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Abstract

Recent progress in developing the asymmetric Baeyer-Villiger oxidation is examined
with an emphasis on reactions catalyzed by transition metals,  Methods using enzymes, metal
catalysts (Cu, Pt, and Ti), or Lewis acid activation of ketals yields lactones in modest to high
enantiomeric excess (ee).

Introduction

The development of asymmetric variants of well-established organic reactions is an
important and rapidly growing arena of organic chemistry.  The demand for enantiopure
molecules as precursors and starting materials in asymmetric total syntheses is great in both
industrial and academic settings.  As one of the classic reactions in organic chemistry, the
Baeyer-Villiger oxidation (Scheme 1) is an important target for modification into an asymmetric
version.

Scheme 1.  Asymmetric Baeyer-Villiger Reaction Systems

In the Baeyer-Villiger oxidation, a peracid is used to insert oxygen in between the ketone
carbonyl and an adjacent carbon yielding the corresponding ring-expanded lactone.  Without
chiral influence, the above reaction generates a racemic lactone from an achiral ketone.
However, under the influence of a chiral reagent, this oxidation can be carried out asymetrically.
In other words, an achiral substrate is converted to an enantioenriched product via preferential
migration of one of the enantiotopic α carbons.   In the case of a chiral, racemic ketone, a chiral
catalyst has the potential of performing a kinetic resolution.  In this instance, the catalyst
preferentially reacts with one enantiomer of the racemate to yield an optically pure lactone.  The
remaining unreacted racemate can then be isolated in enantioenriched form.  These two synthetic
methods, asymmetric synthesis and kinetic resolution, will form the basis for the types of
asymmetric Baeyer-Villiger oxidations examined in this review.

 Enzyme-catalyzed routes towards asymmetric Baeyer-Villiger oxidations have been
recently reviewed1 and will only be briefly summarized.  Focus will be directed towards recent
developments in metal-assisted asymmetric Baeyer-Villiger oxidations.
______________________________
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Enantiopure Lactones via Enzymatic Catalysis

In 1976, the enzyme cyclohexanone oxygenase was reported to carry out asymmetric
Baeyer-Villiger oxidations.2  At the time, no indication of enantioselectivities were reported.
Taschner and Black, in 1988, then communicated the use of the above enzyme in converting
achiral cyclohexanones into highly enantioenriched lactones.3,4  Since then, cyclohexanone
oxygenase (isolated from the bacteria Acinetobacter NCIB 9871) has been the most widely
studied asymmetric Baeyer-Villiger enzyme.5  Genetically engineered E. coli have been produced
to overexpress the Acinetobacter gene for cyclohexanone oxygenase.5  Dozens of different
ketones have been examined, and in many cases, yields and enantioselectivities for these
conversions are extremely high.1  In the case of Taschner's work, a series of  achiral
cyclohexanones were converted to lactones in ee's in excess of 98%.  This work was supported by
other reports describing similar asymmetric conversions in ee's ranging from 75-98%.5

Synthesis of optically pure lactones via enzymatic routes is a highly efficient process in
terms of yield and enantioselectivity.  As will become apparent below, enzymatic routes towards
enantiopure lactones are , in most cases, more highly enantioselective than metal catalyzed routes.

Enantiopure Lactones via Transition Metal-Catalyzed Reactions

Numerous systems for generating optically pure lactones based on transition metal-
catalysis have been established, and preliminary data suggests this method could lead to highly
enantioselective reactions with a broad range of substrates.  This review will focus on four
oxidizing systems: (1) chiral Cu catalysts, O2, and an aldehyde as an oxygen acceptor, (2) chiral
Pt catalysts and hydrogen peroxide, (3) a modified Sharpless catalyst, and (4) chiral ketals with
Lewis acids.

Enantiopure Lactones via Chiral Cu catalysts/O2/RCHO. In 1994, Bolm and co-
workers reported the first metal-catalyzed asymmetric Baeyer-Villiger oxidations.6,7  Initial
reports concerning this reaction were carried out on racemic 2-aryl substituted cyclohexanones6

(Scheme  2, Table 1), and later papers described the reactions of substituted cyclobutanones
(Scheme 3).7,8

Scheme 2.  Asymmetric Baeyer-Villiger Oxidations of 2-Substituted Cyclohexanones

Table 1:  Baeyer-Villiger Oxidation of Racemic Cyclohexanones
entry ketone catalyst yield of 2(%) ee (%)
   1    1a     4a         47    69
   2    1b     4a         43    60
   3    1c     4a         53    65
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Treatment of racemic 2-aryl substituted cyclohexanones 1a-c with molecular oxygen,
tertiary butyl aldehyde (serving as a coreductant to prevent over-oxidation of the lactone product),
and 1 mol% of copper catalyst generated lactones 2a-c and enantioenriched cyclohexanones 3a-c.
As stated before, this sequence serves as a kinetic resolution as the catalyst reacts with one
enantiomer preferentially.  As Scheme 2 indicates, the reaction yields are modest and
enantioselectivities begin to approach the lower limits of selectivities obtained using enzymatic
methods.  In general, nitro-containing catalysts 4a and 4c were more enantioselective than
analogs 4b and 4d lacking nitro substituents.

Scheme 3.  Asymmetric Baeyer-Villiger Oxidations of Substituted Cyclobutanones

As Scheme 3 indicates, oxidation of cyclobutanones 5-8 using the previously described
conditions gave a mixture of regioisomeric products in an approximately 1:1 ratio and yields
ranging from 32-74%. In all cases, the ee's of the expected lactone 9a (resulting from migration
of the more substituted carbon) ranged from 59-76%.  However, ee's for the regioisomeric lactone
9b were all in the mid-90's.7,8 Enantioselectivities in this case nearly approach those obtained for
the enzymatic reactions.  In the case of the expected lactone product, ee's remain modest.
Lowering of ee's may be due to autooxidation of the aldehyde to the corresponding achiral
peracid.9  This could lead to simultaneous uncatalyzed Baeyer-Villiger oxidations yielding
racemic lactones lowering the overall ee.  Though ee's approach (or begin to) satisfactory levels,
the problem now lies in the fact that so little regiocontrol is obtained.

An important aspect of these copper catalyzed reactions of racemic cyclobutanones is that
they react in an enantiodivergent manner .  That is, one enantiomer of the racemic mix yields one
of the regioisomeric lactones while the opposite enantiomer yields the other regioisomeric
lactone.  This explains the observation of a nearly 1:1 mix of regioisomers.

Enantiopure lactones via chiral Pt catalysts and H2O2. At approximately the same
time Bolm and co-workers established an asymmetric Baeyer-Villiger oxidation using chiral
copper catalysts, Strukul and co-workers developed their own variation of this reaction using
chiral platinum catalysts and hydrogen peroxide.10,11  Bolm's catalytic systems focused on
oxazoline-based chiral ligands, whereas the catalysts developed by Strukul et al. made use of
chiral diphosphine ligands (Scheme 4).
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Scheme 4. Pt Catalyzed Baeyer-Villiger Oxidation11

          For simplicity, only one of the numerous diphosphine/Pt catalysts (10) is shown amongst
a few other C2 symmetric ligands ((S,S)diop, (R,R)pyrphos, (R,R)Me-duphos).  However, catalyst
10 was, in general, the most enantioselective of those examined.  Table 2 shows the results
obtained for Pt catalyzed Baeyer-Villiger reactions vs. those using cyclohexanone oxygenase on a
few achiral cyclohexanones.

Table 2: Asymmetric Baeyer-Villiger on Achiral Cyclohexanones
entry cyclohexanone ee (%) for Pt11 enzyme ee (%)3

1 4-methyl- 53 >98
2 4-pheny- 68 -
3 cis-2,6-dimethyl- 79 >98

Mechanistically, the copper and platinum catalytic systems differ in the type of oxidant
used.  Scheme 5 shows the conversion of an achiral ketone to an optically pure lactone using a
generalized Pt catalyst and H2O2.  Coordination of Pt and peroxide to the carbonyl leads to the
formation of a metallocycle that decomposes to the lactone product.  Chiral ligands associated
with Pt allow for diastereomeric transition states which then discriminate between the two
possible migrating carbon atoms resulting in enantioselectivity.

Scheme 5:  Mechanism of Pt Catalyzed Baeyer-Villiger Oxidation11

Enantiopure lactones via a modified Sharpless catalyst. Shortly after Bolm's and
Strukul's development of their versions of the asymmetric Baeyer-Villiger reaction, Pehk and co-
workers formulated a method based on the catalytic system created by Sharpless.12,13  Similar to
the work presented above, this "new" catalytic system was tested on racemic and achiral
cyclobutanones (Scheme 6, Table 3).  Since work by Pehk et al. showed that the standard
Sharpless catalyst was capable of inducing an asymmetric Baeyer-Villiger using
cyclobutanones,12 a modified version of the catalyst was developed to examine whether
enantioselectivities of the oxidation reaction could be increased. As depicted in Scheme 6, the
major modification of the catalytic system was altering the chiral ligand.  The standard Sharpless
catalyst utilizes chiral tartaric acid derivatives complexed with Ti(O-iPr)4 and tertiary butyl
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peroxide as an oxidant.14  The modified version of the catalyst makes use of a TADDOL
(α,α,α',α'-tetraaryl-1,3-dioxolane-4,5-dimethanol) ligand while maintaining the use of Ti(O-iPr)4

and tertiary butyl peroxide.13

Scheme 6.  Asymmetric Baeyer-Villiger Oxidation Using Tartrate-Derived
Titanium Catalysts13

Table 3:  Comparison of Catalyst A vs. B Enantioselectivity
entry R1 R2 cat. A ee yield cat B. ee yield
   1 OH Br       41   33      75    40
   2 OH Ph       39   20      59    31
   3 Ph OH       31   35       -     -

Two general trends were observed when comparing catalysts A and B for the entries
noted above and for various other cyclobutanones.  First, reaction times for catalyst A were
notably shorter than B (~4 hr vs. ~48hr).  Secondly, enantioselectivities were poorer when using
catalyst A vs. B.  Contrary to the results obtained with reactions of cyclobutanones with copper
catalysts, the reactions promoted with titanium catalysts gave only the regioisomer coming from
migration of the more substituted carbon.

Enantiopure lactones via chiral ketals/Lewis acids.  A conceptually different method
for inducing an asymmetric Baeyer-Villiger reaction involves conversion of the carbonyl of an
achiral cyclobutanone to a chiral ketal.15  Subsequent reaction of the ketal with a peracid (m-
CPBA) and SnCl4 produces an orthoester which upon acidic work-up generates the lactone
(Scheme 7).

Scheme 7:  Optically Pure Lactones via Oxidation of Chiral Ketals

Activation of the ketal with a Lewis acid allows the peracid to attack the activated species
and insert oxygen in a manner similar to the standard Baeyer-Villiger.  The above reaction was
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optimized extensively in the case where R = Ph.  Using 2 equivalents of m-CPBA and 5
equivalents of SnCl4 at -100° C gave the S configured lactone in 89% ee.

Concluding Remarks

The Baeyer-Villiger reaction emerged over 100 years ago, but not until recently has it
been demonstrated that an asymmetric version is possible.  The most efficient processes to date
rely upon cyclohexanone oxygenase enzymes isolated from microbial sources.  In the past 6-7
years, however, various research groups around the world have demonstrated the ability to carry
out this important reaction using transition metal-catalysts.  Previously listed results indicate that
enzymatic routes towards optically pure lactones are still more efficient than any organometallic
method developed.  However, metal-catalyzed asymmetric Baeyer-Villiger oxidations are early in
development, and the recent advances presented are beginning to approach the efficiency seen in
enzymatic systems.  One route that has not received significant attention is the use of chiral
peracids in generation of enantiopure lactones.  It may be that the chiral center of the peracid is to
far removed from the reactive center of the intermediate to induce any significant
enantioselectivity.  Since a vast majority of the literature reports studies on cylcobutanone and
cyclohexanone systems, it remains to be seen whether the above catalytic methods will prove to
be as effective on other cyclic ketones.
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