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ABSTRACT: The mechanism of the rearrangement of
oxiranyl N-methyliminodiacetyl (MIDA) boronates in dicho-
loromethane has been extensively investigated with density
functional theory. Several reaction pathways were examined.
Our results revealed that the most-favorable mechanisms for
the BF3-promoted rearrangement of 2-phenyl oxiranyl MIDA
boronate (1) and 1-phenyl oxiranyl MIDA boronate (24)
comprise two steps: ring opening of the epoxide to a
carbocation intermediate followed by migration of a MIDA-
boryl group (for the reaction of 1) and hydrogen (for the
reaction of 24), to give the same BF3-coordinated α-boryl
aldehyde in both cases. The first step of the ring opening of the
epoxide is the rate-determining step of these reactions. In the
rearrangement step for the reaction of 1, the MIDA-boryl group migrates easily, probably because of its electron-rich sp3-
hybridized boron center. For 24, the most-favorable pathway involves a rare boryl-substituted carbocation. The course of these
reactions is mainly controlled by electronic effects, although steric effects are also significant. The higher energy barrier calculated
for the unsubstituted oxiranyl MIDA boronate (31) explains the lack of reactivity in the studied BF3-promoted rearrangement.

■ INTRODUCTION
Epoxides are useful intermediates in organic synthesis because
of their availability and ease of transformation into a wide
variety of valuable compounds.1−7 One of the most useful
transformations of epoxides is their Lewis acid-catalyzed
rearrangement to give carbonyl compounds.8−12

In recent years, Burke and co-workers13,14 have discovered a
new class of stable compounds that have the tetracoordinated
N-methyliminodiacetyl (MIDA) boryl group. It was demon-
strated that vinyl-MIDA boronates undergo epoxidation with
m-CPBA to provide oxiranyl MIDA boronates.13,15 In addition,
Yudin and co-workers16 have reported that the BF3-promoted
rearrangement of 2-substituted oxiranyl MIDA boronates (R =
alkyl or aryl groups) in DCM, warming from −30 to 0 °C over
30 min generates the corresponding α-boryl aldehydes as
unique products in high yields. Also, no ketone byproducts are
obtained (Scheme 1). However, the reaction does not proceed
with the unsubstituted oxiranyl MIDA boronate (R = H), even

at a higher temperature and longer reaction time (40 °C, 24 h).
Interestingly, the same α-boryl aldehyde is obtained by the BF3-
promoted rearrangement of both 1- and 2-substituted oxiranyl
MIDA boronate (R = Ph) (Scheme 1).
The reactions of 1-deuterated oxiranyl MIDA boronates with

BF3 have been carried out to gain insight about their
mechanism and regioselectivity.16 The outcome of these
experiments showed that the deuterium label is placed at the
carbonyl carbon of the α-boryl aldehyde, suggesting that an
unusual 1,2-boryl shift occurs. On the basis of experimental
results, Yudin and co-workers also suggested that the reaction
of 1-substituted oxiranyl MIDA boronates might take place via
a 1,2-hydride migration.
In a contemporary work, Burke and co-workers reported a

similar rearrangement of oxiranyl pinene-derived iminodiacetic
acid (PIDA) boronates promoted by magnesium perchlorate,
Mg(ClO4)2, to yield stable α-boryl aldehydes through 1,2-boryl
migration with complete maintenance of the stereochemical
purity, demonstrating the stereospecificity of this trans-
formation.17

The rearrangement of oxiranyl MIDA boronates is a valuable
synthetic method for preparing α-boryl aldehydes, which have
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shown great versatility as building blocks in the synthesis of a
large variety of functionalized organoboron compounds.18−25

Several theoretical studies have been conducted to achieve
more understanding about the mechanism of the rearrange-
ment of epoxides. It has been reported that ring opening of 2,2-
dimethyloxirane10 and 2-tert-butyl-2-methyloxirane26 catalyzed
by a Lewis acid such as BF3 occurs by a stepwise mechanism via
a zwitterionic intermediate. The formation of a BF2-bound
fluorohydrin was also suggested as a competing mechanism.
More recently, Salvatella and co-workers27 investigated the

possible mechanisms of the BF3-catalyzed Meinwald rearrange-
ment for a wide range of epoxides. These authors proposed, as
plausible reaction pathways, a concerted mechanism and three
stepwise mechanisms via formation of a zwitterionic
intermediate, a BF3-addition compound, or both, with all
paths involving epoxide ring opening, C−C bond rotation, and
alkyl or hydrogen migration.
In this work, we have performed a theoretical study of the

BF3-promoted rearrangement of 2- and 1-phenyl-substituted
and unsubstituted oxiranyl MIDA boronates (Figure 1), in

order to provide a detailed understanding about the reaction
mechanisms. To our knowledge, no report on the theoretical
study of the mechanism of the BF3-promoted rearrangement of
epoxides bearing a BMIDA group has been described to date,
particularly in regards to the unprecedented 1,2-boryl
migration. In addition, we wanted to rationalize the
experimental regioselectivity and reactivity for such reactions.

■ COMPUTATIONAL METHODS
We initially performed thorough conformational searches to locate the
lowest-energy geometries of the chemical species under study. Final-
geometry optimizations were carried out using the MPWB1K28 global
hybrid meta-GGA functional together with the 6-311G* basis set. The
MPWB1K functional proposed by the Truhlar group has been found
to provide an improvement in the accuracy of the thermodynamic data
in excellent agreement with experimental results.29−31

Frequency calculations were performed to determine the nature of
the stationary points: the transition structures (TSs) had one
imaginary frequency, and the reactants, the intermediate structures,
and the products had no imaginary frequencies. Solvent effects in
DCM (solvent used experimentally) were taken into account through
full optimizations using the SMD-continuum solvation method.32 Free
energies were computed at 298.15 K and 1 atm in DCM.
To verify the connectivity of the TSs with the correct local minima,

intrinsic reaction coordinates (IRCs) were computed from every
optimized TS in forward and reverse directions along the imaginary
mode of vibration using either the Hessian-based predictor corrector
(HPC)33,34 or the local quadratic approximation (LQA)35,36

algorithms.

Bond orders (Wiberg Bond indices, WBIs)37 and atomic charges
were calculated with the natural bond orbital (NBO)38,39 method. All
computations were carried out with the Gaussian 09 suite of
programs.40

■ RESULTS AND DISCUSSION

Rearrangement of the Complex 2-Phenyl-oxiranyl
MIDA Boronate-BF3. The reaction pathways calculated for
the BF3-promoted rearrangement of 2-phenyl oxiranyl MIDA
boronate (1) are shown in Figures 2 and 3, respectively.
Complexation between 1 and BF3 may occur on either face

of the epoxide, giving two reactive-complexes trans-1-BF3 and
cis-1-BF3,

41 the second being less stable by 1.0 kcal/mol, due to
the steric clashes between the BMIDA and BF3 groups.
The energies of the reactive complexes are considerably

lower than the total energy of separate reactants because of
favorable complexation. For this reason, relative free energies
were computed from the most-stable reactive complex (trans-1-
BF3).
Each reactive complex can undergo two alternative ring-

opening paths, through the rupture of the C2−O (Figure 2) or
C1−O (Figure 3) bonds. The ring-opening process is
accompanied by C1−C2 bond rotation,10 so two routes are
feasible. They involve the C−O bond approaching either the
less or more bulky group, which we have named anti/syn
pathways.

Rupture of the C2−O Bond. Reactive-complexes trans-1-BF3
and cis-1-BF3 may undergo anti and syn pathways through the
two-step mechanism involving a carbocation intermediate. The
first step of the anti pathways occur through TSs 2 and 4, in
which the C1−O bond is close to Hb, leading to zwitterion
intermediates 6 and 8, respectively. TS 2 (9.5 kcal/mol) is
energetically more favorable than TS 4 (14.8 kcal/mol) because
of less steric hindrance between the OBF3 group and BMIDA
moiety, which is in line with the relative energies of the starting
reactive complexes. Intermediates 6 and 8 undergo C1−O
bond rotation and BMIDA migration with very low activation
barriers (4.8 and 0.4 kcal/mol) through TSs 10 and 12,
respectively. In TSs 10 and 12, the BMIDA group is almost
aligned with the p-orbital of the nearly planar C2, showing
imaginary frequencies that correspond to the shift of the
BMIDA group from C1 to C2. Then, TSs 10 and 12 lead to the
BF3-α-borylaldehyde products in exo 14-X and endo 14-N
conformations, respectively, with the former being more stable
by 3.3 kcal/mol.42

The syn routes involve TSs 3 and 5, in which C1−O is close
to the phenyl group. Again, TS 3 is more stable than TS 5 by
2.4 kcal/mol because of the steric hindrance of the starting
reactive complex. TS 3 leads to a stable zwitterion intermediate
7 (−3.3 kcal/mol) and TSs 5 yields 9 (5.5 kcal/mol).
Intermediate species 7 and 9 undergo a Ha shift through TSs
11 and 13 to form BF3-coordinated MIDA acylboronate
products 15-N (−19.2 kcal/mol) and 15-X (−16.4 kcal/mol),
respectively. Such compounds have been obtained as air-stable
solids through Dess−Martin oxidation of α-hydroxyboro-
nates.43

To explain the preference of BMIDA migration relative to
hydrogen migration, we have analyzed the more favorable
pathways. The geometrical data, WBIs, and natural charges of
the TSs are displayed in the Supporting Information.
The activation barrier of the first step of the anti-pathway

(through TS 2) is 4.3 kcal/mol lower than that of the syn-
pathway (through TS 3). In TS 2, the atoms C3−C2−C1−Ha

Figure 1. Studied oxiranyl MIDA boronates.
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are almost in the same plane (13.2°, syn-periplanar) and in TS 3
the atoms C3−C2−C1−B(MIDA) show an anti-periplanar
arrangement (178.4°). In TS 2, the C1−Ha bond is nearly
eclipsed with the phenyl group while in TS 3 the C2−Hb bond
is eclipsing the BMIDA group; hence, 3 is more sterically
congested. In both TSs, the C2−C3 distance is shorter (1.39 Å
in TS 2 and 1.38 Å in TS 3), and the WBI between C2 and C3
atoms is higher (1.334 in TS 2 and 1.437 in TS 3) than in trans-
1-BF3 (d = 1.47 Å and WBi = 1.003), indicating a substantial
C2−C3 double bond character because of the resonance effect.
The charges at the C1 and C2 atoms are −0.256 and +0.254 e
in TS 2, and −0.271 and +0.261 e in TS 3, respectively, which
denotes the delocalization of charges to stabilize the
carbocation C2, being more notable in TS 2. Thus, the greater
stability of TS 2 relative to TS 3 is mainly attributed to steric
effects, although the greater charge delocalization also provides
more stability.

TS 10, associated with the shift of the BMIDA group, has a
smaller activation barrier than TS 11 for Ha migration (4.8 and
10.6 kcal/mol, respectively). In TS 10, the atoms C3−C2−
C1−O show an anti-periplanar arrangement (169.5°). How-
ever, in TS 11 they are in a syn-periplanar layout (4.8°), and the
phenyl group is twisted out of the plane to relieve the van der
Waals interaction with the OBF3 group.
The structures of TS 10 and 11 allow the delocalization of

charges because of the resonance effect, being more favorable in
the former, and as a consequence the C1−O, C1−C2, and C2−
C3 bonds are shorter in these TSs than in trans-1-BF3.
In TS 10, the bond distances and WBIs of C1−B(MIDA) (d

= 1.90 Å, WBI = 0.410) and C2−B(MIDA) (d = 2.20 Å, WBI =
0.198), and in TS 11, the bond distances and WBIs for C1−Ha
(d = 1.22 Å, WBI = 0.520) and C2−Ha (d = 1.47 Å, WBI =
0.266) indicate that bond breaking/forming is occurring,
respectively, and also that migration is more advanced in TS
10 than TS 11.

Figure 2. Reaction pathways of the rearrangement of the BF3-coordinated 2-phenyl oxiranyl MIDA boronate with rupture of the C2−O bond.
Relative Gibbs free energies in DCM are given in parentheses (in kcal/mol).
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The B(MIDA) (+1.283 e) and Ha (+0.362 e) atoms in TS 10
and TS 11 become more positive than in reactive complexes
and more positive than in TS 2 and TS 3, respectively. In
addition, both the C1/C2 atoms lose/gain electron population,
respectively. However, whereas in TS 10, C1 and C2 become
positive (+0.014 e)/negative (−0.038 e) respectively; in TS 11,
C1 and C2 atoms are less negative (−0.050 e)/positive (+0.029
e) than in the reactive complex and than in TS 3. Thus, the ease
of migration showed by the BMIDA group is attributed to its
electron-rich sp3-hybridized boron center, which imparts more
stability.
Rupture of the C1−O Bond. The ring opening of trans-1-

BF3 and cis-1-BF3 is accompanied by the movement of C1−C2,
with C2−O approaching Ha (anti path) or the BMIDA group
(syn path) (Figure 3).
The concerted mechanisms may occur via TS 16 and TS 19

following anti and syn paths, from trans-1-BF3 and cis-1-BF3

respectively. The anti pathway (through TS 16) involves a
phenyl migration to generate 14-N, whereas the syn route
undergoes hydrogen (Hb) migration (through TS 19) to yield
ketone 23.
Product 23 is more stable than 14-X, however TSs 16 (36.7

kcal/mol) and 19 (35.2 kcal/mol) have higher energy barriers
than the TSs in which the rupture of the C2−O bond occurs.
Thus, the reaction appears to be kinetically controlled.
Trans-1-BF3 and cis-1-BF3 may also follow syn or anti

pathways via TSs 17 and 18, respectively. In TSs 17 and 18,
ring opening is accompanied by rotation of OBF3 group around
the C1−C2 bond, placing a fluorine in a favorable position to
interact with the incipient carbocation at C1 (C1−F = 2.30 and
2.44 Å for 17 and 18). Fluoride transfer from the BF3 group to
C1 occurs, leading to BF2-bound fluorohydrin intermediates 20
and 21 (through TSs 17 and 18, respectively). The energy
barriers associated with TSs 17 (32.9 kcal/mol) and 18 (26.5

Figure 3. Reaction pathways of the rearrangement of the BF3-coordinated 2-phenyl oxiranyl MIDA boronate with rupture of the C1−O bond.
Relative Gibbs free energies in DCM are given in parentheses (in kcal/mol).
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kcal/mol) are also higher than those corresponding to the ring
opening at the C2−O bond, but they are lower than TSs 16
and 19, which is attributed to the stabilizing interaction F2BF···
C1. Similar mechanisms for the formation of BF3-addition
compounds have been reported for the reaction of some
epoxides with BF3.

44−49

BF2-bound fluorohydrin 20 shows an eclipsed conformation
and has a higher free energy (5.1 kcal/mol) than its anti-
analogue 21 (−1.0 kcal/mol). Conformer 20 could generate 21
by rotation of the C1−C2 bond, and then follow the same
reaction path. In TS 22 (18.1 kcal/mol), the phenyl group is
favorably placed for migration and then leads to 14-N.
The reaction pathways that involve ring opening at C1−O

bond are less favorable, because the carbocation formed is not
stabilized by resonance as in the case of the reaction routes that
involve rupture at C2−O bond.
The changes in C1−C2 bond distances and WBI are not

noticeable, and the C2−C3 bond is longer in TSs 16 and 19
relative to the corresponding starting reactive complexes
because of the lack of resonance effect. The charge on C1
becomes positive in both TSs (+0.161 e in TS 16 and +0.249 e
in TS 19) and the charge on C2 is less positive in TS 16
(+0.041 e). Also, it is slightly negative in TS 19 (−0.013 e). In
TSs 17 and 18, although there are stabilizing interactions C1···
F, the lack of resonance is dominant in the higher energy
barriers.
All these calculations suggest that the most favorable pathway

for the studied rearrangement comprises a two-step mechanism
that involves rupture of the C2−O bond via TS 2 to give
carbocation 6 followed by B(MIDA) group migration via TS
10, which yields α-borylaldehyde 14-X as the unique product,
which is in agreement with experimental results (Figure 4).16

The regioselectivity of this reaction is mainly controlled by
electronic factors.

Rearrangement of BF3-Coordinated 1-Phenyl Oxiranyl
MIDA Boronate. The mechanisms computed for the reaction
of BF3-coordinated 1-phenyl oxiranyl MIDA boronate (24)
considering the ring opening at the most substituted bond
(C1−O) are gathered in Figure 5. The rupture of the less-
substituted bond (C2−O) is predicted to occur with a much
higher energy barrier (between 32 to 48 kcal/mol) because of
the lack of the stabilizing resonance effect, as was also
demonstrated for the rearrangement of BF3-coordinated
oxiranyl boronate 1 (see the Supporting Information).

Complexation between BF3 and 24 leads to two reactive-
complexes trans-24-BF3 and cis-24-BF3,

41 the second being less
stable than the former conformer by 1.0 kcal/mol.
The ring opening of each reactive complex is accompanied

by the C1−C2 bond rotation, and we were able to find two
possible syn pathways in which the C−O bond is close to the
BMIDA group. Attempts to find TSs for anti pathways, in
which the C−O bond is close to the phenyl group, were
unsuccessful. This is presumably because of the more-
constrained rotation of C2-OBF3 group toward the phenyl
group.
The reaction pathways involve two-step mechanisms; first,

the ring opening occurs via TSs 25 and 26, which lead to
zwitterion intermediates 27 and 28, and then hydrogen
migration (Ha) takes place through TSs 29 and 30, respectively.
Both paths lead to the BF3-coordinated α-boryl aldehyde 14-X,
as was obtained in the most-favorable mechanism of the

Figure 4. Reaction profile for the most-favorable pathway of BF3-
promoted rearrangement of 2-phenyl oxiranyl MIDA boronate (1).
Optimized geometries of the TSs 2 and 10 are shown.

Figure 5. Reaction pathways of the rearrangement of the BF3-
coordinated 1-phenyl oxiranyl MIDA boronate with rupture of the
C1−O bond. Relative Gibbs free energies in DCM are given in
parentheses (in kcal/mol).
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rearrangement of 1, and in agreement with the experimental
results.
The first step of these mechanisms is the rate-limiting step.

The energy barrier for TS 25 (13.1 kcal/mol) is higher than
that for TS 26 (10.2 kcal/mol). In TSs 25 and 26, C1, C2, B,
and the atoms of phenyl group are almost in the same plane. In
TS 25, the OBF3 group is closer to the phenyl group, and the
atoms C3−C1−C2−Hb show a nearly syn-periplanar arrange-
ment (8.1°). In TS 26, the OBF3 group is placed away from the
BMIDA group to relieve the steric tension between both
groups ,and thus, this structure is less congested than TS 25.
Also, in TS 26 Ha and Hb are similarly placed: relative to the
vacant p orbital of C1, and appear to have an equal tendency to
migrate, whereas in TS 25 only Ha is in a better position to
migrate.
In both TSs, a redistribution of the charge density occurs as a

consequence of the rupture of C1−O bond. The charges of
C1/C2 become positive/negative in TSs 25 and 26 (C1=
+0.091 and +0.141 e and C2 = −0.059 and −0.063 e for TSs 25
and 26, respectively). The positive charge on the carbocation
C1 is delocalized by resonance, causing a decrease of the C1−
C3 bond distance in TSs 25 and 26 (1.43 and 1.44 Å,
respectively) relative to the corresponding starting reactive
complexes (1.49 Å). Thus, in both TSs the resonance effect
stabilizes the incipient carbocation; the lowest energy barrier
for TS 26 is mainly attributed to its lesser steric hindrance.
The free energies of TSs 29 and 30 are very similar to those

for intermediates 27 and 28 (1.1 kcal/mol higher and 1.0 kcal/
mol lower, respectively), so this step is predicted to be
essentially barrierless. The hydrogen shift is significantly
advanced in TSs 29 and 30; C2−Ha is almost aligned with
the p-orbital of C1, and shows an increase in bond length (1.18
and 1.16 Å, respectively). Also, the C1−C2 bond distance
decreases and its WBI increases in both TSs 29 and 30 (1.41 Å
and 1.251 for TS 29 and 1.42 Å and 1.234 for TS 30), showing
partial double-bond character, which is due to the charge
redistribution. The charges of Ha and C1 become more
positive/slightly less positive in TSs 29 and 30 relative to those
in TS 25 and 26, respectively.
Thus, even though both pathways lead to the expected

product 14-X, the mechanism starting from cis-24-BF3,
depicted in Figure 6, is more probable to occur. The energy

profile is comparable to that of the most-favorable route for the
rearrangement of 1. Another crucial point is that in contrast to
2-phenyl oxiranyl MIDA boronate (1), for 1-phenyl oxiranyl
MIDA boronate (24) we were able to locate boryl-substituted
carbocations such as 27 and 28. The presence of a stabilizing
substituent such as a phenyl group on the positive carbon
seems to determine whether such unusual cationic species can
be formed or not and therefore whether migration and epoxide
ring opening proceed in a stepwise or concerted fashion.

Rearrangement of BF3-Coordinated Oxiranyl MIDA
Boronate. The mechanisms calculated for the rearrangement
of BF3-coordinated oxiranyl MIDA boronate (31) are shown in
Figures 7 and 8. Two reactive complexes are obtained by
interaction of 31 with BF3, trans-31-BF3, and cis-31-BF3, the
latter being less stable by 4.6 kcal/mol, because of its higher
steric hindrance between the BF3 and BMIDA groups.

Rupture of the C2−O Bond. For this mechanism, when the
C−O bond is close to Hc/Hb, the pathways are called anti and
syn, respectively. The ring opening at the C2−O bond for the
anti and syn pathways from trans-31-BF3, and the anti pathway
from cis-31-BF3, involve a concerted mechanism in which 1,2-
boryl migration occurs through TSs 32−34 (Figure 7).
In TS 32, the atoms Ha−C1−C2−Hb have an almost anti-

periplanar arrangement (176°) and C2−C1−B(MIDA) forms
an angle of 116°, indicating that the boryl group is placed to
migrate. In TS 33, the Ha is placed more favorably to migrate
(C2−C1−Ha = 112°). However, the IRC calculation leads to
the final product through a 1,2-boryl shift. In TS 34 the
BMIDA group is placed favorably to migrate as in TS 32, but
BF3 is on the same side of the BMIDA group (relative to
starting reactive complex), resulting in greater steric hindrance
and thus a less stable TS (40.6 kcal/mol).
TSs 32 and 33 lead to exo BF3-coordinated α-boryaldehyde

38-X (−27.4 kcal/mol), which is more stable than its endo form
38-N (−24.6 kcal/mol), obtained through TS 34.
Rearrangement of cis-31-BF3 along the syn route is

accompanied by rotation about C1-OBF3, which favorably
positions a fluorine of BF3 (C2−F = 2.28 Å) to interact with
the C2 atom in TS 35. The fluoride transfer from the BF3
group to carbocationic atom C2 occurs, generating BF2-bound
fluorohydrin 36 (4.8 kcal/mol). This has a relative free energy
similar to that of the starting reactive complex. Compound 36
can generate reaction product 38-N through a two-step
sequence involving fluoride transfer from C2 to the OBF2
group and boryl migration (via TS 37). The energy barrier of
this reaction pathway (33.8 kcal/mol) is also higher.
In the routes in which the epoxide ring opening occurs at

C2−O, boryl migration seems to be implicated. Our attempts
to locate a mechanism that involves the shift of Ha from C1 to
C2 were unsuccessful. This demonstrates that the BMIDA
group can migrate easily because of the tetra-coordinated B
atom.

Rupture of the C1−O Bond. Both trans-31-BF3 and cis-31-
BF3 can undergo a concerted rearrangement through the anti
(with the C2−O bond rotating toward Ha) and syn routes (with
the C2−O bond rotating toward the BMIDA group) via TSs 39
and 42 to generate 38-N and 38-X, respectively (Figure 8). In
TSs 39 and 42 the C2−Hc and C2−Hb bonds, respectively, are
almost aligned with the vacant p-orbital of C1. TS 39 (34.2
kcal/mol) has a lower relative free energy than TS 42 (36.3
kcal/mol), but the energy barrier for the latter is lower (31.7
kcal/mol).

Figure 6. Reaction profile for the most-favorable pathway of BF3-
promoted rearrangement of 1-phenyl oxiranyl MIDA boronate (24).
Optimized geometries of the TSs 26 and 30 are shown.
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Complexes trans-31-BF3 and cis-31-BF3 can also undergo a
stepwise mechanism through the syn and anti pathways via TSs
40 and 41, to generate intermediate BF2-bound fluorohydrin
compounds 43 and 44, respectively. These mechanisms involve
the fluoride transfer from the BF3 group to the incipient
carbocation at C1. TS 40 (31.0 kcal/mol) has a higher energy
barrier than TS 41 (26.2 kcal/mol), and in both TSs a fluorine
atom of the BF3 group is in a favorable position to interact with
C1 (C1−F = 2.27 Å in TS 40 and 2.40 Å in TS 41). In the
second step of the mechanism, compounds 43 and 44 undergo
fluoride transfer and then Hb and Hc migration to generate 38-
N through TSs 45 and 46, respectively. For the anti pathway,
the hydride migration shows a slightly lower energy barrier
(25.2 kcal/mol for TS 46) than the first step.
The most-favorable mechanism for the rearrangement of

BF3-bound 31 (also displayed in Figure 9) involves fluoride
transfer (through TS 41) to give a BF2-bound fluorohydrin
compound (44). Then, fluoride transfer from C1 to the OBF2
group and hydrogen migration occur (through TS 46) to yield
the final BF3-coordinated α-boryl aldehyde product (38-N).
The energy barriers for such a reaction are considerably higher

than those calculated for the most-favorable mechanisms of
BF3-coordinated 1 and 24, which explains the lack of the
reactivity for 31.16 The larger activation barriers are attributed
to the absence of the resonance contribution, which is reflected
in the redistribution of the charges on the TSs (See the
Supporting Information).

■ CONCLUSIONS

A detailed theoretical study on the mechanism of the BF3-
promoted rearrangement of 2- and 1-phenyl substituted and
unsubstituted oxiranyl MIDA boronates was carried out using
density functional theory in DCM. For each starting reactive,
several pathways were investigated.
It was found that the most favorable pathway for the

rearrangement of 2- and 1-phenyl oxiranyl MIDA boronates (1
and 24, respectively) takes place through a two-step mechanism
involving (i) ring opening of C−O bond and C1−C2 rotation
to form a carbocation intermediate and (ii) migration of
BMIDA (for reaction of 1) and hydride (for reaction of 24),
both leading to the same product, α-boryl aldehyde 14-X.
These mechanisms are in agreement with the experimental

Figure 7. Reaction pathways of the rearrangement of the BF3-coordinated oxiranyl MIDA boronate with rupture of the C2−O bond. Relative Gibbs
free energies in DCM are given in parentheses (in kcal/mol).
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results. In both pathways, the ring opening is the rate-
determining step (the first step), and the cleavage of the bond
between the oxygen and carbon atom attached to phenyl is
energetically favored because the positive charge on the
generated carbocation is delocalized and thus, stabilized by
the resonance effect.

The calculations support that in the second step of the
rearrangement of 1, the BMIDA group migrates easily from
intermediate carbocation 6 through TS 10, because of the
electron-rich nature of its sp3-hybridized boron center.
In the second step of the rearrangement of 24, Hb and Hc are

equally well-positioned to shift, but rotation of C1−C2 toward
the C1−O approaching the BMIDA group occurs through TS
30 to release the steric hindrance.
The experimentally observed regioselectivities are mainly

dominated by electronic effects, although steric effects are also
significant and determine the most favorable pathway.
The experimental lack of reactivity of BF3-coordinated 31

could be explained through the higher energy barrier, which is
mainly attributed to the absence of resonance effect.
Interestingly, the most energetically favorable mechanism
computed for BF3-coordinated 31 involves a fluoride transfer
to afford a BF2-bound fluorohydrin intermediate (44), which
undergoes fluoride transfer from C1 to the OBF2 group and
hydrogen migration to yield α-boryl aldehyde (38-X).
This study not only provides insight into the mechanism for

the rearrangement of the BF3-promoted oxiranyl MIDA
boronates, but also demonstrates that the preferred reaction
pathway is strongly dependent on the substrate structure. This
should be taken into account to extend the scope of these novel
compounds.

Figure 8. Reaction pathways of the rearrangement with rupture of the C2−O bond of the BF3-coordinated oxiranyl MIDA boronate. Relative Gibbs
free energies in DCM are given in parentheses (in kcal/mol).

Figure 9. Reaction profile for the most-favorable pathway of BF3-
promoted rearrangement of oxiranyl MIDA boronate (31). Optimized
geometries of the TSs 41 and 46 are shown.
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