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ABSTRACT: Quantum tunneling and external electric fields (EEFs) can promote some

reactions. However, the synergetic effect of an EEF on a tunneling-involving reaction and its
temperature-dependence is not very clear. In this study, we extensively investigated how EEFs
affect three reactions that involve hydrogen- or (ground- and excited-state) carbon-tunneling
using reliable DFT, DLPNO—CCSD(T1), and variational transition-state theory methods.
Our study revealed that oriented EEFs can significantly reduce the barrier and corresponding
barrier width (and vice versa) through more electrostatic stabilization in transition states.
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These EEF effects enhance the nontunneling and tunneling-involving rates. Such EEF effects H

also decrease the crossover temperatures and quantum tunneling contribution, albeit with
lower and thinner barriers. Moreover, EEFs can modulate and switch on/off the tunneling-
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driven 1,2-H migration of hydroxycarbenes under cryogenic conditions. Furthermore, our
study predicts for the first time that EEF/tunneling synergy can control the chemo- or site-
selectivity of one molecule bearing two similar/same reactive sites.

Quantum tunneling (QT), which enables occurrence of

reactions and accelerates their rates through barrier
penetration, plays an important and unique electronic role in
some chemical and enzymatic reactions.'~"* The probability of
quantum tunneling generally increases with decreasing particle
mass and/or barrier width (Scheme S1). Consequently,
hydrogen tunnels in many reactions.'>' Combining exper-
imental and computational methods is a powerful approach
that successfully unveils quantum tunneling in many systems
and reveals new insights/concepts (e.g., tunneling-controlled
reactivity).”” >
In addition, some reactions involving rare heavy-atom
(mostly carbon) tunneling have been experimentally observed
or computationally predicted for various systems, including 7-
bond-shift, Cope-rearrangement, spin-crossover, biosynthesis,
and nucleophilic-substitution (Sy2) reactions, as well as
carbon-flipping on a Cu(110) surface and excited-state
Zimmerman di-z-methane (DPM) rearrangement (Schemes
lde, and S$2).”7* Our previous computational study
predicted the first excited-state heavy-atom tunneling in the
DPM rearrangement, which was recently supported by
Singleton using his natural abundant *C NMR experimental
method.*'~** In addition, carbon- and nitrogen-tunneling can
compete to form different products via two ring-opening
pathways of a benzazirine.">*® Moreover, temperature, solvent,
isotope or Lewis-acid was also reported to control the
tunneling-involving reactions.””** These studies show that
several factors (“stimuli”) can affect quantum tunneling in
some reactions.
The use of an applied external electric field (EEF) is a new
electronic approach for controlling the reactivities and
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selectivities of some chemical and enzymatic reactions.

Shaik and co-workers reported insightful computational
predictions concerning oriented-EEF-controlled reactivity and
selectivity in some organic and enzymatic reactions.”*”*
Coote and co-workers reported a seminal experimental and
computational study into a classical Diels—Alder reaction
accelerated by an EEF (Scheme 1a).>”% The Kanan group also
demonstrated that an EEF can alter the regioselectivity of a
Rh-catalyzed carbene-rearrangement reaction.”’ Encouraged
by these successful studies, we hypothesized that reactivity and
selectivity can be modulated by combining the two above-
mentioned electronic effectors (QT and EEF) and exploiting
their synergy.

Inspired by the previous breakthrough,®” an alkylthiol group
as the potential linkage may be added to connect the QT-
driven molecules on flat gold surface in the presence of an
applied EEF (Scheme 1). However, such studies remain
unclear or underdeveloped. In this regard, a recent experiment
revealed that the potential energy surface (PES) for the
inversion motion of ammonia is altered by a very strong EEF
(~2.0 X 10° V/m) in a 10 K Ar matrix by using the ice film
nanocapacitor method, which leads to the suppression of
quantum tunneling.62 During our investigation, Kozuch and
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Scheme 1. (a) Schematic Diagram of the EEF-Accelerated
Diels—Alder Reaction in Experiments®’ and Our Model
Reactions (b—e): (b) Proposed Hypothetic Model of the
Hydroxycarbenes Connecting to a Thiolate Linker and Au
Cluster/Surface; (c) 1,2-H Migrations of Hydroxycarbenes
with Their Measured Half-Lives (z);'*"°™'® and (d) Sy2
and (e) the Triplet Di-7-methane Rearrangement of
Benzobarrelene”
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“The applied EEF directions are indicated by colored arrows. Red
dots denote the potential linkage sites for attaching on the gold
surface.

co-workers also reported an independent computational study
on the combined QT and EEF on the overall reaction rates of
three ground-state carbon-tunneling reactions using a larger
EEF 3(26 7.7 V/nm) under cryogenic conditions (Table
S1).°

In this work, we used reliable density functional theory
(DFT) and high-level DLPNO—CCSD(T1) methods in
combination with reliable variational transition state theory
(VTST) and multidimensional small-curvature tunneling
(SCT) correction methods to extensively examine the
combined effect of QT and a modest EEF (up to 2.57—5.14
V/nm) on three different reactions (Scheme lc—e; computa-
tional details are given in the Supporting Informa-
tion).'#107193041743 Thege three reactions involve hydrogen-
or (ground- and excited-state) carbon-tunneling. Our study
shows that an oriented EEF can significantly increase or
decrease the rate constants for these reactions at low
temperatures. In addition, such EEF can also decrease the
crossover temperatures (T. = #7Q/(2nky), details in the
Supporting Information), transmission coefficient, and quan-
tum tunneling contribution ratio, even though the barrier
height and width become smaller. The nontunneling rate
constant is generally the key contributor at temperatures above
the crossover temperature.”* Furthermore, our study revealed
for the first time that an oriented EEF can control the chemo-
or site-selectivity of one single arene molecule with two
similar/same reactive sites.

Prior to discussing the effects of QT and an EEF on the
computed reaction rate constants and kinetic isotope effects
(KIEs) of the above-mentioned three reactions, the most
pronounced effect of a Z-EEF on each PES (V,°, vibrationally
adiabatic ground-state potential energy including minimum
energy pathway and zero-point energy) is briefly discussed
(Scheme 1 and Figures 1, 3, and 4). Detailed results for the
smaller and similar influences of X-EEF or Y-EEF and a weaker
Z-EEF are given in Supporting Information. Figures 1, 3, and 4
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Figure 1. (a) Vibrationally adiabatic ground-state potential energies
(V,6) for the 1,2-H migration in H-C—OH in a Z-EEF (red, —5.14
V/nm; black, no-EEF (0 V/nm),; blue, S.14 V/nm) calculated using
the ®B97X-D method. (b) Arrhenius plots of computed nontunneling
(kcyr, dashed lines) and tunneling-involving (kscry, solid lines) rate
constants. (c) Computed quantum tunneling contribution ratios
(QTRs, kgor/kcyrsscr) as functions of temperature. Q is the
magnitude of the imaginary frequency of the transition state, and T,
is the corresponding crossover temperature.

reveal that a positive Z-EEF reduces both the computed energy
barrier and the barrier width (and vice versa).”® Interestingly,
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Table 1. Computed Rate Constants (kcyr and kcyr,scr in s7'), Transmission Coefficients (kgcy), and H/D KIEcyr
(Nontunneling) and KIEcyr,scr (with Tunneling) Values for the 1,2-H Migration in H—C—OH Using the ®B97X-D Method
in the Absence or Presence of a Z-EEF (V/nm) at 30, 100, and 200 K

Z'EEF kCVT kCVT+SCT
—-5.14 9.10 X 1072¥ 447 x 1077
0 247 X 1072%8 442 x 107*
5.14 9.85 x 107172 2.04 x 107!
—5.14 8.91 x 107% 447 x 1077
0 2.99 x 107> 442 x 107*
5.14 2.84 X 107% 2.05 x 107"
-5.14 8.40 x 107 4.87 x 1077
0 483 x 1072 477 x 107*
5.14 148 x 1071 2.19 x 1071

30 K

100 K

200 K

Ksct KIEcyr KIEcyriscr
491 x 10** 8.58 x 10° 3.49 x 107
1.79 x 10** 7.89 x 10° 3.78 x 10°
2.08 X 10'7° 6.52 x 10° 3.05 x 10°
5.02 x 10% 121 x 10? 3.49 x 107
1.48 x 10% 1.18 X 10* 3.78 x 10°
7.19 x 10" 1.11 x 10? 3.07 x 10°
5.80 x 10" 1.10 x 10 1.72 x 107
9.87 x 10%* 1.09 x 10* 1.94 x 10°
1.48 x 10" 1.06 x 10! 1.83 X 10°

the lower and thinner barriers were found to have lower
crossover temperatures (T). The large reduction in the barrier
is attributable to larger favorable electrostatic stabilization in
the transition state relative to the reactant in the presence of
the Z-EEF (Figures S1—S9), as the charged moieties move
parallel to the Z-EEF direction in the first two systems.
Moreover, both kcyr and kcyriscr are generally linear and
temperature-dependent in the absence or presence of the EEF
at high temperatures, whereas kcyr,scr becomes nonlinear or
even temperature-independent at (very) low temperatures (i.e.,
the deep-tunneling region).

Effect of EEF on H-Tunneling in Hydroxycarbenes. Figure 1
summarizes the PESs (V,%) as well as the nontunneling and
tunneling-involving rate constants (kcyr and kgcr) for the 1,2-
H migration in H-C—OH in the absence (0 V/nm, “no-EEF”)
and presence of a +5.14 V/nm Z-EEF. As the positive Z-EEF
direction is roughly parallel to the direction of the electron-
deficient hydrogen (proton) migration, more electrostatic
stabilization gained in the transition states (relative to the
reactants) leads to lower the energy barrier by about 5.1 kcal/
mol compared to the no-EEF case (Figure 1a). However, the
barrier is increased by ~5.3 kcal/mol when the negative Z-EEF
(in opposite to the proton migration direction) is applied.
Therefore, on the basis of (variational) transition-state theory,
the nontunneling rate constant (kcyp) is considerably
enhanced by ~36 orders of magnitude in the positive Z-EEF
at 30 K (and vice versa, Table 1). However, this enhancement
decreases significantly with increasing temperature. Notably,
the magnitude of the nontunneling rate constant at 30 K is
extremely small (<107'7% s7'), irrespective of the absence or
presence of the EEF.

Compared to the negligible kcy values, the significant and
temperature-independent (up to ~200 K) tunneling-involving
rate constants (kscr = kcyriscr, ~ 1077—107' s7') in the
absence or presence of the EEF support the notion that this
1,2-H migration is heavily controlled by hydrogen tunneling
(Figure 1b,c), which is reflected in their tremendous
transmission coefficients (kgcr).'® In addition, the quantum
tunneling contributions (ratio) to the overall rate constants
(QTR = kger/kcyrsscr) are very high even at high
temperatures (>99.8% at ~350 K), and they also increase
with increasing crossover temperature (T, = 479—491 K,
Figure la, c). Moreover, both kcyr.scr and kgep are
significantly larger in magnitude in the positive Z-EEF through
hydrogen tunneling than those in the absence of the EFF.

1126

Nevertheless, the positive Z-EEF slightly lowers crossover
temperature and the quantum tunneling contribution ratio
(QTR) surprisingly.

Comparatively, these rate constants (kcyr,scr and kgcr) are
diminished in the negative Z-EEF along with slightly higher T,
and QTR values. For instance, compared with kcyr,scr in the
absence of an EEF at 30 K (4.42 X 10™*s™"), kcyr.scr is about
three-orders-of-magnitude higher in the positive Z-EEF
(keyreser = 2.04 X 107" s7') and correspondingly lower in
the negative Z-EEF (kcyr,scr = 447 X 1077 s7"). This three-
orders-of-magnitude enhancement/reduction in kcyr,scr by
the positive/negative Z-EEF is roughly maintained in the 30—
200 K range, where each dominant kgcr component is
approximately independent of temperature (deep-tunneling
region). Overall, compared to the no-EEF case, the lower and
thinner barrier induced by the positive Z-EEF enhances all rate
constants (i.e., kcyr, kscr, and keyriscr), while the
corresponding crossover temperature, transmission coeflicients
and quantum tunneling contribution ratio are slightly
diminished surprisingly. Similar features and trends were also
observed for the other four examined hydroxycarbenes (R-C—
OH; R = CH; OH, OCH; and CN; see Supporting
Information).

Moreover, the H/D KIEiyy determined in the absence of
tunneling for H-migration in H-C—OH/D was found to be
hardly affected by the Z-EEF (Table 1). However, hydrogen
tunneling generally led to a significantly higher H/D
KIEcyr,scr relative to the H/D KIEqyr at low temperatures
(30—200 K), except in the absence of the EEF or when the
positive Z-EEF is applied at very low temperatures (Figure
S16c). The enhanced H/D KIEcyt,scr values associated with
quantum tunneling are qualitatively consistent with the
correspondingly large transmission coefficients (kgcr). More-
over, the H/D KIEcyy,scr values at 30—200 K in the positive
Z-EEF are smaller than those observed in the absence of the
EEF (and vice versa), which is consistent with smaller QTR
and kgcp values in the positive Z-EEF. These results show that
hydrogen tunneling and a Z-EEF can significantly affect the H/
D KIEcyr,scr value at low temperatures (below 200 K).

Interestingly, the Schreiner group reported that some
“reactive” systems (e.g, R = H or CH;) can quickly undergo
H-migration, while migration hardly proceeds for some less-
reactive hydroxycarbenes (e.g., R = CN, OH, or OCH;) under
cryogenic conditions.'*™'” We further investigated the ability
of a Z-EEF to modulate the reactivities/half-lives of these five
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hydroxycarbenes. The computed half-lives (7) at 30 K in the
absence of an EEF are comparable to the measured results
(Table 2)."*7"" H-C—OH and H,C—C—OH have the
computed 7 values of ~ 0.4—2.9 h, while the computed half-
lives for HO—C—OH, MeO—C—OH and NC—C—-OH are
285, 1976, and 18 days, respectively.

Table 2. Half-Lives for Hydrogen Tunneling in Five
Hydroxycarbenes (R—C—OH; R = H, CH;, OH, OCH,,
CN) in a Z-EEF (V/nm) at 30 K Computed Using the
wB97X-D Method”

R=H R=CH;, R=OH R=O0OCH; R=CN
—514 1794 176.7 d 1592.4 y 194509 y 162y
0 04 h 29h 2854 d 1976.0 d 176 d
EXP 21h I.1h NA? NA® 235d
5.14 0.1 min 0.2 min 64 h 32.1h 23h

“Measured half-lives (EXP) for these hydroxycarbenes in the absence
of an EEF (0 V/nm) are taken from refs 14 and 16—18. ®No reaction
observed.

In the negative Z-EEF (—5.14 V/nm), the computed half-
life for the “reactive” H-C—OH or H;C—-C—-OH is
considerably elongated from 0.4—2.9 h (no-EEF) to ~18—
177 days (Z-EEF). Consequently, the “reactive” H-C—OH or
H;C—C—OH is expected to experimentally exhibit negligible
H-migration in the negative Z-EEF (2 h). On the other hand,
the positive Z-EEF (5.14 V/nm) substantially shortens the
computed half-lives of these hydroxycarbenes (R = H or CHj,
0.1—0.2 min; R = CN, 2.3 h; R = OH, 6.4 h; R = OCHj, 32.1
h). Notably, the hydrogen migration of “inactive” HO—C—OH

or CH;0—C—OH was not observed experimentally (cf.: the
computed half-life is ~285—1976 days) due to stabilization of
the carbene carbon by the z-donating oxygen atom.'®
However, H-migration of the least-reactive HO—C—OH,
NC-C—-OH, or CH;0—C—OH could become feasible in
the positive Z-EEF (5.14 V/nm), with a computed half-life of
2.3—-32.1 h only. Hence, the hydrogen migration of some
“inactive” hydroxycarbenes in a positive Z-EEF may be
experimentally observed in (slightly) longer reaction time
(hours-to-days) or in shorter time using a stronger EEF.
Overall, our computational predictions show that including a
suitable EEF in the hydrogen-migration direction can turn on
(“stimulate”) or turn off (“inhibit”) H-migration in hydrox-
ycarbenes.

Predicting EEF-Controlled Chemo- or Site-Selectivity. Encour-
aged by the above-mentioned predictions for the EEF-
controlled reactivities associated with hydrogen migration
(Tables 1 and 2), we further explored the feasibility of a Z-EEF
to control chemo- or site-selectivity during hydrogen migration
in two arene derivatives (Rp and Rg), each bearing two
hydroxycarbene moieties with the same or similar reactivities
(Figure 2 and Table 3).

Figure 2c and Table 3 show that the k(cyriscr)a/Kcvrescr)s
(selectivity factor) computed for the chemoselective H-
migration of Ry, increased from 2.9 (no-EEF) to 116.6 when
the positive Z,-EEF was applied under cryogenic conditions.
Pleasingly, these results suggest that the migration reaction on
the benzyl-substituted carbene proceeds faster (with the
selectivity factor of 116.6) along path A to give PAj as the
major product over path B in the positive Z,-EEF at 30 K. In
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Figure 2. Schematic depicting chemoselectivity during H-migration in (a) Ry and (b) Rg bearing two different hydroxycarbene moieties in EEFs.
Plots of k(cyrsscrya/k(cvrsscryp vs 1/T for Ry or Ry calculated using the @B97X-D method in (c) Z,-EEF, (d) Zy-EEF, (e) Z¢-EEF, and (f) Zy-
EEF (black, no-EEF (0 V/nm), and blue, 0.514 V/nm). The red dot denotes the potential linkage site for attaching on the gold surface.
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Table 3. Rate Constants (in s™'), Selectivity Factor (Ratio of the Rate Constants, k,/ky), Half-Life (z, h), and its Half-Life
Difference (A7, h) at 30 K for the Chemo- or Site-Selectivities of Ry, and Ry in the Z,-, Zg-, Z¢-, and Z-EEFs with Various

EEF Strengths Calculated Using the ®B97X-D Method

k(CVT+SCT)A k(CVT+SCT)B ka/kg® TA ;] AT(A-B)
Ry (chemoselectivity): Z,-EEF direction
-0.514 1.53 X 107° 3.01 X 107° 0.5 12.6 6.4 6.2
0 3.72 X 107° 1.30 X 107° 2.9 5.2 14.8 -9.6
0.514 722 X 1075 6.19 X 1077 116.6 27 311.0 —308.3
R, (chemoselectivity): Zy-EEF direction
-0.514 3.69 X 107° 496 x 107¢ 7.4 5.2 38.8 —33.6
0 1.77 X 107° 1.18 X 107° 15 10.9 16.3 —5.4
0.514 1.28 x 107° 325 x 1078 0.4 15.0 5.9 9.1
k(cv-nscnc k(CVT+SCT)D ke/kp® Tc Tp AT(C—D)
R; (site-selectivity): Zc-EEF direction
—0.514 7.40 x 1076 5.84 X 107° 0.1 26.0 3.3 22.7
0 2.04 X 1075 3.54 X 1075 0.6 9.4 5.4 4.0
0.514 408 x 107° 1.49 x 1073 2.7 4.7 12.9 -82
R; (site-selectivity): Zp-EEF direction
—0.514 3.51 X 107° 1.34 x 107° 2.6 5.5 144 -89
0 1.85 x 107° 293 x 1073 0.6 10.4 6.6 3.8
0.514 9.52 x 1076 436 X 107° 0.2 20.2 44 15.8

“The ka/ kB means k(CVT+SCT)A/ k(CVT+SCT)Bi the kc/ kD means k(CVT+SCT)C/ k(CVT+SCT)D

addition, the corresponding absolute half-life difference is
calculated to be ~308.3 h. On the other hand, the
chemoselectivity of the H-migration of Ry can be reversed
(via path B) to form PBy, as the major product by applying a
positive Zg-EEF under cryogenic conditions (Figure 2d and
Table 3).

Similar EEF-controlled site-selectivities were observed for
the H-migration of Ry bearing the same carbene groups by
including a Zo-EEF or Zp-EEF (Figure 2, parts e and f).
Namely, the selectivity factor (k(cvriscryc/k(cvrsscr)p) for the
H-migration in Ry decreases from 0.6 (no-EEF) to 0.2
(positive Z,-EEF) under cryogenic conditions. These results
suggest that the reaction proceeds faster along path D to afford
PDyg, as the major product than path C under positive Zp-EEF
conditions. Also, the computed corresponding half-life differ-
ences is ~15.8 h at 30 K. On the other hand, Rg can undergo
the opposite site-selective H-migration to form PCg as the
major product (via path C) in the positive Zc-EEF under
cryogenic conditions (Figure 2e, 2£).%° Similarly, the results of
different EEF directions are summarized in Table 3. To the
best of our knowledge, our study suggests for the first time that
an EEF can modulate the chemo- or site-selectivity of reactions
that involve tunneling.

Effect of EEF on Tunneling in the Sy2 Reaction. The classical
Sx2 reaction shown in Scheme 1d was recently predicted to
involve considerable quantum tunneling by Greer and
Doubleday.”® As depicted in Figure 3a, our computational
results suggest that, compared to the no-EEF case, a modest Z-
EEF (+1.54 V/nm) significantly affects the PES for the Sy2
reaction. The energy barrier can be decreased by ~4.5 kcal/
mol in the positive Z-EEF and increased by ~5.1 kcal/mol in
the negative Z-EEF. The CN anion attacks CH;Cl
accompanied by dissociation of the Cl anion on the opposite
side in this Sy2 reaction, in which direction of the formal
negative charge relocation is parallel to the positive Z-EEF
direction (Figures S3 and S8). Accordingly, the larger barrier
reduction in the positive Z-EEF results from greater electro-
static stabilization in the transition state (with respect to the
reactant). A large polarization in the transition states in the Z-
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EEF reinforces this electrostatic stabilization. Apart from the
lower energy barrier, the positive Z-EEF also narrows the
barrier (and vice versa), albeit with a slightly smaller crossover
temperature.

Moreover, carbon tunneling makes a dominant contribution
to the overall rate constant (kcyr,scr) below T, (131—145 K),
whereas the nontunneling (overbarrier) rate constant (kcyr) is
the key contributor at high temperatures (>200 K, Figure 3b
and Table 4). For example, compared to the no-EEF case at
100 K, kcyriscr is enhanced by about seven-orders-of-
magnitude in the positive Z-EEF. On the contrary, kcyriscr
is seven-orders-of-magnitude lower in the negative Z-EEF
compared to that determined in the absence of an EEF.
Similarly, kcyr,scr was enhanced/reduced by around three- or
four-orders-of-magnitude in the positive/negative Z-EEF at
300 K, compared to the no-EEF case. It should be noted that
the transmission coefficient (kgcr) was enhanced by three-
orders-of-magnitude in the negative Z-EEF (and vice versa) at
100 K (below T.), but was only marginally affected by the Z-
EEF above T, (>200 K). Therefore, the enhancement in the
overall rate constant (kcyr,scr) observed at high temperatures
is mainly ascribable to the increase in the nontunneling
(overbarrier) rate constant (kcyr) due to its lower energy
barrier induced by the Z-EEF.

Moreover, '2C/"*C KIEcyr values computed without
tunneling are quite similar in the absence or presence of the
Z-EEF: 1.10—1.16 (100 K), 1.03—1.08 (200 K), and 1.01—
1.06 (300 K), as summarized in Table 4. On the contrary, the
2C/BC KIEcyr,scr (8.90 in —1.54 V/nm and 2.87 in 1.54 V/
nm at 100 K) values computed with tunneling are strongly
affected by the Z-EEF at low temperatures, compared with the
non-EEF case (KIEcyp,scr: 4.33). However, the 2C/C
KIEcy,scr values were found to be only slightly affected by Z-
EEF at higher temperatures (200—300 K) due to their similar
Kscr values. These results demonstrate that an EEF also affects
the reactivity and '>C/"*C KIE of this heavy-atom-tunneling
reaction, albeit to a smaller extent than the H-migration case.

Effect of EEF on Tunneling in the Triplet DPM Rearrangement
Reaction. Since the effect of an EEF on an excited-state reaction
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Figure 3. (a) Vibrationally adiabatic ground-state potential energies
(V,%) for the Sy2 reaction calculated using the M06-2X method. (b)
Arrhenius plots of the nontunneling (kcyy, dashed lines) and
tunneling-involving (kgcr, solid lines) rate constants in the Z-EEF
(red, —1.54 V/nm; black, no EEF (0 V/nm); and blue, 1.54 V/nm).
Q is the magnitude of the imaginary frequency for the transition state,
and T, is the corresponding crossover temperature.

that involves tunneling has not been examined previously, we
investigated how EEF affects the first C—C-forming step of the

triplet DPM rearrangement reaction (the first excited-state
heavy-atom tunneling reaction).’ While the DPM rearrange-
ment of benzobarrelene exhibited a 1.6 kcal/mol lower barrier
height and thinner barrier width in a negative Z-EEF of —S5.14
V/nm compared to the no-EEF case, only a slightly lower T,
was observed (Figure 4 and Table S). Similar to the Sy2
reaction, excited-state carbon tunneling makes a dominant
contribution to the overall rate constant (kcyr.scr) below T
(126—140 K), in which the tunneling-involving rate constant is
vital. On the other hand, excited-state carbon tunneling
becomes less important at higher temperatures (i.e., 200—
300 K above T.), where kgcr becomes much smaller. Notably,
carbon tunneling cannot be overlooked at high temperatures
(200—-300 K), as a QTR (C-tunneling contribution ratio) of
about 20—50% was observed.

Also, the value of kcyr,scr in the negative Z-EEF is about
two-orders-of-magnitude higher than that observed in the
absence of an EEF at 100 K. However, the roughly one-order-
of-magnitude enhanced kcyr,scr resulting from this negative
Z-EEF is almost maintained at higher temperatures (200—300
K, Table 5). Taken together, the EEF-enhanced overall rate
constant for the triplet DPM rearrangement at 200 K is
attributable to both higher nontunneling (overbarrier) and
tunneling-involving (through-barrier) rate constants. The latter
one is found to contribute less to the overall rate constant with
increasing temperature. In addition, as was observed for the H-
migration and Sy2 reactions, the lower and thinner barriers
induced by the EEF also feature smaller T, kscr and QTR.

3C was substituted for '*C at the C1, C2, and C3 positions
of benzobarrelene to further evaluate *>C/**C KIE_y (without
tunneling) and KIEcyr,scr (with tunneling) values for the
DPM rearrangement. Although the '*C/"*C KIE¢yy value was
the same in the presence and absence of the Z-EEF at 100 K
(ie., 1.18), 2C/"C KIEcyr,scr was calculated to be smaller in
the Z-EEF at 100 K than that in the non-EEF case (1.36 vs
1.54). Nevertheless, the Z-EEF hardly changes the '*C/"C
KIEqyr,scr value at high temperatures (200—300 K). Taken
together, our study suggests that an EEF can also influence the
reactivity and '*C/*C KIE of this excited-state heavy-atom
tunneling reaction, but to a lesser extent than the H-migration
case.

In summary, our extensive computational study revealed that
an appropriately orientated EEF can (significantly) affect the
overall rate constants and KIEs associated with three different

Table 4. Rate Constants (kcyp and keyrasep, L mol™ s7!'), Transmission Coefficients (kscr), and >C/*3C KIEyr and
KIEcyr,scr Values without and with Tunneling, Respectively, for the Sy2 Reaction in a Z-EEF (V/nm) Calculated Using the

MO06-2X Method at 100, 200, and 300 K

Z'EEF kCVT kCVT+SCT

—1.54 2.03 X 1073¢ 2.19 X 1077
0 1.16 x 107 1.67 x 1078
1.54 5.60 x 1071 1.13 x 107!

—1.54 7.89 x 1071 2.17 x 1071
0 8.97 x 10~ 244 x 1078
1.54 471 x 107* 9.51 x 107*

—1.54 1.82 x 1077 2.68 x 1077
0 2.66 X 1073 3.93 x 1073
1.54 3.05 3.96

100 K

200 K

300 K

1129

Ksct KIEcyr KIEcyriscr
1.07 x 10° 1.11 8.90
1.44 x 10° 1.16 433
2.01 x 103 1.10 2.87
2.75 1.04 1.16
2.72 1.08 1.17
2.02 1.03 1.10
1.48 1.01 1.05
1.47 1.06 1.08
1.30 1.01 1.04
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Figure 4. (a) Vibrationally adiabatic ground-state potential energies
(V,©) for the triplet DPM rearrangement of benzobarrelene calculated
by the @B97X-D method. (b) Arrhenius plots of the nontunneling
(kcyr, dashed lines) and tunneling-involving (kgcr, solid lines) rate
constants in the Z-EEF (red, —5.14 V/nm; black, no EEF (0 V/nm);
and blue, —2.57 V/nm). (c) Quantum tunneling contribution ratios
(QTR, kscr/keyriscr) as functions of temperatures. Q is the
magnitude of the imaginary frequency for the transition state, and
T. is the corresponding crossover temperature.

reactions involving hydrogen and (ground- and excited-state)
carbon tunneling (ie., the 1,2-H migrations of hydroxycar-
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Table 5. Rate Constants (kcyr and keyriscor in s74),
Transmission Coefficients (kg¢cr), and *C/"*C KIEcyr and
KIEcyr,scr Values without and with Tunneling,
Respectively, for the First Step in the DPM Rearrangement
of Benzobarrelene Computed Using the @ B97X-D Method
in a —5.14 V/nm Z-EEF and in the Absence of an EEF (0 V/
nm) at 100, 200, and 300 K

Z-EEF kCVT kCVT+SCT Ksct KIECVT KIECVT+SCT
100 K
—5.14 1.71 x 108 3.53 x 10° 20.64 1.18 1.36
0 2.18 x 10° 343 x 107 157.34 1.18 1.54
200 K
—5.14 394 x10°  7.63 x 10" 1.94 1.09 1.15
0 1.37 X 10° 341 x 10° 2.49 1.09 1.16
300 K
-5.14  2.85x 104 3.78 x 10% 1.33 1.06 1.09
0 297 x 10" 4.32 x 10" 1.45 1.07 1.09

benes, Sy2 and triplet Zimmerman DPM rearrangement
reactions). An oriented EEF applied in a manner that decreases
both the energy barrier and barrier width (especially along the
reaction axis) enhances the magnitude of the overall rate constant
as well as both nontunneling (overbarrier) and tunneling-
involving (through-barrier) rate constants. The lower energy
barriers are ascribed to more electrostatic stabilization in the
transition states than the reactants under EEF. Unexpectedly,
these EEF effects also slightly decrease the crossover temperature,
transmission coefficient and quantum tunneling contribution ratio,
even though the barrier width is narrower and barrier height is
reduced. Quantum tunneling was found to contribute the most
to the overall reaction rate constant at temperatures below T,
while, the nontunneling rate constant contributes more with
increasing temperature. In addition, H-migration reactivity in
hydroxycarbenes can be varied or even “switched on/off” by
the EEF. In particular, the 1,2-H migration of “inactive” HO-
C—-OH, CH;0—-C—OH, or NC-C—OH is predicted to be
possibly experimentally observable in a modest (~5.14 V/nm)
or stronger EEF. Moreover, our study demonstrated for the
first time that the chemo- or site-selectivity of one single arene
molecule with the two same or similar reactive sites can be
controlled and switched by applying an EEF. Given that an
EEF-accelerated Diels—Alder reaction was successfully real-
ized,”” our computational results suggest that an EEF can act
as a potentially useful electronic effector (external stimulus)
capable of on/off-switching or modulating the reactivities and
selectivities of some tunneling-involving reactions in chemical
and enzymatic systems around charged and/or confined
reaction environments,’”*”%
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