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ABSTRACT: Intramolecular proton transfers are important processes in chemical
reactions and biological transformations. In particular, the translocation of reactive
carbanion centers can be achieved through 1,n-proton transfer in either a direct or
an assisted manner (via the protonation/deprotonation mechanism). Despite
some mechanistic investigations on proton transfers within zwitterionic species, no
guiding principles have been summarized for carbanion-induced intramolecular
proton transfers. Herein, we report our quantum chemical study on the carbanion translocations via intramolecular proton
transfers. Our calculations indicated that the reaction barriers generally decrease with longer tether lengths and more π-
withdrawing substituents. The physical bases behind these effects were revealed according to the charge and bond energy
decomposition analysis, showing that the destabilizing closed-shell Pauli repulsions play important roles in determining the
relative ease of intramolecular proton transfers. We also found that the thermodynamic driving force may affect the
regiochemistry. This study may help chemists to understand whether a carbanion translocation occurs via an intramolecular
proton transfer or with the assistance of proton shuttles, such as water and alcohols.

■ INTRODUCTION

Intramolecular hydrogen transfer is one of the most fundamen-
tal processes in chemical and biological reactions.1−5 In organic
chemistry, intramolecular hydrogen transfer between carbon
atoms is of extreme importance because the translocation of the
reactive carbon centers, such as carbocations,1,6−8 carborad-
icals,2 and carbanions,9−13 might be accompanied by the
cleavage of inert carbon−hydrogen bonds.14 While the
intramolecular hydride1 and hydrogen atom transfers2 have
been well studied both experimentally and computationally,
intramolecular proton transfers between carbons have been
much less investigated.6−13

To date, two types of intramolecular carbon-to-carbon
proton transfers have been discovered (Scheme 1).15 The
first one is the intramolecular proton transfer from a
carbocation to a carbon−carbon double bond (Scheme
1a),6−8 which was first proposed to explain the hydrogen
migrations in terpene biosynthesis.6 In 2008, Surendra and
Corey carried out labeling experiments to confirm that an
intramolecular carbocation translocation can proceed through a
direct 1,5-proton transfer.7 Recently, Hong and Tantillo
summarized the previous reports6,7 in this area and listed five
guiding principles to predict the feasibility of carbocation
translocations via intramolecular proton transfers in terpene
biosynthesis.8

The other type of intramolecular carbon-to-carbon proton
transfer is initiated by carbanion species (Scheme 1b).9−13 Due
to the fact that the generation of free carbanions in solution is
difficult,16,17 to date, only a few examples of carbanion
translocations in zwitterionic species were discussed, including

phosphine-catalyzed9,10 and aryne-mediated11−13 transforma-
tions (Scheme 2).
Previously our computational and experimental studies

indicated that the 1,2- and 1,3-proton transfers in phosphine-
catalyzed (3 + 2) cycloadditions first reported by Lu and co-
workers9a are not concerted, but assisted by water (Scheme 2a,
top and middle).10a−d The Tong group also found that the 1,3-
proton transfer in their phosphine-catalyzed (4 + 1) cyclo-
addition may occur through an intermolecular process (Scheme
2a, bottom).9d However, recently Wei, Qiao, and co-workers10f
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Scheme 1. Two Types of Intramolecular Carbon-to-Carbon
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found that the 1,4-proton transfer may occur intramolecularly
during their computational study on the phosphine-catalyzed
intramolecular Michael addition discovered by the Liao group
(Scheme 2b, top).9e Similarly, the 1,4-proton transfers in the
generations of sulfur and nitrogen ylides induced by the
additions of thioethers, amines, imines, and aziridines to arynes
were proposed to proceed through intramolecular processes
(Scheme 2b, middle).12 Moreover, 1,5-proton transfer induced
by an aryl anion may also take place intramolecularly according
to the deuterium labeling studies by Li and co-workers in their
domino aryne chemistry (Scheme 2b, bottom).13

Despite these and other known examples, no guiding
principles have been summarized for carbanion-induced
intramolecular proton transfer, which is in sharp contrast
with those for carbocation-induced intramolecular hydride1 and
proton transfers.6−8 Therefore, it is important to understand
the regiochemistry of these intramolecular proton transfers and
whether a carbon-to-carbon proton transfer takes place in a
direct or an assisted manner (via the protonation/deprotona-
tion mechanism). These mechanistic insights may help
chemists to optimize the reaction conditions and to design
new catalysts and synthetic methodologies.
Here we report our quantum chemical study on carbanion

translocations via intramolecular proton tranfers. The influence
of the tether length and the substituent effect on the relative
ease of the intramolecular proton transfers was investigated. We
also revealed the physical bases behind these effects.

■ COMPUTATIONAL METHODS
Geometry Optimizations with Gaussian 09 Software Pack-

age.18 Pruned integration grids with 99 radial shells and 590 angular
points per shell were used. Geometry optimizations of all the minima
and transition structures involved were carried out using the ωB97XD
functional19 and the 6-311+G(d,p) basis set20 without any constraints.
Unscaled harmonic frequency calculations at the same level were
performed to validate each structure as either a minimum or a
transition structure and to evaluate its zero-point energy (ZPE). All
conformers were located, but only the most stable ones were reported.
We found that the performance of the ωB97XD functional in the
calculations of thermochemistry and kinetics for intramolecular
carbon-to-carbon proton transfers is superior to those of seven other
popular density functionals based on a benchmark study against high-
level ab initio calculations (see Supporting Information for details).

Energy Refinements Using ORCA 3.0.3 Program System.21

Spin-component-scaled second-order Møller−Plesset perturbation
theory (SCS-MP2)22,23 and the aug-cc-pVTZ basis set24 were used
for single-point energy calculations based on the optimized structures
at the ωB97XD/6-311+G(d,p) level. The convergence thresholds
were set to “TIGHTSCF”. Frozen core approximations and the
resolution of the identity (RI)25 using the aug-cc-pVTZ/C auxiliary
basis set26 were used to speed up the correlation calculations.

All discussed energy differences were based on the ZPE-corrected
electronic energies at the SCS-MP2/aug-cc-pVTZ//ωB97XD/6-
311+G(d,p) level unless otherwise specified. Gibbs energies of
activation and theoretical rate constants for selected reactions were
listed in the Supporting Information for reference.

Bond Energy Decomposition Analysis with Amsterdam
Density Functional (ADF) Modeling Suite 2016.106.27,28 Bond
energy decomposition analysis and the related all-electron DFT
calculations were performed using the ωB97X functional.29 The
ATZ2P Slater-type orbital (STO) basis set30 and the corresponding
auxiliary set of s, p, d, f, and g STOs were used. The geometry of the
intermolecular proton transfer transition structure was optimized in
D3d symmetry. Based on this structure, a potential energy surface
(PES) scan was performed by reducing the C···H···C bond angle from
180° to 90° in steps of 10° with the C···H bond lengths maintained,
while the remaining geometry parameters were allowed to relax (C2
symmetry was applied).

3D structures were prepared with CYLview31 and GUI 2016.32

■ RESULTS AND DISCUSSION

Degenerate Intramolecular Proton Transfers in Un-
substituted Primary Carbanions.We commenced our study
with degenerate proton transfers in unsubstituted primary
carbanions A−F (Table 1).33 These reactions are thermoneu-
tral (ΔErxn = 0) and, therefore, can be discussed without bias
caused by the thermodynamic contributions. The substituent
effect will be discussed later.

1,2-Proton Shift. According to the selection rules for
sigmatropic reactions developed by Woodward and Hoff-
mann,34 the concerted (suprafacial) 1,2-proton shift is
supposed to be thermally symmetry-forbidden.35 As depicted
in Figure 1a, the positive overlap between the SOMO (singly
occupied molecular orbital) of the ethylene anion radical and
the migrating hydrogen orbital cannot be maintained during the
sigmatropic shift. Our quantum chemical calculations indicated
that the activation barrier of the direct 1,2-proton shift in ethyl
anion A via transition structure TS1 (Figure 1b) is 48.2 kcal/

Scheme 2. Selected Examples for Carbanion Translocations via Proton Transfers
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mol, which is extremely difficult to overcome under traditional
thermal conditions.
1,n-Proton Transfers. For other primary carbanions, because

of the presence of saturated hydrocarbon linkers, the relative
ease of the intramolecular proton transfers cannot be guided by
the standard Woodward−Hoffmann analysis, which could only
be applied to conjugated polyenes and the related charged
systems.34 Therefore, we utilized quantum chemical calcu-
lations to investigate these reactions. The computed activation
barriers for 1,n-proton transfers in simple primary carbanions
were plotted in Figure 2a. Selected bond lengths and angles
were also summarized and shown in Figure 2b and 2c,
respectively. The optimized geometries for the intramolecular
proton transfer transition structures can be found in Figure 3.
Interestingly, we observed a monotonic decrease of the

activation barriers from n = 2 to 6 (Figure 2a). Such a trend was
stopped when n reached 7. Moreover, we found that when n
increases, the C···H bond length in the 1,n-proton transfer
transition structure rapidly converges to (1.45 ± 0.01) Å
(Figure 2b), whereas, the C···H···C bond angle converges at a
much slower rate (Figure 2c). Based on the different
convergence rate of these geometric parameters, we expected
that the optimal C···H bond length for the transition structure
has already been achieved when n reaches 3; however, the
geometric requirement for the C···H···C bond angle cannot be
satisfied due to the presence of ring strain, especially when n is
small.

To understand such a stereoelectronic requirement better,
we investigated the intermolecular proton transfer between
methane and the methyl anion in which no ring strain exists. In
fact, this intermolecular reaction can be regarded as an analog
of the 1,n-proton transfer within carbanions when n approaches
infinity. In accordance with the previous computational
studies,36 our calculations at the SCS-MP2//ωB97XD level
also suggested the existence of a double-well potential energy
surface (Figure 4). The proton transfer within the weak
hydrogen-bonded complex G via TS7 requires overcoming an
activation barrier of 11.6 kcal/mol. In the transition structure,
the lengths for the breaking and forming C···H bonds are both
1.45 Å (Figure 4), which are almost identical to those in the
intramolecular cases (Figure 3). This result supported our
hypothesis that the geometric requirement for the C···H bond

Table 1. 1,n-Proton Transfers within Primary Carbanionsa

n carbanion TS ΔE‡

2 ethyl anion, A TS1 48.2
3 n-propyl anion, B TS2 34.2
4 n-butyl anion, C TS3 18.2
5 n-pentyl anion, D TS4 17.2
6 n-hexyl anion, E TS5 15.1
7 n-heptyl anion, F TS6 16.0

aEnergies are reported in kcal/mol. ΔErxn = 0 in all cases. rxn =
reaction.

Figure 1. (a) Analysis of the suprafacial 1,2-proton shift in ethyl anion
A according to the Woodward−Hoffmann rules.34 SOMO = singly
occupied molecular orbital. (b) Optimized geometries for the 1,2-
proton shift transition structure TS1. Color scheme: C, gray; H, white;
the migrating hydrogen, yellow.

Figure 2. Degenerate proton transfers in acyclic primary carbanions
A−F. (a) Activation barriers of 1,n-proton transfers. (b and c) Selected
geometric parameters for 1,n-proton transfer transition structures
TS1−6.
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length in the proton transfer transition structure has already
been satisfied even with a short tether length, such as n equals 3
or 4.
Moreover, we found a linear C···H···C arrangement in TS7,

corresponding to a C···H···C bond angle of 180°.36 In the
intramolecular cases, when n increases, the C···H···C bond
angle converges toward but never reaches 180°. We reasoned
that the attempt to achieve a linear C···H···C arrangement in
the transition structure leads to the increase of ring strain

during the 1,n-proton transfer, especially when n is small. As a
result, the C···H···C structure bends to balance the geometric
requirement and ring strain. When n becomes larger, the
penalty from the ring strain will be relatively smaller owing to
the presence of more flexible carbon−carbon single bonds, and
consequently, the intramolecular proton transfer is easier.
However, when n reaches 7, the proton transfer occurs through
an eight-membered-ring transition structure and suffers an
additional penalty caused by transannular interactions (Figure
3, bottom), which are common in medium-sized rings.37

Rationalization of the Linear C···H···C Arrangement in
the Intermolecular Proton Transfer Transition Structure.
By far, we have rationalized that the relative ease of 1,n-proton
transfer is determined by the trade-off between the ring strain
and the geometric requirement for linear C···H···C arrange-
ment in the transition structure. But, one question still remains:
why does the proton transfer transition structure favor a linear
structure?
To answer this question, we utilized the ETS−NOCV charge

and energy decomposition scheme developed by Ziegler and
co-workers,38 which combines the extended transition structure
(ETS) method39 with the natural orbitals for chemical valence
(NOCV) theory.40 By using this approach, we can decompose
the bond energy of the transition structure between the
interacting fragments into destabilizing (distortion and Pauli
repulsion) and stabilizing (electrostatic and orbital interaction)
components.41

We considered that the intermolecular proton transfer
transition structure TS7 forms from methane and methyl
anion fragments. As shown in Figure 5a, repulsive Pauli
interaction causes the decrease of the electron density in the
overlap region as judged by the Pauli deformation density. Such
a destabilizing interaction of 116.0 kcal/mol mainly comes from
the closed-shell HOMO−HOMO interaction between methyl
anion and the distorted methane (Figure 5a). ETS−NOCV

Figure 3. Optimized geometries for the intramolecular proton transfer
transition structures TS2−6. Color scheme: C, gray; H, white; the
migrating hydrogen, yellow.

Figure 4. Double-well potential energy surface of the intermolecular
carbon-to-carbon proton transfer. Energies are reported in kcal/mol.
Color scheme: C, gray; H, white; the migrating hydrogen, yellow.

Figure 5. Deformation densities and orbital interactions describing (a)
Pauli repulsion and (b) n(C−) → σ*(C−H) interaction in TS7
formed from methyl anion and methane calculated at the ωB97X/
ATZ2P level. The arrows indicate the direction of charge transfer.
Color scheme: electron density increases (Δρ > 0), blue; electron
density decreases (Δρ < 0), red. Isovalue = 0.005.
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analysis also indicated that the stabilization of the transition
structure comes from the electrostatic (−51.5 kcal/mol) and
donor−acceptor orbital interactions (−83.0 kcal/mol). Figure
5b depicts the leading stabilizing orbital interaction in the
proton transfer transition structure. This contribution (−68.0
kcal/mol) is due to the donation of electrons from the HOMO
of the methyl anion (mainly n(C−) orbital) into the LUMO of
methane (mainly σ*(C−H) orbital), corresponding to the
traditional thinking of the acid−base chemistry (Figure 5b).
Another chemically meaningful component (−9.3 kcal/mol)
represents the back-donation from the HOMO of methane into
the LUMO of the methyl anion.
Then, we investigated the influence of the decrease of C···

H···C bond angle in the transition structure TS7 on the bond
energy (see Computational Methods for details). We also
performed ETS−NOCV analysis to shed light on which energy
component determines the linear C···H···C arrangement during
the proton transfer (Table 2). As depicted in Figure 6a, the
bond energy increases when the C···H···C bond angle deviates
from 180°. The change in the distortion energy of methyl anion
is negligible, whereas the distortion energy of methane and the
interaction energy give important contributions. Notably, the
growth rates of these two components are different (Figure 6b).
The distortion energy of methane increases linearly yet
becomes a constant after the C···H···C bond angle reaches
120°, while the interaction energy grows in an exponential
manner, which may account for the trend of the total bond
energy.
The interaction energy was further decomposed into

chemically meaningful terms (Figure 6c). The electrostatic
interaction becomes more stabilizing when the C···H···C bond
angle decreases due to the shorter distance between the
methane and methyl anion. Therefore, it is not the reason why
the proton transfer favors a linear C···H···C arrangement. One
may expect that the stabilizing HOMO−LUMO interactions
are more sensitive to the directivity. But our ETS−NOCV
study indicated that the decrease in the stabilizing orbital
interactions is less than 0.2 kcal/mol due to the fact that the
LUMO orbital of methane mainly consists of the 1s orbital of H
with spherical symmetry and thus the n(C−) → σ*(C−H)
interaction is not very sensitive to the directivity. Moreover, a
smaller C···H···C bond angle induces a shorter distance
between the methane and methyl anion and increases the
overlap between their frontier orbitals. As a result, the orbital
interactions even become more stabilizing than those in TS7
after the C···H···C bond angle reaches 130°. Finally, only the
Pauli repulsion, which originates from the destabilizing
HOMO−HOMO interaction, may account for the increasing
trend of the bond energy. As shown in Figure 7, there indeed
exists a linear correlation between the relative bond energies

Table 2. Analysis of the Interactions between CH4 and CH3
− in [H3C···H···CH3]

− with Different C···H···C Bond Anglesa

bond angle 180° 170° 160° 150° 140° 130° 120° 110° 100° 90°

ΔΔE 0.0 0.4 1.5 3.4 6.2 10.5 17.2 27.8 45.1 72.4
ΔΔEdis(CH4) 0.0 0.2 0.9 2.0 3.3 4.5 5.8 6.0 6.0 6.2
ΔΔEdis(CH3

−) 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.7 1.8
ΔΔEint 0.0 0.2 0.6 1.4 2.9 6.0 11.3 21.6 38.4 64.4
ΔΔEPauli 0.0 0.4 1.1 2.5 5.4 11.2 21.1 40.4 73.9 129.8
ΔΔVelstat 0.0 −0.2 −0.6 −1.3 −2.5 −4.7 −8.2 −14.6 −26.0 −45.5
ΔΔEoi 0.0 0.0 0.1 0.2 0.0 −0.5 −1.6 −4.2 −9.5 −19.9

aEnergies are reported in kcal/mol. Computed at the ωB97X/ATZ2P level. ΔΔE = ΔΔEdis(CH4) + ΔΔEdis(CH3
−) + ΔΔEint. ΔΔEint = ΔΔEPauli +

ΔΔVelstat + ΔΔEoi. dis = distortion. int = interaction. Pauli = Pauli repulsion. elstat = electrostatic. oi = orbital interaction.

Figure 6. Influence of C···H···C bond angle on the bond energy of
methane and methyl anion in the intermolecular proton transfer
transition structure based on the ETS−NOCV analysis.
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versus the relative Pauli interactions. The smaller the C···H···C
bond angle is, the shorter the distance between the methane
and methyl anion will be, and consequently, stronger repulsive
Pauli interaction and higher relative energy will be obtained.
Based on our detailed ETS−NOCV analysis, we concluded

that the preference for the linear C···H···C arrangement is
mainly determined by the minimization of the destabilizing
HOMO−HOMO interaction while the maximization of the
stabilizing HOMO−LUMO interactions plays a relatively less
important role. Considering that the summation of Pauli
repulsion and electrostatic interaction can be regarded as steric
repulsion, our conclusions of this part can also be written as
follows: minimization of the steric repulsion between the
carbon acid and carbanion results in the linear C···H···C
arrangement of the intermolecular proton transfer transition
structure.
Substituent Effect on Carbanion Translocations. Next,

we focused our attention toward the substituent effect,
considering two aspects according to the Marcus theory:42

first on the intrinsic barriers (ΔEi
‡) and then the contributions

of thermodynamic facts (eq 1). In this part, we used the 1,4-
proton transfer as the model reaction system (Table 3). Similar
results were obtained for 1,2- and 1,3-proton transfers (see
Supporting Information for details).

Δ = Δ + Δ + Δ Δ‡ ‡ ‡E E E E E/2 ( ) /(16 )i rxn rxn
2

i (1)

On the Intrinsic Barriers. As mentioned above, the activation
barrier of 1,4-proton transfer in n-butyl anion C is 18.2 kcal/
mol (Table 3, entry 1). Adding electron-withdrawing cyano
groups dramatically decreases the activation barrier to 9.0 kcal/
mol (Table 3, entry 2). Interestingly, the π-donating but σ-
withdrawing halogen atoms show different substituent effects.
Chloro substituents lead to a lower reaction barrier (13.9 kcal/
mol for anion I versus 18.2 kcal/mol for the parent system)
and, thus, may accelerate the 1,4-proton transfer (Table 3, entry
3). In contrast, fluoro groups increase the activation barrier to
22.8 kcal/mol and subsequently make the 1,4-carbanion
translocation more sluggish than the parent system (Table 3,
entry 4). We reasoned that the presence of the electron-
withdrawing groups may contract the σ(C−H) and n(C−)
orbitals and, therefore, decrease the Pauli repulsion and
reaction barrier. Simultaneously, the existence of a π-donating
substituent43 may increase the Pauli repulsion and slow down
the proton transfer. The trade-off between these two opposite

effects results in the dramatically different substituent effect of
chloro and fluoro substituents.

Thermodynamic Contributions. The Marcus theory con-
nects the thermodynamic and kinetic factors.42 In most cases, a
stronger base (a thermodynamic factor) deprotonates faster (a
kinetic problem). In our cases, we may also expect correlations
between thermodynamics and kinetics. Adding an electron-
withdrawing group on the acidic site will lead to stronger
acidity of the C−H bond (lower σ*(C−H) orbital energy) and
a lower activation barrier. Correspondingly, if we add one
electron-withdrawing substituent on the basic site, the proton
transfer will become much more difficult. Quantitative analysis
using a cyano group as the electron-withdrawing group
indicated that the activation barrier for proton transfer between
carbons satisfies these discussions (Table 3, entry 5). For the
exothermic forward reaction K → L, the activation barrier is
only 2.1 kcal/mol. However, for the endothermic reverse
reaction L→ K, the reaction barrier is as high as 2.1 − (−26.6),
i.e., 28.7 kcal/mol. Notably, the intrinsic barrier for the
corresponding hypothetical thermoneutral process is calculated
to be 11.6 kcal/mol, just between those for the parent systems
C → C (18.2 kcal/mol) and H → H (9.0 kcal/mol). The same
conclusions can be applied to the monochloro substitution case
(Table 3, entry 6). However, monofluoro-substituted anion O
gives a different result (Table 3, entry 7). Although the O → P
process is slightly exothermic (ΔErxn = −0.9 kcal/mol) due to
the σ-withdrawing property of the fluoro atom, the reaction
barrier is increased as compared to the parent system (18.6
kcal/mol for anion O versus 18.2 kcal/mol for the parent
system) mainly because of the π-donating character of the
fluoro group,43 which may lead to a larger Pauli repulsion in the
transition structure.

Regioselectivity. Tethering Effect. Considering that there
may exist multiple reaction centers (C−H bonds) in
carbanions, there are regioselectivity issues. In the case of n-
heptyl anion F, theoretically, all direct 1,n-proton transfers (n =
2−7) may occur. However, the most kinetically favored
pathways are 1,5- and 1,6-proton transfers with less ring strains.

Substituent Effect. We have shown above that electron-
withdrawing groups on the acidic site may induce lower
intramolecular proton transfer activation barriers. The relation-
ship between thermodynamic properties (acidity/basicity) and
kinetic data (activation barrier) indicated that we can use the
readily available thermodynamic data, such as Bordwell’s pKa

Figure 7. Plot of the relative bond energies (ΔΔE) versus the relative
Pauli interactions (ΔΔEPauli). ΔΔE = 0.56 ΔΔEPauli + 2.6, R2 = 0.99.

Table 3. Substituent Effect on 1,4-Proton Transfera

entry TS R R′ ΔErxn ΔE‡ ΔEi
‡b

parent system
1 C → C TS3 H H 0.0 18.2 18.2
tetrasubstituted
2 H → H TS8 CN CN 0.0 9.0 9.0
3 I → I TS9 Cl Cl 0.0 13.9 13.9
4 J → J TS10 F F 0.0 22.8 22.8
monosubstituted
5 K → L TS11 H CN −26.6 2.1 11.6
6 M → N TS12 H Cl −9.8 11.8 16.3
7 O → P TS13 H F −0.9 18.6 19.0

aEnergies are reported in kcal/mol. rxn = reaction. bIntrinsic barriers.
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values in DMSO44 and proton affinities,45 to predict the relative
ease of intramolecular proton transfers with thermodynamic
bias.
The 1,4-proton transfer in the generation of sulfur ylide

induced by the nucleophilic addition of thioether to aryne was
proposed to proceed through an intramolecular process
(Scheme 3).12a,b,g A labeling experiment by the Hoye group

confirmed that the 1,4-proton transfer indeed takes place in an
intramolecular fashion.12g And the 1,4-proton abstraction is
expected to be much faster than the possible 1,5-proton transfer
between the two arenes based on the same experiment;
otherwise, a certain amount of H/D scrambling should be
observed.
According to our analysis above, intrinsically the 1,5-proton

transfer should have a similar (or even lower) activation barrier
as the 1,4-one (Table 1). However, our quantum chemical
calculations at the SCS-MP2//ωB97XD level indicated that the
highly exothermic 1,4-proton transfer (ΔErxn = −21.5 kcal/
mol) is much easier than the thermoneutral 1,5-one (2.8 kcal/
mol for 1,4-PT versus 13.1 kcal/mol for 1,5-PT). This
contradiction is mainly due to the thermodynamic contribu-
tions. The pKa of S(CH3)3

+ in DMSO is 18.2, while that of
benzene is above 35 (the pKa of DMSO).44 The large ΔpKa
results in the preference for the experimentally observed 1,4-
proton transfer. Moreover, considering that the activation
barrier for the 1,5-proton transfer is only 13.1 kcal/mol, we

predict that such a process can be achieved if diarylthioethers
are used as substrates.

Direct or Assisted. According to our calculations, the
intrinsic barriers for 1,2- and 1,3-proton transfers are higher
than 30 kcal/mol (Table 1, n = 2 and 3), indicating that such
processes should be very difficult unless assisted by proton
shuttles. Our previous studies on the phosphine-catalyzed (3 +
2) cycloadditions (Scheme 2a) have shown that such a process
can be assisted by water molecules through a protonation/
deprotonation mechanism.10a,c However, we cannot rule out
the possibilities that 1,2- and 1,3-proton transfers could occur
intramolecularly if these processes are strongly exothermic.
Experimental and computational observations have shown

that 1,n-proton transfer with n > 3 may occur intramolecularly
(Scheme 2b). We have shown some examples12 for 1,4-proton
transfers in Scheme 2b and discussed one of them (discovered
by Hoye group,12g Scheme 3) in detail. In these examples, the
presence of the electron-withdrawing substituents is crucial in
accelerating the intramolecular proton transfer. Carbanion
translocations via direct 1,5-proton transfers have also been
experimentally verified (Scheme 2b, bottom).13 The Wang
group proposed the feasibility of an intramolecular carbon-to-
carbon 1,6-proton transfer in their computational studies15a on
the phosphine-catalyzed (4 + 2) cycloaddition developed by the
Kwon group.9c This is consistent with our analysis on the
parent system (Table 1, n = 6), showing that direct 1,6-proton
transfer is generally easy. However, no experiments have been
conducted to verify Wang’s hypothesis. Considering that the
intramolecular nature of 1,6-sigmatropic proton shifts in
pentadienyl lithiums has already been experimentally con-
firmed,15a we envision that more examples for direct 1,6-proton
transfer in nonconjugated system could be obtained.

■ CONCLUSIONS

Based on quantum chemical calculations and ETS−NOCV
charge and energy decomposition analyses, we have inves-
tigated the translocations of carbanions via 1,n-proton transfers
in detail. Generally, the larger the n is, the easier the
intramolecular proton transfer will be. Intramolecular 1,2- and
1,3-proton transfers are difficult and could be facilitated by
proton shuttles via the protonation/deprotonation mechanism,
whereas direct 1,4- and 1,5-proton transfers are facile in most
cases. These observations can be explained by the trade-off
between ring strain and stereoelectronic requirement, i.e., the
linear C···H···C displacement in the proton transfer transition
structure. The substituent effect was also examined, showing
that addition of electron-withdrawing groups will generally
decrease the reaction barrier. In contrast, π-donors, such as
fluoro groups, induce a higher intrinsic barrier due to larger
Pauli repulsive interactions. Thermodynamic contributions
were found to play important roles in the regiochemistry.
According to the Marcus theory, we can understand and predict
the regioselectivity by comparing the difference in intrinsic
barriers (mainly controlled by the tether lengths) and pKa

values. We encourage chemists who are interested in phosphine
catalysis, aryne chemistry, and other research areas on
carbanions to use our conclusions to rationalize and predict
the feasibility of carbanion translocations via intramolecular
proton transfers.

Scheme 3. Formation of Sulfur Ylide via 1,4-Proton
Transfera

aEnergies are reported in kcal/mol.
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