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The small and greedy fluorine atom is used to demonstrate the
primary stereoelectronic effect in the Baeyer-Villiger reaction.
Find out more on the following pages.
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A Demonstration of the Primary
Stereoelectronic Effect in the Baeyer - Villiger
Oxidation of a-Fluorocyclohexanones**

Cathleen M. Crudden,* Austin C. Chen, and
Larry A. Calhoun

In 1899, Baeyer and Villiger first reported their method for
converting ketones into esters [Eq. (1)]. In the 100 years
since Baeyer and Villiger’s discovery, the reaction that now

COAr
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O
JJ\ + ArCOzH -ArCOH JJ\ o)
R™” "R Rm/k;% R™O” "R
-

Criegee Intermediate

bears their names has become a mainstay of organic syn-
thesis.”! The popularity of this reaction is due mainly to the
uniqueness of the transformation it affects. However, the
stereospecificity and predictable regiochemistry of the
Baeyer— Villiger reaction are also key features. With few
exceptions, the ketonic substituent that can best stabilize a
partial positive charge (R™ in [Eq. (1)]) migrates preferen-
tially.’!

The stereoelectronic components of this reaction have been
discussed in a handful of publications by a select few
groups.[*"1 The requirement for correct antiperiplanar align-
ment of the migrating substituent (R™) and the O—O bond of
the leaving group is termed the primary stereoelectronic
effect, and antiperiplanar alignment
of a lone pair on oxygen with the
migrating group is the secondary
stereoelectronic effect (Figure 1).
Considering the importance of the
Baeyer - Villiger reaction in synthe-
sis, and the greater importance of
predicting the product of the reac-
tion a priori, the lack of conclusive
evidence for these stereoelectronic
effects is somewhat surprising.

In 1980, Noyori described the oxidation of a rigid bicyclic
substrate that is the only clear demonstration of the secondary
stereoelectronic effect (Figure 2).P In this system, unfavor-
able steric interactions between the hydroxyl proton and the

(IZOAr

primary 7~ \_O

effect & o’
H A
R™A ) R
‘\/secondary effect
Figure 1. Primary and sec-
ondary  stereoelectronic

effects in the Baeyer- Vil-
liger reaction.
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bicyclic substrate were responsible H,C 0
for restricting rotation around the HAC ,\_q}ﬁ/OOCOCR
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With respect to the primary
stereoelectronic effect, Chandrase-
khar and Roy have designed the
best system to date (Scheme 1).1% 8
In their scheme, the conformation of the O—O bond of the
peroxyester is fixed since the Criegee intermediate is gen-
erated intramolecularly. Thus, treatment of 2-oxocyclohexane
acetic acid (1) with peracetic acid is postulated to yield

Figure 2. Model for the
secondary stereoelectronic
effect.
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Scheme 1. Chandrasekhar model for the primary stereoelectronic effect.

2-oxocyclohexane peracetic acid (2). Intramolecular attack of
this peroxyacid on the ketone is proposed to generate bicyclic
intermediate 3, in which only one of the ring bonds is properly
aligned for migration. The product they obtained was derived
from migration of the properly aligned bond, leading to the
conclusion that stereoelectronic alignment was more impor-
tant than migratory aptitudes. Unfortunately, the immediate
Baeyer— Villiger product could not be isolated as it was
converted into 4, which was obtained in only 62% yield.
Although Chandrasekhar and Roy present strong evidence
for the primary stereoelectronic effect in the Baeyer - Villiger
reaction, the poor mass balance they obtained weakens their
otherwise ingenious experiments.l’!

We report herein our study of the Baeyer- Villiger
oxidation of a-fluoroketones, which we believe provides the
most convincing evidence of the primary stereoelectronic
effect reported thus far. The key to our study is that the
conformation of the peroxyester bond is biased through
dipole/dipole interactions with the a-fluorine substituent. An
added benefit of the fluoroketone substrates is that the small
size and high electronegativity('” of fluorine permit the
migratory aptitudes of the two groups to be differentiated
without adding any steric biases.['!

The substrates for our study, trans- and cis-4-tert-butyl-2-
fluorocyclohexanone, §,, and 5., were synthesized in two
steps using the electrophilic fluorinating agent Selectfluor.['
Treatment of the enol silyl ether of 4-tert-butylcyclohexanone
with Selectfluor led to a mixture of §,, and 5., that could be
separated by repeated chromatography.!'¥! Subjection of these
fluoroketones to Baeyer— Villiger oxidation with recrystal-
lized mCPBA in the presence of NaHCO; gave fluorolactones
6 and 7. As predicted by expected migratory aptitudes,!'¥]
ketone 5,, underwent oxidation preferentially at the non-
fluorinated carbon to generate lactone 6, as the major
product (Scheme 2). The lactone derived from oxidation of
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Scheme 2. Stereoelectronic analysis of Criegee intermediate 8, resulting
from axial attack of mCPBA on ketone 5,,.

the fluorine-bearing carbon (7,,) accounted for the remaining
material (mass balance 90—98 % on repeat runs in CHCL,).

Exposure of the isomeric fluoroketone S, to the same
conditions gave dramatically different results. In violation of
accepted migratory aptitude rules,"! 5., yielded lactone 7.,
resulting from migration of the fluorine-bearing carbon with
91:9 regioselectivity (Scheme 3). Due to the delicate nature of
the fluorolactone 7., careful workup conditions had to be
employed to prevent its decomposition. Under optimized
conditions, high mass balances were obtained (up to 99%),
and the mass ratios of the isolated lactones were within a few
percent of those observed by NMR analysis of the crude
reaction mixtures.!'"
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Scheme 3. Stereoelectronic analysis of Criegee intermediate 8, resulting
from axial attack of mCPBA on ketone 5.

The observed differences in the regiochemistry of oxidation
can be explained by the primary stereoelectronic effect. The
Criegee intermediates resulting from axial attack of mCPBA
on fluoroketones 5,, and 5., are shown in Schemes 2 and 3 (for
clarity, the ring is omitted and the properly aligned bonds are
highlighted). Two conformations of Criegee intermediate 8,
which result from rotation about the C—O bond are shown in
Scheme 2. In the two reactive conformations, 8,,; and 8, ,
the O—O bond of the peroxyester is properly aligned with the
CH, or the CHF substituent, respectively. There appears to be
little energetic difference between these conformers, so the
observed lactone should be the product of relative migratory
aptitudes and, as expected, the nonfluorinated carbon mi-
grates preferentially.['¥

In the case of the isomeric fluoroketone 5.4, conformer 8,
of the Criegee intermediate is predicted to have a dipole/
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dipole interaction between the peroxyester and the fluorine
atom. This dipole would be expected to be most significant in
the transition state of the reaction as it involves O—O
cleavage. Therefore, the most favorable conformation for
Criegee intermediate 8., would be 8, in which the CHF
group is stereoelectronically activated for rearrangement.
Since the product distribution greatly favors 7., over 6., (82 %
selectivity), this leads to the conclusion that in this system,
correct stereoelectronic alignment is more important than
intrinsic migratory aptitudes.['”!

In order to determine the effect of fluorine on relative
migratory aptitudes under our exact conditions, we examined
the conformationally unrestricted fluoroketone 9.1l When 9
was reacted with mCPBA under our standard conditions, a
71:29 mixture of products derived from oxidation at the CH,
and CHF substituents, respectively, was obtained [Eq. (2)],
which is virtually identical to the ratio observed with §,,.

o) 0 F O
Ph ph MCPBA/CHCl;  pp, PN PY )J\/ph
NaHCOs;
Fy F 10 11
(71%) (29%)

In order to determine whether the dipole/dipole interac-
tion" is the primary factor in the regioselectivity of the
oxidation of 5., we carried out the Baeyer— Villiger reaction
in solvents of varying polarity. Since dipole moments are
known to be stabilized by polar solvents,?®] we would expect
to see a decrease in selectivity for the reaction of 5, as the
solvent polarity increased, while the reaction of 5,, should be
unaffected. As shown in Table 1, this is exactly what is
observed. The selectivity for conversion of 5., to 7., drops
from 9.3:1 in CHCl; to 5.1:1 in sulfolane (tetrahydrothiophe-
nedioxide), while no change is observed in the reaction of 5,,
in these solvents. When a less polar solvent is employed
(CCL), the selectivity for the oxidation of 5., increases to

Table 1. Relationship between solvent polarity and selectivity for oxida-
tion of 5, and 5.1

Ketone Solvent Solvent CH,:CHF migration Mass
polarityl®  (ratio 6:7)! balance [% ]l

Seq CCl, 0.052 1:13.6 85
Seq CHCL, 0.259 1:9.3 94
5. CH,Cl, 0.309 1:72 87
Seq CH,;CN 0.460 1:5.5 99
5 sulfolanel!  0.410 1:5.1 my
5, ccy, 0.052 13:1 82
5. CHCI, 0.259 2.4:1 99
5, CH,Cl, 0.309 25:1 86
5, CH,CN 0.460 2.6:1 7

5, sulfolanel*!  0.410 25:1 -t

ax

[a] Reaction conditions: 5,, or 5, (2.6 mmol), mCPBA (3 mmol, 99 %), and
NaHCO; (2.6 mmol) were mixed in solvent (0.2M in substrate) at RT for
3-20h. [b] EY (an empirical parameter used to describe solvent polarity
relative to tetramethylsilane (0) and water (1)) is used as a measure of
solvent polarity.?”! [c] As measured by 'H NMR of the crude reaction
mixture, which matches isolated ratios within experimental error. [d] Com-
bined isolated yields of 6 and 7 after chromatography, in spectroscopically
pure form. [e] Sulfolane = tetrahydrothiophenedioxide. [f] Not determined
due to difficulties related to removal of the high-boiling solvent.
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13.6:1. The relationship between the polarity of the solvent
and the selectivity of the oxidation of 5., is displayed
graphically in Figure 3. Within experimental error, a linear
relationship is observed. If the reaction was carried out in a
solvent of high enough polarity to eliminate the effects of the
dipole on the conformation of the O—O bond, we would
expect that the selectivity would be related only to the
intrinsic migratory aptitudes of the system. Under such
conditions, the ratio of 7:6 should be equal to that observed
in the §,, series, namely 1:2.5.

While Schemes 2 and 3 consider only the Criegee inter-
mediates derived from axial attack, it is important to note that

0 t t t t + t t
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Scheme 4. Stereoelectronic analysis of Criegee intermediate 15 resulting
from axial attack of mCPBA on ketone 12.

observed, it will be directly related to the
spatial orientation of the fluorine atoms,
since both substituents are CHF groups.
We expect compound 13 (from migration
of the equatorial fluorine-substituted car-
bon) to be the major product, since the
conformer leading to this product has the
offending dipole minimized (Scheme 4).
In the event, treatment of 12 with
mCPBA under our standard conditions
yielded a 95:5 ratio of 13:14.[21

In conclusion, we have demonstrated
that the Baeyer—Villiger oxidation of
fluoroketone 5., yields fluorolactone 7.4
as the major product resulting from

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
E%“(30) —»

Figure 3. Solvent polarity (EY(30)) versus selectivity (S) for 7., over 6,,.

the Criegee intermediates produced by equatorial attack lead
to the same conclusions. These intermediates are shown in
Figure 4. In the case of 8., the analysis is simple. The C—F and
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Figure 4. Stereoelectronic analysis of Criegee intermediate 8, resulting
from equatorial attack of mCPBA on ketone 5,,. (Note only conformers
that activate the CH, are shown.)

C—OO substituents have the same gauche relationship
regardless of whether they are derived from equatorial attack
of the peroxyacid (8,,..;) or axial attack (8,,;). When the
O—O bond is correctly positioned to activate the CH,
substituent, a syn-pentane-type arrangement is observed in
both cases, and an unfavorable dipole is introduced.?!!
Finally, substrate 12 was chosen as a more stringent test of
the stereoelectronic effect (Scheme 4). If any selectivity is
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migration of the CHF substituent, con-
trary to accepted migratory aptitudes. On
the other hand, 5,, reacts as expected to
give the major product resulting from
migration of the CH, substituent, with the
same regioselectivity as is observed in a simple acyclic
monofluoroketone. The unusual behavior of 5. can be
explained by invoking the stereoelectronic effect. Migration
occurs primarily from the conformer in which the O—O bond
of the peroxyester is oriented to minimize the overall dipole.
The observation of a significant solvent effect on regioselec-
tivity supports this argument. Furthermore, Baeyer - Villiger
oxidation of an «a,a’-difluoroketone in which one fluorine is
axial and one is equatorial occurs with 90 % selectivity for
migration of the equatorial CHF substituent. These data lead
to the likely conclusion that in the systems we have examined,
the primary stereoelectronic effect is of more importance than
intrinsic migratory aptitudes, supporting the hypothesis ad-
vanced by Chandrasekhar and Roy.[ 23!
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bonds properly aligned for migration according to the secondary
stereoelectronic effect. However, for 8., only the fluorinated carbon
is aligned for migration in the preferred conformation I. Thus, the
secondary stereoelectronic effect could be considered to be the sole
determinant of regiochemistry in this case. Experiments are currently
underway to determine the relative importance of the secondary
electronic effect in this system.
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In the isomeric 8,, series, the situation is different since equatorial
attack puts the C—F and C—OO substituents at a dihedral angle of 60°,
while axial attack puts these two at an angle of 180°. However, the
conformer which activates the CH, substituent is not affected by any
serious dipole/dipole interactions. See Supporting Informationfor a
graphical representation.*’l

Compounds 13 and 14 were separated by column chromatography and
their structures determined by analysis of 'H, *C, “F, HMQC,
HMBC, COSY, and TOCSY experiments. NOE difference experi-
ments carried out on both 13 and 14 demonstrated that the major
compound had a cis relationship between the fluorine of the oxidized
substituent and the tert-butyl group, indicating that the migration had
occurred, as expected, from the carbon with the equatorially disposed
fluorine atom. Compound 13 was more sensitive to hydrolysis than its
isomer 14 and we were thus unable to obtain spectra of 13
unencumbered by the side product of this reaction. As compound
13 was still present in substantial amounts, and as the resonances of
interest are clearly separated, we were able to assign the structure
from these spectra.

Experimental details, stereoelectronic analysis of Criegee intermedi-
ate resulting from axial attack of mCPBA on ketone 5,,, and
spectroscopic characterization of compounds 6., 6., 7cq, 7., 10, 11,
13, and 14 are available as supporting information.
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