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ABSTRACT: The origin of the regioselectivity of the
Baeyer—Villiger reaction of a-Me-, -F-, and -CF;-cyclo-
hexanones was investigated theoretically (MPWBIK/6-311+
+G**-PCM(CH,Cl,)//MPWBI1K/6-311G**-Onsager-

2 0
(CH,ClL,)). Investigation of the energy profiles of the 0 cr.com o _<o
. . 3 3! ilit il i jvii
rearrangement step revealed the reality of the importance of %Me — ot Structural stability rather than kinetic reactivity
Me

conventional migratory aptitude based on the stabilization
capability of partial positive charge generated during the
migration step. We have divided the origin of the
regioselectivity into two factors: (1) structural stability (steric
repulsion, dipole interaction, etc.) and kinetic reactivity

(energy barrier from the intermediate, i.e., cation stabilization capability). For a-CF;-cyclohexanone, the migration tendency
was mostly dependent on the kinetic reactivity; CF; substitution greatly increased the energy barrier. Noteworthy is the
orientation of the CF; group at the transition state. The CF; group possessed the axial orientation overcoming the 1,3-diaxial
repulsion, probably because of the strong dipole interaction between the CF; group and the leaving acid moiety. Striking results
in the case of a-F- and -Me-cyclohexanone were that no difference in the energy barriers by the substituents could be observed.
Especially in the case of @-Me substitution, structural stability operates in determining the most stable transition state, which is in
contrast to the conventional understanding of the migratory aptitude based on the ability to stabilize partial positive charge.

B INTRODUCTION

The Baeyer—Villiger (B—V) reaction' has been widely
employed in organic synthesis by virtue of the unique
transformation; an oxygen atom can be inserted regioselectively
and stereospecifically into a carbon—carbon single bond.”* A
two-step mechanism has been well-accepted: (1) carbonyl
addition of a peroxy acid to form a peroxy acid/carbonyl
adduct, the so-called Criegee intermediate,” and then (2)
skeletal rearrangement thereof to give lactones or esters. Many
kinetic studies® had been carried out to reveal that rearrange-
ment of the Criegee intermediate is a concerted process and,
with some exceptions,Sf’i a rate-determining step (Figure 1).
The regioselectivity has long been the most important issue
in the B—V reaction. Regioselectivity is normally highly
predictable. Migratory aptitude decreases in the order: tertiary
alkyl > secondary alkyl > primary alkyl > methyl.*® It is widely
believed that the ketonic substituent that can best stabilize a
partial positive charge at the transition state of the migration
step usually migrates preferentially. It has also been well-
accepted that the stereoelectronic requirement for correct anti-
periplanar alignment of the migrating substituent and the O—O
bond of the leaving peroxy acid (e.g, R’"COO7), referred to as
the primary stereoelectronic effect, is required at the migrating
step (Figure 1).% Such a primary stereoelectronic effect has
been rationalized, though in few reports, where the migration of
the carbon a is located in correct anti-periplanar alignment by
(i) conformational requirements’ or (ii) stereoelectronic
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Figure 1. Primary stereoelectronic effect in the Criegee intermediate.

requirements by the dipole interaction (Figure 2).® In
Chandrasekhar’s model (Figure 2i), the conformation of the
Criegee intermediate is fixed by the rigid bicyclic system, and
thus the C—O bond which is in anti-periplanar alignment was
the only choice for migration. Crudden’s model (Figure 2ii)
gives a striking demonstration of the operation of primary
stereoelectronic effect. When the F group is in equatorial
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Figure 2. Primary stereoelectronic effect in the Criegee intermediate
of (i) Chandrasekhar’s and (ii) Crudden’s models.

Bu

orientation, as shown in Figure 2ii, dipole interaction between
the C—F bond and the leaving acid moiety destabilizes the
conformation of eq-I of the Criegee intermediate, making it
easier for the C—F group to migrate. Opposite migration
tendency was observed with low selectivity when the F group
was in axial orientation. In these experiments, primary
stereoelectronic effect controls the regioselectivity rather than
the conventional migratory aptitude based on cation stabiliza-
tion. Considering the regioselectivity of the B—V reaction, we
learn from the discussion above that the first thing is to
construct all possible conformations in the Criegee inter-
mediate, which fulfills the correct anti-periplanar alignment, and
then compare the stability of the following transition state
considering both structural stability (steric repulsion, dipole
interaction, etc.) or kinetic reactivity (energy barrier from the
intermediate, i.e., cation stabilization capability). The reaction
finally proceeds from the most stable transition state, as the
transition state is the expression of the whole energetics stated
above, and the regioselectivity depends on the energies of the
transition state.

Recently, we reported the B—V reaction of a-CF;-cyclo-
hexanone and observed the exclusive migration of the carbon
without the CF; group.” Since the CF; group has a strong
electron-withdrawing nature, the regioselectivity could be
explained by the conventional migratory aptitude. It was
found by theoretical investigation that the most stable
transition state bears a sterically demanding CF; group in
axial orientation normally unfavorable due to the 1,3-diaxial
repulsion. This is attributable to the interaction of two dipole
moments from the a-CF; group and the leaving group.

The experimental result of the regioselectivity of a-Me,
-F-*® and -CF,’-cyclohexanone is shown in Figure 3. It is
interesting to note that the regioselectivity of a-Me-cyclo-
hexanone, a typical example of B—V reaction, is considered to
be dependent on the conventional migratory aptitude based on
cation stabilization. No further investigation on the regiose-
lectivity has been conducted to date.

The focus of this paper is the computational exploration on
the origin of the regioselectivity of the B—V reaction of
cyclohexanone derivatives, as they are a typical substrate for the
B—V reaction, especially focusing on the effect of a-
substituents. Although a lot of computational investigation of
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Figure 3. B—V reaction of a-Me-, -F-, and -CF;-cyclohexanone.

the B—V reaction has been carried out,'' most of them discuss
the mechanism of the whole reaction process and not the
regioselectivity, except for the one reported by Grein et al,
which showed the energetic difference caused by a-halo
substitution.'™ By investigating the migration step of all
possible conformations for each substrate, we successfully
clarified the role of the two factors controlling the
regioselectivity. It was revealed, to our surprise, that, in the
case of a-Me-cyclohexanone, regioselectivity did not depend on
the difference in energy barrier from the intermediate caused by
the methyl substitution but rather on the structural stability
based on the steric repulsion between the a-substituent and the
leaving acid moiety. This investigation will lead to a further
understanding of the origin of the regioselectivity of the B—V
reaction.

B CHEMICAL MODELS AND COMPUTATIONAL
METHODS

The regioselectivity of the B—V reaction is determined at the
stage of the migration step from the Criegee intermediate.
Therefore, the Criegee intermediate and the transition state of
the migration step of the B—V reaction of cyclohexanone
derivatives with trifluoroperacetic acid (TFPA) were optimized.

When calculating the mechanism of the B—V reaction, we
need to consider how to take into account the effect of the
coexisting acid. The effect of the acid on the structure of the
reaction pathway has been investigated extensively, but different
models and calculation levels often lead to different
conclusions.''“>9™*"* Recently, Alvarez—Idaboy et al.
reported a theoretical study on the whole reaction pathway of
the B—V reaction of propanone and cyclohexanone with
trifluoroperacetic acid and compared their result to the
experimental kinetic studies.'"® The calculation result showed
a good agreement with the kinetic data. Their proposed
mechanism is acid-catalyzed addition of peracid to ketone
followed by noncatalyzed migration (Figure 4). The calculation
level they employed is high enough (MPWBI1K/6-311++G**-
PCM(CH,CL)//MPWBIK/6-311G**-Onsager (CH,Cl,))
compared to the previous theoretical investigations."" We think
that this model and calculation method is so far the best to
follow in our study.
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Figure 4. Proposed mechanism and the effect of acid for the B—V
reaction by Alvarez—Idaboy.

Previously, we reported the theoretical investigation of the
migration step of the B—V reaction of a-CFj-cyclohexanone.”
The calculation method we used at that time was MP2/6-
31G**//HF/6-31G* level according to the report by
Okuno."'® In this report, we decided to revisit all of the
structures according to the report by Alvarez—Idaboy et al.''®
Although there was no significant change to the conclusion
reported in our previous study, we believe that the new method
gives more accurate energetics.

As shown in Figure S, there are a total of eight possible
conformations in the rearrangement step with respect to the
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Figure S. Chemical model of the B—V reaction.

orientation (axial or equatorial) of the oxidant and R group and
the regioselectivity of the migrating carbon (path a or b). All of
the structures of the Criegee intermediates (CPs) and the
transition states (TSs) from the corresponding intermediates
were calculated for each X = Me, F, and CF; substituent.

All of the calculations were performed with the Gaussian
09" program package. The structures were first optimized with
B3LYP/6-31+G**15 ynder vacuum. Then, starting from the
optimized structures, it was reoptimized at MPWBI1K/6-
311G**" with the Onsager solvent model (CH,ClL, & =
8.93)'° followed by frequency calculation at the same level. All
the CPs and TSs were confirmed to have zero and one
imaginary frequency, respectively. Then, single-point energy
and frequency calculations were carried out in the presence of a
polarizable dielectric (CH,Cl,, &€ = 8.93) as described by the
IEF-PCM model'” at the MPWB1K/6-311++G** level. The
energies shown in this report are the Gibbs free energies of the
results of final single-point calculations containing zero-point,
thermal, and entropy effects at 298.15 K. Natural charges were
calculated by the natural population analysis'® at the same level
of the theory used for the final single-point calculations.
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B RESULTS AND DISCUSSION

a-CF;-Cyclohexanone. Relative Gibbs free energies based
on the most stable CP for all eight possible conformations of
CPs and TSs for a-CF;-cyclohexanones are listed in Table 1

Table 1. Relative Gibbs Free Energies of CF;-CPs and CF;-
TSs at the MPWBIK/6-311++G**-PCM(CH,CL,)//
MPWBI1K/6-311G**-Onsager(CH,Cl,) Level

AGep AGrs AGrs—AGep

Type I (kcal/mol) (kcal/mol) (kcal/mol)

CEs- 0.0 CF;- 24.0 24.0
CP1 TS1

CF,- 39 CF,- 238 19.9
cP2 TS2

CF,- 23 CF,- 28.5 262
CP3 TS3

CF,- 038 CF,- 2.4 216
CP4 TS4

AGcp AGrs AGrs—AGep

Type I (kcal/mol) (kcal/mol) (kcal/mol)

CF,- 02 CF,- 25.4 252
CPs TSS

CF,- 42 CF,- 238 19.6
CP6 TS6

CF,- 3.0 CF,- 268 238
cp7 TS7

CE;- 11 CE;- 240 229
CP8 TS

and shown graphically in Figure 6. Calculation of the product
distribution from the energies of the transition states based on
Boltzmann distribution gave a/b = 6:94, showing good
agreement with the experimental result. The energy diagram
in Figure 6 looks, at a glance, complicated and difficult to
analyze because of the small energy difference. However, there
is an obvious tendency when focusing on the energy barriers
from the intermediates: the a series have larger energies than
the b series. The range of the energy barrier could be clearly
distinguished from a series with the range being between 23.8
and 26.2 kcal/mol, and b series being between 19.6 and 22.9
kcal/mol. It is clear from the gradient of the line connecting
CPs and TSs in the energy diagram (Figure 6) that the a series
(dotted line) have a gradient larger than that of the b series
(solid line). This is obviously because of the strong electron-
withdrawing nature of the CF; group. Partial positive charge
generated on the migrating carbon during the reaction pathway
will be destabilized by the CF; group, leading to the higher
energy barrier. Thus the conventional understanding of
migratory aptitude based on kinetic reactivity (energy barrier
from the intermediate) operates here.

Special note should be given to the orientation of the CF;
group. CF;-TS4, the most stable transition state, has a CF;
group on the axial orientation. What causes the sterically
demanding CF; to possess axial orientation, which is usually
less preferred because of 1,3-diaxial repulsion? We attributed
this phenomenon to the stabilization by dipole interaction
between the CF; group and the leaving trifluoroacetate
moiety.” When looking at the structure of the transition state,
the most stable transition state CF;-TS4 has the CF; group in
an axial orientation and the trifluoroacetate group is in nearly
anti-parallel (128°) orientation from the CF; group (Figure 7).
We think that cancellation of the dipole moments stabilizes
CF;-TS4. By comparing the structure of CF;-TS4 with that of
CF;-TS2, which is in the same b series with CF;-TS4 but with
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Figure 7. Three-dimensional structure of CF;-TS2, CF;-TS4 (carbon,
black; hydrogen, gray; oxygen, red; blue, blue). The numbers refer to

the distances in A.

the CF; group in an equatorial orientation, the effect of dipole
cancellation is more clear because the trifluoroacetate group is
at an angle of 42° from the CF; group in CF;-TS2, resulting in
higher energy.
a-F-Cyclohexanone. Energy profile for the reaction of a-F-
cyclohexanones (Figure 8, Table 2) was relatively featureless
compared to that of a-CF;-cyclohexanones. All of the energies
of CPs were within only 2.9 kcal/mol difference, and those of
TSs were within only 2.7 kcal/mol difference. Experimental
product yield for the B—V reaction of a-F-cyclohexanone using
mCPBA was reported for the substrate with fixed F orientation
by a bulky ¢-Bu group, as shown in Figure 3.° For the substrate
with the F group in the equatorial orientation (F_eq: 1, 2, 5,
6), calculation of the product distribution based on the
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Figure 8. Energy diagram of the rearrangement step of a-F-
cyclohexanone in terms of AG (kcal/mol).
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Table 2. Relative Gibbs Free Energies of F-CPs and F-TSs at
the MPWBI1K/6-311++G**-PCM(CH,Cl,)//MPWB1K/6-

311G**-Onsager(CH,Cl,) Level

AGer AGrs AGrs—AGep
Type 1 (kcal/mol) (kcal/mol) (kcal/mol)
F-CP1 0.6 F-TS1 23.7 23.1
F-CP2 29 F-TS2 24.0 21.1
F-CP3 1.5 F-TS3 234 219
F-CP4 1S F-TS4 22.3 20.8
AGer AGrs AGr—AGe
Type II (kcal/mol) (kcal/mol) (kcal/mol)
F-CP5 0.0 F-TSS 23.5 23.5
F-CP6 2.1 E-TS6 246 2.5
F-CP7 13 E-TS7 23 21.0
F-CP8 0.6 F-TS$ 21.9 213

Boltzmann distribution from the energies of the transition state
gave a/b = 74:26, and the same calculation for the F group in
the axial orientation (F_ax: 3, 4, 7, 8) gave a/b = 29:71. This
value is in good agreement with the experimental results, which
were 91:9 for F_eq and 29:71 for F_ax, showing the reliability
of the calculation results.

In stark contrast to a-CF;-cyclohexanone, the energy barriers
from the intermediates for all of the a-F-cyclohexanones were
within only 2.7 kcal/mol, and the dependency of the energy
barriers on the F substitution is not significant. This means that
the direct electronic effect of F substitution on the a-carbon
does not affect the migratory aptitude, and the stereoelectronic
factor plays a more important role, which is consistent with the
proposal by Crudden et al.® where the primary stereoelectronic
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effect works predominantly in determining the regioselectivity
of the B—V reaction of a-F-cyclohexanone (Figure 2ii).
Crudden et al. emphasized the importance of the dipole
interaction between the C—F bond and the leaving acid moiety
as the determining factor of regioselectivity in the case of the
F_eq substrate. If we compare the energies of F-CP1 and F-
CP2, which correspond to eq-I and eq-II in Figure 2ij, it is
largely different by 2.3 kcal/mol. Since the angles between the
F group and the leaving acid group () in F-CP1 and F-CP2
are 108 and 13°, respectively, the stability of F-CP1 could be
attributed to cancellation of dipole moments of the two groups
(Figure 9). In fact, the total dipole moments of F-CP1 and F-

/

— 1
F-TS1
1.84

Figure 9. Three-dimensional structures of F-CP1, CP2, F-TS1, and
TS2 (carbon, black; hydrogen, gray; oxygen, red; blue, blue). The
numbers refer to the distances in A.

Table 3. Dipole Moment of F-CPs and F-TSs

F dipole moment (D) dipole moment (D)
eq. F-CP1 52 F-TS1 9.8
eq F-CP2 5.8 F-TS2 114
ax. F-CP3 3.1 F-TS3 8.3
ax. F-CP4 3.4 F-TS4 8.5
eq. F-CPS 5.5 F-TSS 10.2
eq. F-CP6 5.9 F-TS6 11.8
ax. F-CP7 3.4 F-TS7 9.1
ax. F-CP8 4.0 F-TS8 9.1

CP2 are 5.2 and 5.8 D, respectively (Table 3), which is in good
agreement with the discussion of dipole cancellation. In the
transition state, the energy difference decreased to 0.3 kcal/mol.
This significant decrease is attributable to the change in the 6
value (84° for F-TS1 and 38° for F-TS2) which lowers the
structural stabilization by dipole cancellation effect and thus
leads the energies of F-TS1 and F-TS2 closer. The same
discussion could be done in the structure with the acid moiety
in an equatorial orientation (F-CPS and F-CP6). F-CP$ has
higher 6 value (106°) and thus lower dipole molent (5.5 D),
leading to lower energy compared to F-CP6 (6 = 16°, dipole
moment = 5.9 D). It is interesting to note that F_eq series has
higher transition state energy than F_ax series. By looking at
the dipole moment of the transition state (Table 3), we can
find a clear relationship between the energy tendency and the
dipole moment; dipole moment of the F_eq series is larger
than the F_ax series.
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From the discussion above, the regioselectivity of the a-F-
cyclohexanone is mostly dependent on the dipole interaction
between the dipole from the C—F bond and the leaving acid
moiety. Stereoelectronic stability (structural stability) is the
determining factor, and the partial cation stabilization is not
operating here.

a-Me-Cyclohexanone. Among all of the investigations
reported here, analysis of the regioselectivity of a-Me-
cyclohexanone was the most impressive one since this substrate
is often used as an example to explain the regioselectivity of the
B—V reaction. As discussed later, the commonly accepted
migratory aptitude by cation stabilization does not operate
here.

Energetics of all possible conformations are described in
Table 4 and graphically shown as an energy diagram in Figure

Table 4. Relative Gibbs Free Energies of Me-CPs and Me-
TSs at the MPWB1K/6-311++G**.PCM(CH,CL,)//
MPWBIK/6-311G**-Onsager(CH,Cl,) Level

AGcp AGrg AGs—AGep
Type I (kcal/mol) (kcal/mol) (kcal/mol)
Me-CP1 2.0 Me-TS1 19.0 17.0
Me-CP2 S.S Me-TS2 21.5 16.0
Me-CP3 22 Me-TS3 20.1 17.9
Me-CP4 23 Me-TS4 20.9 18.6
AGer AGrs AGrs—AGep
Type II (kcal/mol) (kcal/mol) (kcal/mol)
Me-CPS 0.0 Me-TSS5 19.7 19.7
Me-CP6 4.0 Me-TS6 213 17.3
Me-CP7 3.6 Me-TS7 20.3 16.7
Me-CP8 2.3 Me-TS8 21.7 194

10. Calculation of the product distribution using Boltzmann
distribution was a/b = 6:94. By comparing with the
experimental result (Figure 3, a/b = 3:97), again, we can be
confident about the calculation level.

The first thing to point out in the energy diagram for the
migration step of a-Me-cyclohexanone (Figure 10) is the
transition state. Energetics of the transition state could be
separated in the middle, where all of the lower energy transition
states (1, S, 3, 7) are a series (migration of CHMe) and the rest
of the transition states (4, 6, 2, 8) are b series (migration of
CH,). Distinct from a-CF;- and a-F-cyclohexanone, migration
of Me-substituted carbon is predominant, no matter what the
orientation is. We first thought that this is because of the
stabilization of partial positive charge by the Me group.
However, it was difficult to find a tendency in the energy barrier
from the intermediate based on @-Me substitution, where all
energy barriers are within 3.7 kcal/mol difference. This means
that stabilization of partial positive charge is not controlling the
regioselectivity. When we turn the attention to the Criegee
intermediate (CPs), we can find that most of the lower energy
structure is the complex leading to CHMe migration, in
accordance with the tendency found in the energy level of the
transition state. This observation shows that it is not the
stabilization of partial positive charge by the Me substituent
that determines the regioselectivity, but other structural factors
commonly observed both in the intermediate and in the
transition state play an important role.

Structures of Me-TS1 and Me-TS2 are shown in Figure 11.
It could be easily recognized that the leaving acid moiety points
toward the Me-substituted carbon in all of the b series. This is
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The Journal of Organic Chemistry

Type | CF3 Type Il
O~< 0
/ _H
broh a (0] b O >_CF3
/' o-H O/O
“R1 R1A
R2 R2-2
1:R'=Me, R2=H, a 5:R'=Me R2=H, a
2:R'"=Me, R2=H, b 6:R'=Me, R2=H, b
3:R'"=H,R2=Me, a 7:R'=H, R2=Me, a
4:R'"=H,R2=Me, b 8:R'"=H,R2=Me, b
22.0 -+ Me-TS8 (21.7)
Me-TS2 (21.5)
Me-TS6 (21.3)
Me-TS4 (20.9)
—— Me-TS7 (20.3)
//—— Me-TS3 (20.1)
/i Me-TS5 (19.7)
_ /! —— Me-TS1 (19.0)
S i
£
E Me-CP2 (5.5)
®
<
Me-CP6 (4.0)
Me-CP7 (3.6) ——
Me-CP8 (2.3
Me-CP4 (2.3 i
Me-CP3 (2.2) ——';
Me-CP1 (2.0) !
00-+ Me-cP5(0.0) —
cP TS

Figure 10. Energy diagram of the rearrangement step of a-Me-
cyclohexanone in terms of AG (kcal/mol).
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Figure 11. Three-dimensional structure of Me-TS1 and Me-TS2
(carbon, black; hydrogen, gray; oxygen, red; blue, blue). The numbers
are the distances in A.

actually the result when the structure tries to meet the
requirement of primary stereoelectronic effect since the a-
carbon attacks the O—O bond from the backside of the acid
moiety. Therefore, it could be said that the sterically hindered
substituent on the a-carbon migrates preferentially in order to
avoid the steric repulsion between the leaving acid moiety. In
fact, for the alkyl group, the order of the A value (e.g, +-Bu (>4)
> i-Pr (2.15) > Et (1.75) > Me (1.70))"? is in the same order of
empirical migratory aptitude.

When the orientation of the Me group is in axial orientation
(Me_ax: 3, 4, 7, 8), one might think that steric repulsion
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between the leaving acid moiety is less significant compared to
the structure with the Me group in an equatorial orientation
(Me_eq: 1,2, 5, 6). In fact, the energy barrier for CP3-to-TS3
(CHMe migration, 17.9 kcal/mol) is smaller than that of CP4-
to-TS4 (CH, migration, 18.6 kcal/mol). The same tendency is
observed for the energy barrier for CP7-to-TS7 and CP8-to-
TS8. In these cases, stabilization of partial cation by the Me
group might be working. However, since 1,3-diaxial repulsion
raises all of the energetics of the Me_ax series, these structures
could not be the most stable transition state to determine the
regioselectivity.

Group Charges. We have carried out a comparison
between the group charges of the migrating group (CHX or
CH,) and the energy barriers from the intermediates and found
a clear relationship with the discussions above. When looking at
the group charge, which is the sum of the atomic NPA charges
in the migrating group, it is more cationic in the transition state
than in the intermediate no matter what the a-substituent is
(Supporting Information, Table S1). Figure 12 shows a plot of
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o
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(kcal/mol)
|

T 15 T T T 15 T T T
03 0.1 03 0.1

NPA charge of the migrating group at the transition state
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m: CHX migration (a series), ® : CHz migration (b series)

Figure 12. Plot of the migrating group charge at the transition state.
The group charge is a sum of the atomic charges in the migrating
group obtained by the natural population analysis.

NPA charges of the migrating groups versus energy barriers
from the intermediate for each a-substituent. For the plot of a-
CF;-cyclohexanone, it is clear that migration of CHCF; has an
energy barrier higher that that of CH, migration, and moreover,
group charge for CHCF; and for CH, is distinctly separated
(Figure 12). This clear relationship is only observed for the a-
CF; case, and it is rather unclear for the a-F and a-Me cases. In
the previous discussions, it was understood that only the case of
a-CF; regioselectivity could be explained by the conventional
understanding based on cation stabilization capability. This is
now reinforced by the discussion of the group charge and the
energy barrier, which has the same tendency. Bond distance
transitions from the intermediate to the transition state are
shown in Table S2 (Supporting Information). From this table,
especially from the column of d'rg—d'cp, the transition state
structure of a-Me substrates is relatively early compared to that
of a-CF; substrates, and a-F substrates are rather close to a-
CF; substrates. When the stability of the transition state is
related to cation stabilization or dipole moment relaxation (a-
CF; and a-F), late transition state gives more pronounced
difference in the transition state energies because, as the
reaction proceeds, the charge and the dipole moment will have
a large difference from the intermediates. This is what we have
observed in the case of a-CF; and a-F substrates. Early
transition state in a-Me substrates explains the less direct
electronic effect from a@-Me substituents since the cation
generation is low at the early stage of the reaction.
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Bl CONCLUSION

The regioselectivity of the B—V reaction of a-Me-, -F-, and
-CF;-cyclohexanones was investigated theoretically to reveal the
importance of the conventional migratory aptitude based on
partial cation stabilization. It was clarified that only in the case
of CF; substitution that the cation stabilization really works for
determining the regioselectivity. In the case of a-CF;-
cyclohexanone, the energy barrier for the CHCF; migration
was obviously higher than the CH, migration. For a-F- and
-Me-cyclohexanone, there was no significant difference in
energy barrier among the different substitution and orientation
of the substituents. Further investigation revealed that dipole
cancellation affects the regioselectivity of a-F-cyclohexanone.
For a-Me-cyclohexanone, the origin of the migratory aptitude
was concluded to be a steric repulsion between the a-Me group
and the leaving acid moiety rather than the cation stabilization
effect. Our investigation shows that unless a substituent with
very strong electron-withdrawing nature is introduced at the a-
positon to the carbonyl group, which would strongly destabilize
the partial cation, the regioselectivity will be more affected by
the structural stability. Although it is too early to make a
general conclusion, the conventional understanding of the role
of cation stabilization in the migratory aptitude might need
some revision based on steric repulsion.
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