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The orientation directions of an external electric field (EEF) in catalyzing chemical reactions are an important
factor because they can significantly accelerate reaction activity. In this study, we explored a new anti-
Markovnikov hydroboration reaction of C-O unsaturated compounds (e.g., benzaldehyde and
benzophenone) with the aim of revealing the dominant direction of EEF in accelerating the reactions,
and pinacolborane (HBpin) was selected as an efficient reductant. The calculation results showed that
the EEF oriented along the direction of electron pair transform rather than that of the molecular dipole
moment could reduce the barrier of the hydroboration of benzaldehyde by 20 kcal mol™ when the EEF
was up to 150 x 10™* au. Moreover, the Markovnikov hydroboration of aldehyde and ketone was
investigated for obtaining the mechanistic-switchover point. Unsatisfactorily, the EEF could just influence
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rsc.li/rsc-advances the respective barriers without a promising competition with the anti-Markovnikov hydroboration reactions.

In 1956, Brown discovered the hydroboration of alkenes with
sodium borohydride-aluminum chloride," which could be
employed for the preparation of versatile and synthetic inter-
mediate organoboranes in several processes.” After this, the
hydroboration of alkenes emerged as an efficient and atom
economic protocol for the incorporation of boron substituents
into organic substrates. About twenty years later, Brown et al.
reported the direct hydroboration of carbonyl compounds with
an equimolar portion of 9-BBN.> Because the reduction of
carbonyl compounds to generate primary and secondary alco-
hols is an important reaction in the pharmaceutical industry
due to the inherent value of alcohols as building blocks in the
synthesis of bioactive molecules, which makes this study is of
significant interest.* To date, many strategies have been
explored for the hydroboration of aldehydes and ketones. Most
of them utilize more or less complex catalysts, which include
transition metals (earth-abundant transition metals,® precious
metals,® lanthanide complexes,*”” and actinides®), alkali
metals,” and main group elements."® However, some catalysts
have the disadvantages of air and moisture sensitivity, low
selectivity, a high economic cost due to the presence of heavy
metal impurities in some cases, and complicated preparation of
well-designed catalysts. Therefore, it is urgent to pursue
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concise, efficient, and environmentally friendly methods for
hydroboration; for example, a catalyst-free and solvent-free
hydroboration reaction of aldehydes has been reported
recently." Herein, we focused our attention on the development
of a greener catalyst for the catalytic hydroboration of aldehydes
and ketones.

The external electric field (EEF) is known as a smart reagent
in chemistry, which can act on atoms, molecules and complex
matter with a range of phenomena.” For example, by orienting
the field along the “reaction axis”, the direction of the “electron pair
transform” will catalyse the reaction. Moreover, flipping the
field's orientation along the reaction-axis will cause inhibition
of the reaction. The harnessing of EEF for controlling the
reactivity and selectivity of chemical reactions has gained
significant attention™ since the electrostatic catalysis of bond
cleavage has been reported to occur in highly concentrated
LiClO, solutions.™ Especially, one of the theoretical study on
the Diels-Alder reaction' catalyzed by the EEF has been
successfully verified by experiment* using a surface model
system coupled with a scanning tunnelling microscopy break-
junction approach' in 2016; this has immensely enhanced
the possibility and reliability of the EEF as a catalyst. The
inspection of these abovementioned studies has revealed that
the orientation direction of the EEF is an important influencing
factor because it may control the reaction reactivity or selectivity
by acting on the direction of electron pair transform or molec-
ular dipole moment; although one study had been reported on
the importance of the molecular dipole moment induced by
oriented-EEFs in the Diels-Alder reactions,"* we herein
explored the role of the EEF in catalyzing a new chemical
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reaction with the aim of revealing the dominant direction in
accelerating the reaction activity. Pioneered by the studies on
the hydroboration of compounds containing C-C and C-N
multiple-bonds in the presence of EEF,' the original hydro-
boration of C-O unsaturated compounds (Scheme 1) was
studied first, in which pinacolborane (HBpin) was selected as an
efficient reductant with EEF as the catalyst.

As is well-known, in the anti-Markovnikov hydroboration
reaction, a B-containing group is added to the terminal atom of
the unsaturated bond, which generates a linear structure. On
the other hand, the B atom is added to the corresponding
internal atom, and it provides a branched Markovnikov orga-
noborane. Recently, the Markovnikov hydroboration of alkenes
has gained significant attention.” Moreover, a proper EEF may
make the Markovnikov hydroboration reaction easier, and even
it becomes the primary addition reaction.'® As a result, we first
studied the Markovnikov hydroboration reaction of an aldehyde
and a ketone to verify this protocol, in which the experimental
molecules benzaldehyde and benzophenone (Scheme 1) were
selected. According to the results, the EEF could influence the
Markovnikov hydroboration of the aldehyde and ketone, but
only a small scale of decrease was induced as far as the barrier
heights of these reactions were concerned. Specifically, the
Markovnikov hydroboration reaction could still not compete
with the anti-Markovnikov hydroboration reaction. Therefore,
the detailed computation results are shown in the ESI (Fig. S1
and S2; Tables S1 and S21).

Hereinafter, we have comprehensively discussed the
effects of the EEF on the anti-Markovnikov hydroboration
reaction of C-O unsaturated compounds. At first, all the
stationary points along the potential energy surface were
optimized under the field-free conditions using the B3LYP
method*® with the basis set of 6-31G*, and then, a larger level
of 6-311++G** was used for the calculations of single-point
energies. After this, we focused on the effects of the EEF on
these reactions. The directions of the coordinate axes and the
positive Z-direction (F;) of the EEF are shown in Scheme 1.
The structures (Fig. S3 and S47) of these stationary points at
various field strengths (£25, £50 and +75 x 10~* au) from
three directions (Fx, Fy, and F,) were re-optimized, and their
single-point energies (Tables S3 and S4}) were also re-
calculated. To check that the trends are not an artifact of
the methodology, several functionals (such as PBE0O, M06,
and BP86) combined with a double or a triple basis set were
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Scheme 1 Selected model molecules of benzaldehyde and benzo-
phenone and the definitions of the directions of the coordinate axes
and positive Z-direction (F;) of the EEF.
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used for checking the calculations. The corresponding
results are shown in the ESI (Tables S5-S16 and Fig. S5-S77).
In addition, the THF solvent with the SMD?** model was
introduced to further examine the effect of solvents on the
hydroboration reactions (Tables S17, S18 and Fig. S87). The
Gaussian 09 program®> was employed for all the calculations
in the present study.

From Fig. 1a, we can deduce that the hydroboration reaction of
benzaldehyde with HBpin needs to overcome a barrier of
34.6 keal mol ™" to produce a linear organoborane under the field-
free conditions. Fig. 1b exhibits the barriers of this anti-
Markovnikov hydroboration reaction at different field strengths
from different directions, in which the red, green and black lines
correspond to the barriers when the EEF is oriented along the Fy; Fy;
and F, axes. Obviously, (i) the green line (Fy) has a small variation
whether the orientation is along the positive or negative Y-axis
direction because this direction is oriented perpendicular to the
paper plane, which is neither the direction of the electron pair
transform nor the direction of the molecular dipole moment. For
example, upon analyzing its dipole moment (Fig. 2a), we could
clearly know that only a minor component was located in the Y-axis.
This is also the reason that the variations in the dipole moments
(Table 1) of Fy (2) slightly changes (the biggest change is only 0.26 D)
with a change in the EEF. Thus, the barriers of the anti-Markovnikov
hydroboration of benzaldehyde had a small variation as the EEF was
oriented along +Fy. (ii) When the EEF was increased along —Fy, the
barriers (red line) also increased gradually. On the other hand, when
the EEF was increased along Fy, the barriers decreased. In line with
the rules,”” Fy is the direction of electron pair transform. Fig. 3
shows the electron-density difference (EDD) maps® of the transition
state (TS1) at various EEFs. We can conclude that the electron
densities of the H atom deplete (the blue dash line) as the EEF is
varied from —25 to —75 x 10~ * au, which inhibits the addition of
benzaldehyde with HBpin. Even the charges of the H atom flipped
to a positive value (0.022) when Fy = —75 x 10™* au. On the
contrary, the electron densities of the H atom increased (the solid
red line) as the EEF varied from 25 to 75 x 10~* au. Therefore, the
barriers of this hydroboration along Fx decreased. Thus, although
the electron densities of the O atom underwent a big change, the H
atom acted as a dominant factor. Comparatively, the dipole
moments (Table 1) of Fx (Z) changed slightly in the entire field
region. (iii) Furthermore, the inspection of the black line (F;) in
Fig. 1b revealed that the variation tendency of the barriers was
contrary to that in the case of the red line (Fx). We attributed this to
the changes in dipole moments with the EEF because the dipole
moment interactions were quite important in the reactions
involving borane or its derivatives.” From Fig. 2a, we can see that
the major component of the dipole moment is located in the Z-axis,
that is, the direction of F. The dipole moments (Table 1) of F;; (2)
were found to gradually increase from 2.98 (0) to 4.81 D (—75 x
10~* au), which indicated that the charges transferred to the O atom
from the C atom. Consequently, the barriers of this hydroboration
reaction along —F decreased and vice versa.

To our surprise and interest, when the field strengths were small,
the variation extents of the barriers induced by EEF from Fx and F,
were almost equal (Fig. 1b). However, the red line (Fx) had a large
decrease when EEF > |75| x 10~* au when compared with the black
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Fig.1 (a) Relative energies (kcal mol™) of the stationary points in the hydroboration of benzaldehyde with HBpin in the absence of EEF. (b) The
barriers of these hydroboration reactions when the EEFs were £25, £50 and £75 x 10~% au in three different directions i.e., Fx, Fy, and F,

respectively.

line (F,). To further examine this conclusion, we added two points
(100 and 150 x 10~ * au) for the anti-Markovnikov hydroboration of
benzaldehyde. The results are also shown in Fig. 1b in the form of
the added pink lines. Noticeably, not only the reduced tendency was
much obvious, but also the barrier height was found to be reduced
to only 14.9 kecal mol ! in the hydroboration of benzaldehyde as Fx
= 150 x 10~ * au. Based on our previous discussion, Fy is the
direction of electron pair transform, and F is almost the direction
of molecular dipole moment. Thus, from this study, we could
conclude that when the EEF strength was small, the effects of the
EEF on this hydroboration of benzaldehyde were almost equal
regardless of the direction of the electron pair transform or
molecular dipole moment. On the other hand, when the EEF was
large, the direction of the electron pair transform might be the
dominant influencing factor. However, this significant reduction
demonstrates that the EEF is a good catalyst for the hydroboration
of benzaldehyde with HBpin.

To further explore the effects of the EEF on the hydro-
boration of a ketone, we investigated the hydroboration of
benzophenone with HBpin at the same level as that of
benzaldehyde. In Fig. 4a, it can be observed that the barrier of
this reaction is 35.2 kecal mol™" under the field-free condi-
tions. When different EEFs from different directions were
imposed on this hydroboration, as shown in Fig. 4b, an
interesting phenomenon occurred. Except for the obvious
effects of Fxand F, on these barriers, the variation tendencies
were found to be similar to that of benzaldehyde (Fig. 1b)
because benzophenone could be regarded as one of the
derivatives of benzaldehyde, that is, the H atom in

Table 1 Dipole moment (D) of benzaldehyde when EEF (107 au) is
oriented along Fy and Fz

u -75 —=50 —25 0 25 50 75

Fx (2) 2.75 2.89 2.95 2.98 3.02 2.98 2.99
Fy(2) 2.74 2.82 2.9 2.98 3.07 3.15 3.24
Fy(2) 4.81 4.2 3.59 2.98 2.38 1.78 1.18

benzaldehyde was substituted by phenyl to form benzophe-
none. This is the reason that the influences of Fx and F, on
the hydroboration of benzophenone are similar to those on
the hydroboration of benzaldehyde. Moreover, a barrier
higher in energy (0.6 kcal mol™!) than that in the case of
benzaldehyde was significantly due to steric hindrance from
phenyl. Note that the effect of Fy was different from that in
the case of benzaldehyde, in which the blue curve was almost
symmetric and the variation tendency was very small
(Fig. 4b). We attribute this to the fact that benzophenone is
a symmetric molecule (Fig. 2b), and the direction of the
dipole moment is completely located at the axis of symmetry.
Fig. 4c also shows the values of dipole moments with the
changes in the EEF. It is observed that the variations are very
small, and regardless of the positive or negative Y-direction,
the dipole moments are slightly increased.

In summary, in the present study, at first, the effects of the
external electric field (EEF) on the anti-Markovnikov hydro-
boration of benzaldehyde and benzophenone with HBpin were
discussed, and further, the dominant direction of the EEF in
catalyzing these reactions was explored. When the EEFs were
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(a) Direction of the dipole moment of benzaldehyde. (b) Direction of the dipole moment of benzophenone.
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Fig. 3 Electron-density difference (EDD) maps of the transition state (TS1) at various EEFs (x10™* au) with the charges of the H atom and CHPh
group presented in the bottom right corner (the blue dash line represents the decreasing electron density, whereas the red solid line represents
the increasing electron density; when EEF = 0, the charge density of the H atom is —0.050 and that of the CHPh group is 0.441).

oriented along Fy or —F, these reactions were catalyzed;
otherwise, they were inhibited. Moreover, the small EEF
induced equal effects on the reactions, whereas for the large
EEF, the effects from the direction of electron pair transform
were more obvious than those from the molecular dipole
moment. In addition, benzophenone could be considered as
the analogue of substituted benzaldehyde. Thus, the EEF effects

a)

Ph,CO + HBPin

on the hydroboration of benzophenone were found to be
similar to those on the hydroboration of benzaldehyde, except
for the case of Fy. The possible reason is that benzophenone is
almost a symmetric molecule. Furthermore, the Markovnikov
hydroboration of an aldehyde and a ketone was investigated.
Unsatisfactorily, the EEF could just influence their barriers, but
did not cause a mechanistic-switchover.

b) ©)
4 T+ =
X n o Fr(@)
-~Y T
75 3.02
=36 T -~z
=}
g 50 2.99
=
EER 25 298
=
& 0 298
581
g 25 297
=
24 + + + + i L 2101
125 75 25 25 75 125 75 304
EEF (104 au)

Fig. 4 (a) Relative energies (kcal mol™) of the stationary points in the hydroboration of benzophenone with HBpin in the absence of EEF; (b) the
barriers of these hydroboration when the EEFs were 425, £50, and £75 x 10~* au from three directions i.e., Fx, Fy, and F, respectively; (c) dipole
moments (D) of benzophenone when EEF was oriented along the +Y direction.
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