (Tables 1 and 2), reflecting
an increasing contribution toward raising the net activation
barrier with decreasing n. To extrapolate ΔEbind(n) to n = 0 (i.e.,
the parent reactions), we take advantage of the expectation that
inductive effects fall off exponentially with the distance between
the substituent and the reaction center.16,21,45−50 Thus, the
values of ΔEbind(n) were plotted against n for both O-alkylation
and C-alkylation, as shown in Figure 7, and were fit to the
function: ΔEb

ind(n) = A e−kn + C, where A, k, and C are fitting
parameters. For O-methylation, these optimized parameters are
A =−2.18, k =−0.74, andC = 0.53; for C-methylation, they areA
= −3.8, k = −0.21, and C = −0.40. The curves in Figure 7 are the

Table 1. Vinylogue Extrapolation Results for the O-Methylation [MPW1PW91/6-311++G(3df,3pd)]

n Eb
par (kcal/mol)

a Eb
perp(kcal/mol)

a Eb
ref (kcal/mol)a ΔEb

res (kcal/mol)a ΔEbind (kcal/mol)a Hückel charge

0 11.9 N/A −3.8 (−9.5)b (−1.7)b −0.76
1 18.5 12.4 11.9 −6.1c −0.5d −0.70
2 22.9 18.6 18.6 −4.3c 0.0d −0.67
3 26.1 22.8 23.1 −3.3c 0.3d −0.65
4 28.5 25.9 26.3 −2.7c 0.4d −0.64
5 30.5 28.3 28.7 −2.2c 0.5d −0.63

aEb refers to the net activation barrier depicted in Figure 2, which are potential energies including vibrational zero-point energies. bExtrapolated from
the values calculated for n = 1−5 vinylogues. cContribution by resonance of the terminal CHCH2 group toward E

b of the nth vinylogue, computed
as Ebperp − Ebpar.

dContribution by inductive effects of the terminal CHCH2 group toward Eb of the nth vinylogue, computed as Ebref − Ebperp.

Table 2. Vinylogue Extrapolation Results for the C-Methylation [MPW1PW91/6-311++G(3df,3pd)]

n Eb
par(kcal/mol)

a Ebperp (kcal/mol)
a Eb

ref (kcal/mol)a ΔEb
res (kcal/mol)a ΔEbind (kcal/mol)a Hückel charge

0 13.0 N/A −3.8 (−21.2)b (−4.2)b −0.33
1 20.8 7.8 4.4 −13.0c −3.4d −0.20
2 26.2 16.7 13.8 −9.5c −2.9d −0.15
3 30.0 22.4 20.0 −7.5c −2.4d −0.12
4 32.8 26.5 24.5 −6.3c −2.0d −0.10
5 35.0 29.6 27.8 −5.4c −1.8d −0.08

aEb refers to the net activation barrier depicted in Figure 2, which are potential energies including vibrational zero-point energies. bExtrapolated from
the values calculated for n = 1−5 vinylogues. cContribution by resonance of the terminal CHO group toward Eb of the nth vinylogue, computed as
Ebperp − Ebpar.

dContribution by inductive effects of the terminal CHO group toward Eb of the nth vinylogue, computed as Ebref − Ebperp.

Figure 6. Plots of ΔEbres(n) versus the Hückel calculated charge.
Calculated resonance contribution toward the net activation barrier for
each vinylogue, ΔEbres(n), is plotted against the calculated Hückel
charge at the nucleophilic atom. The results for the vinylogues of O-
alkylation are shown using filled circles (●) and the corresponding x-
axis is on the bottom, while the corresponding y-axis is on the left. The
results for the vinylogues of C-alkylation are shown using unfilled circles
(○) and the corresponding x-axis is on the top, while the corresponding
y-axis is on the right.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.6b00351
J. Org. Chem. 2016, 81, 3711−3719

3715

http://dx.doi.org/10.1021/acs.joc.6b00351


optimized functions and reproduce the data very well.
Substituting n = 0 into each linear equation yields the
contribution by inductive effects toward Eb for the parent
reactions, which are −1.7 kcal/mol for O-methylation and −4.2
kcal/mol for C-methylation.
BLW Results. We first examine the resonance in the free

acetaldehyde enolate. At the optimized geometry of acetaldehyde
enolate, the energies of two resonance structures compared with
the real ground state, which is a hybrid of both resonance
structures, are shown at the left of Figure 8. As the negative
charge is substantially delocalized over the whole molecule in the
hybrid, there is considerable π resonance in this anion. We
calculate, in particular, that the hybrid is 49.9 kcal/mol lower in
energy than the resonance structure with the negative charge
localized on the oxygen atom (R1), and is 57.7 kcal/mol lower in

energy than the resonance structure with the negative charge
localized on the terminal carbon atom (R2). In other words, the
former is more stable than the latter by 7.8 kcal/mol as a result of
the higher electronegativity of oxygen than that of carbon,
meaning that the latter has greater resonance energy.
We continue by examining the resonance contribution in the

transition states for both O-methylation and C-methylation.
Figure 9 shows resonance at the transition states using electron
density difference (EDD) maps, which show the difference
between the electron-localized state (BLW) and the electron-
delocalized state (DFT). As expected, when resonance is turned
on, the electron density moves from the negative charge center to
either the CHCH2 or CHO group.
Table 3 compiles the energetic results of BLW computations

of the transition states, which exhibit two notable findings. One is
that resonance stabilizes the O- and C-methylation transition
states by 37.1 and 35.4 kcal/mol, which are very close but
significantly lower than their respective resonance energies in the
free reactant acetaldehyde enolate anion (Figure 8). The other is,
differently from the free enolate anion, at the transition states,R1
has a little higher resonance energy than R2. Putting all the
results together, we see that resonance increases the reaction
barriers by 12.8 and 22.3 kcal/mol for the O- and C-methylation
processes, as determined by (49.9−37.1) and (57.7−35.4),
respectively.

Contributions by Resonance and Inductive Effects
toward the Net Activation Barrier. The contributions by
resonance toward the net activation barrier for the gas-phase SN2
reaction of acetaldehyde enolate with methyl fluoride are
substantially negative for both O- and C-methylation. For O-
methylation, our VE results show that the contribution is −9.5
kcal/mol and our BLW results show that it is −12.8 kcal/mol.
For C-methylation, those numbers from our VE and BLW results
are −21.2 and −22.3 kcal/mol, respectively. The fact that these
numbers are in such good agreement, despite coming from two
completely different computational methodologies, provides
substantial validation for our results.
The fact that these values are negative means that the net

activation barrier is greater for the reactions involving the
resonance-delocalized nucleophile and transition state than it is
for the reactions in which resonance is effectively turned off. Such
an outcome is rationalized by the notion that the formation of the
new σ bond in the transition state is accompanied by a significant
localization of the π electrons from the enolate anion into the
reaction center. Therefore, the unrestricted delocalization that
the free enolate anion enjoys is diminished in the transition state,
so when resonance is effectively turned off, the enolate
nucleophile suffers a rise in energy more than does the transition
state. This is depicted in Figure 8.

Figure 7. Plots of ΔEbind(n) versus n. Calculated contribution by
inductive effects toward the net activation barrier for each vinylogue,
ΔEbind(n), is plotted against n. The results for the vinylogues of O-
alkylation are shown using filled circles (●). The dashed line is the
exponential function used to extrapolate these data, which was obtained
from a nonlinear least-squares fit. The results for the vinylogues of C-
alkylation are shown using unfilled circles (○). The dotted line is the
exponential function used to extrapolate these data, which was obtained
from a nonlinear least-squares fit.

Figure 8. Contributions toward Eb with and without resonance in the
enolate. Solid horizontal lines represent the energies of the electron-
delocalized structures, and the dotted horizontal lines represent the
electron-localized structures. Reactants are on the left, and transition
structures are on the right. Each pair of delocalized and localized
transition structures is calculated to be less than 2 kcal/mol different, so
they are shown at the same energy to simplify the diagram.

Figure 9. Electron density difference (EDD) maps showing the π
conjugation at the transition states of (a) O-methylation (b) C-
methylation. The orange color means an increase (gain) of electron
density, while the cyan color shows a reduction (loss) of electron density
(isodensity value 0.005 au).
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The contributions by resonance toward Eb for O- and C-
methylation are dominated by the contributions from resonance
in just the free nucleophile. This is evidenced by our BLW
calculations, which show that, upon going from the delocalized
enolate nucleophile to each resonance structure in which the
negative charge is localized on oxygen or carbon, energy rises by
49.9 or 57.7 kcal/mol, respectively. When we do the same for the
transition state, those numbers are significantly smaller, at 37.1
and 35.4 kcal/mol, respectively. Similarly, in our n = 1−5
vinylogues, upon going from the parallel to the perpendicular
conformation, the rise in energy is significantly greater for the
free nucleophile than for the transition state, for both O-
methylation and C-methylation. For the n = 1 vinylogues, for
example, that rise in energy is 19.9 and 36.3 kcal/mol for the free
enolates in O- and C-methylation, respectively. For the
analogous transition states, those numbers are smaller, at 13.7
and 23.3 kcal/mol, respectively.
The greater resonance energies in the reactants than the

transitions states also explains why the resonance contribution
toward Eb is greater for C-methylation than for O-methylation.
The completely delocalized enolate anion has a greater π-
electron density, and thus a greater concentration of negative
charge, on the oxygen atom compared to the α carbon atom,
owing to the greater electronegativity of oxygen. Therefore, the
resonance structure with the negative charge on carbon
represents a greater loss of delocalization and concomitant rise
in energy than does the resonance structure with the negative
charge on oxygen.
The effect that resonance has on Eb is analogous to what is seen

in the gas-phase protonation of an enolate anion at either the
oxygen or α carbon atom. Even though protonation at carbon
leads to the thermodynamically favored product, protonation at
oxygen is faster.51,52 As Bernasconi and Wenzel point out,53

protonation at the α carbon atom requires significant charge
localization in the transition state, which is partly responsible for
the higher energy barrier. This loss of delocalization does not
occur in the transition state when protonation takes place at
oxygen.
In a qualitative sense, the fact that resonance favors O-

methylation over C-methylation (by having a greater contribu-
tion toward Eb for C-methylation) is consistent with the principle
of least nuclear motion. As Ofial and co-workers54 point out, the
resonance hybrid of the enolate anion resembles an enol ether
(the product of O-methylation) more than it does an aldehyde
(the product of C-methylation). Thus, O-methylation involves
the “least change in atomic position and least change in electronic
configuration.”55

Our resonance results are also in agreement with the
qualitative argument put forth by Lee and co-workers,44 in
which they applied the principle of nonperfect synchronization.
In their computational study of the gas-phase SN2 reaction
between acetaldehyde enolate and methyl fluoride, they identify
a transition state imbalance in C-methylation, in which resonance
develops early along the reaction coordinate and contributes to

an increase in the energy barrier. No such transition state
imbalance is observed for O-methylation.
The contributions by inductive effects toward Eb are negative

for both O- and C-methylation, indicating that inductive effects
serve to increase the size of the energy barrier. This is consistent
with the idea that electrostatics is the principal factor that scales
with Eb, as outlined by Allen and co-workers.42 In the resonance
structures of the enolate anion, the CHCH2 and CHO
groups attached to the nucleophilic atom are both inductively
electron withdrawing. Thus, these substituents serve to
inductively remove negative charge from the respective oxygen
and α carbon atoms. This leads to a diminished electrostatic
stabilization between the nucleophilic atom and the electrophilic
carbon of CH3F in the transition state. Consequently, the size of
the energy barrier increases.
The contribution by inductive effects is greater in C-

methylation than in O-methylation: −4.2 kcal/mol for the
former and −1.7 kcal/mol for the latter. This is consistent with
the CHO substituent being a stronger electron withdrawing
group inductively than CHCH2. Indeed, the Swain-Lupton
field parameter56 of C(CH3)O is 0.33 and that of CHCH2 is
0.13, reflective of the greater electronegativity of oxygen than that
of carbon.
We note that the contributions by resonance (−9.5 to −12.8

kcal/mol) and inductive effects (−1.7 kcal/mol) toward Eb for
O-methylation sum to −11.1 to −14.3 kcal/mol. We also note
that the calculated difference in Eb for O-methylation of
acetaldehyde enolate and the reaction between HO¯ and CH3F
is −15.7 kcal/mol (Table 1). Thus, the contributions by
resonance and inductive effects that we calculate for O-
methylation can account for essentially the entirety of that
increase in the size of the energy barrier.
The story is somewhat different for C-methylation. Our results

show that the contributions by resonance (−21.2 to −22.3 kcal/
mol) and inductive effects (−4.2 kcal/mol) sum to −25.4 to
−26.4 kcal/mol. The calculated difference in Eb between C-
methylation of acetaldehyde enolate and the reaction of H3C¯
with CH3F is −16.8 kcal/mol. Thus, there appears to be another
significant contribution in C-methylation of acetaldehyde
enolate that serves to counteract the increase in Eb stemming
from resonance and inductive effects. We believe that this is due,
at least in part, to the fact that the geometry of the α carbon in the
enolate anion is different from the geometry of the carbon atom
in H3C¯ as shown in Figure 5. In H3C¯, the carbon atom is sp3-
hybridized and pyramidal, whereas the α carbon in acetaldehyde
enolate is sp2-hybridized and planar. Our H3C¯ reference
vinylogues were constructed by replacing the terminal CHO
group of an acetaldehyde enolate vinylogue with a hydrogen
atom, thereby preserving the planar geometry at the α carbon.
This was done deliberately so that our values ofΔEb

ind calculated
for each vinylogue reflect only the inductive contributions by the
terminal CHO group, not changes in geometry at the
nucleophilic carbon. Thus, the contribution by inductive effects
that we obtained by extrapolating the ΔEbind values of the
vinylogues should embody that enforced planarity, giving rise to
the discrepancy described above.

■ CONCLUSIONS
Employing our VE and BLW methodologies, we determined
that, for the gas-phase SN2 reaction between acetaldehyde
enolate and methyl fluoride, resonance is the dominant factor
that leads to O-methylation being favored over C-methylation,
and inductive effects are significant. Resonance serves to increase

Table 3. Energies of the Transition States in the SN2 Reactions
between Acetaldehyde Enolate Anion and CH3F and the
Contribution from the Resonance at the B3LYP/6-311+G**
Level

mode E(ψDFT) (au) E(ψBLW) (au) ΔEres (kcal/mol)

O-attack −292.91658 −292.85744 −37.1
C-attack −292.91446 −292.85799 −35.4
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the net activation barrier for O-methylation by roughly 9.5−12.8
kcal/mol, whereas it serves to increase the net activation barrier
for C-methylation by roughly 21.2−22.3 kcal/mol. Inductive
effects also contribute significantly toward increasing the size of
the net activation barrier for each reaction: roughly 1.7 kcal/mol
for O-methylation and 4.2 kcal/mol for C-methylation. For O-
methylation, these resonance and inductive effects account for
essentially the entire difference between the net activation barrier
involving acetaldehyde enolate as the nucleophile relative to
hydroxide anion as the nucleophile. For C-methylation, the
difference in net activation barriers between the reaction
involving acetaldehyde enolate and methanide anion is smaller
than the sum of our calculated resonance and inductive effects.
This suggests that, for C-methylation, there is another factor that
contributes toward lowering the net activation barrier, which we
attribute to the different hybridizations of the α carbon of
acetaldehyde enolate and of the carbon atom inmethanide anion.
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