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Abstract: Chloroperoxidase (CPO) catalyzes the enantio-
selective oxidation of cyclopropylmethanols, such as 2-me-
thylcyclopropylmethanol, to cyclopropyl aldehydes using tert-
butyl hydroperoxide as the terminal oxidant. In all cases,
CPO oxidation of cis-cyclopropanes shows much higher
enantioselectivity than with the trans isomers, although
CPO gives similar catalytic activity on both isomers. This
presents the first example for a heme enzyme that catalyzes
the enantioselective oxidation of cyclopropylmethanols. This
finding enables a novel route to the synthesis of optically
active cyclopropane derivatives, which occur widely in
natural products and compounds of pharmaceutical interest.
In addition, chiral cyclopropane molecules may be useful
model substrates to investigate reaction mechanisms of CPO
and the related cytochromes P450.

The chiral cyclopropyl substructure occurs widely in
natural products and compounds of pharmaceutical
interest.1 Two strategies for their synthesis have been
advanced: (i) catalytic transition-metal-based carbene
transformation2 and (ii) the asymmetric Simmons-Smith
reaction via zinc-mediated cyclopropanation of allylic
alcohols.3 However, each method has some clear limita-
tions. The first approach requires diazo carbonyl com-
pounds as precursors of the putative carbenes and is
successful only in generating optically active carboxylated
cyclopropanes. In most cases, the products are a mixture
of two diastereomers with the trans isomer predominat-
ing.2 The second approach is effective in producing chiral
cyclopropylmethanol analogues; however, stoichiometric
quantities of chiral auxiliary, modifiers, or promoters are
typically required to obtain high enantioselectivity (>90%
ee).3

Enzymatic methods have also been used to prepare
optically active cyclopropanes; however, the substrate

range is limited.4 For example, alcohol dehydrogenase
has been used to catalyze the enantioselective oxidation
of cis-1,2-bis(hydroxymethyl)cyclopropane with 100% ee.4a

Esterase- and lipase-catalyzed hydrolysis of dimethyl cis-
cyclopropane-1,2-dicarboxylate and cis-1,2-bis(butyr-
yloxymethyl)cyclopropane have also been reported with
94% and 99% ee, respectively, yet this is a two-step
process that involves initial chemical esterification fol-
lowed by enantioselective enzymatic hydrolysis of the
resulting esters. Because chiral cyclopropyl aldehydes
represent useful functionalized subunits for the construc-
tion of complex natural products and compounds of
pharmaceutical interest containing cyclopropyl groups,3a,4c

we sought an alternative, highly selective, single-step
enzymatic procedure to yield these compounds from
corresponding cyclopropyl carbinols. To that end, we
chose chloroperoxidase (CPO) from the fungus Caldari-
omyces fumago as the biocatalyst. CPO is a versatile
heme enzyme that catalyzes a variety of oxidative reac-
tions,5,6 including asymmetric epoxidation of alkenes,
allylic, benzylic, and propargylic hydroxylations, and
sulfoxidations.7 CPO normally oxidizes allylic, benzylic
and propargylic alcohols to the corresponding aldehydes.8
Because of its unique stereoelectronic effects,9 the cyclo-
propane ring behaves in many ways such as an alkene.
Thus we speculated that CPO could oxidize a variety of
cyclopropylmethanols to the corresponding aldehydes.10

We have found that CPO can catalyze the enantio-
selective oxidation of cyclopropylmethanols to aldehydes
using tert-butylhydroperoxide (TBHP) as the terminal
oxidant. To investigate the enantioselectivity of CPO-
catalyzed oxidation of racemic cyclopropylmethanols, in
each case we proceeded to ca. 50% conversion of alcoholic
substrate. Under the appropriate conditions, the oxida-
tion of trans-2-phenylcyclopylmethanol 1 provided the
respective aldehyde with relatively high reaction turn-
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over number11 but poor enantioselectivity (Table 1). We
also investigated a number of other functionalized trans-
cyclopropylmethanols 2-4 as substrates for CPO. In all
cases, the resulting aldehydes and the unreacted alcohols
were obtained as the sole products (Table 1). Although
CPO-catalyzed oxidation of these trans-cyclopropylmeth-
anols shows high reaction turnover numbers, the enan-
tioselectivities of CPO on these trans isomers were low
(E12 ) 1.2-2.3) (Table 1).

When compared with the trans isomer, CPO catalyzes
the oxidation of cis-2-phenylcyclopropylmethanol 5 with
ca. 60-fold lower reactivity (as reflected in the diminished
reaction turnover number). Despite this lower reactivity,
the enzyme displayed substantially greater enantio-
selectivity. The E value increased from 1.2 for 1 to 6.0
for 5. When the phenyl group is extended to benzyl (6),
the enantioselectivity and reactivity of CPO dramatically
increased, as did both enantioselectivity and enzymic
reactivity for all other larger substrates tested (Table 2).
This included straight-chain cyclopropylcarbinol deriva-
tives, as well as acetoxy and brominated derivatives.

When conversions were maintained below 50%, alde-
hydes having >90% ee were obtained.

In all cases, the CPO-catalyzed oxidation of cyclopro-
panes showed much higher enantioselectivity toward the
cis isomers than toward the trans isomers. Among cis-
2-substituted cyclopylcarbinols, CPO preferentially oxi-
dized the enantiomer having the S configuration at C-1.
This appears to be independent of the nature of the
substituents on the cyclopropane ring. Thus, the enzyme’s
intrinsic enantioselectivity must be controlled by the
unique active-site structure of CPO. Recent studies of the
prochiral selectivity of CPO-catalyzed oxidation of ary-
lalkanols to aldehydes have shown that cleavage of the
pro-S C-H bond predominates over cleavage of the pro-R
C-H bond.13 Analogous stereoselectivity has also been
observed for CPO-catalyzed epoxidation of alkenes and
propargylic hydroxylations.7 Thus, chiral cyclopropane
molecules may serve as useful model substrates to
investigate of the mechanism of enantioselective oxida-
tion catalyzed by CPO as well as related P450 enzymes.

Despite numerous studies of the P450 catalyzed oxida-
tion of cyclopropylmethanes, an enantioselective version
has not been reported.10 In contrast, CPO readily utilizes
TBHP instead of oxygen as the terminal oxidant, and
does not require cofactors. Our findings provide a novel
route for the synthesis of natural products and the
compounds of pharmaceutical interest containing chiral
cyclopropyl groups.

Experimental Section

General Methods for Preparation of Racemic Cyclo-
propylmethanols. Cyclopropanation of cinnamyl alcohol, cis-

(11) Defined as mol of product produced per mole of enzyme added.
(12) To more conveniently compare kinetic resolutions, the inherent

enantioselectivity, called the enantiomeric ratio, E, measures the
ability of the enzyme to distinguish between enantiomers. To calculate
E, one must measure two of the three variables: enantiomeric purity
of the starting material (ees), enantiomeric purity of the product (eep),
and extent of conversion (c). Often, enantiomeric purities are more
accurately measured than conversion; in these cases, the following
equation is employed:

E ) ln[ (1 - ees)

(1 + (ees/eep))]/ln[ (1 + ees)

(1 + (ees/eep))]
(a) Chen, C.-S.; Fujimoto, Y.; Girdaukas, G.; Sih, C. J. J. Am. Chem.
Soc. 1982, 104, 7294-7299. (b) Chen, C.-S., Girdaukas, G.; Sih, C. J.
J. Am. Chem. Soc. 1987, 109, 2812-2817.

(13) Baciocchi, E.; Fabbrini, M.; Lanzalunga, O.; Manduchi, L.;
Pochetti, G. Eur. J. Biochem. 2001, 268, 665-672.

Table 1. Chloroperoxidase-Catalyzed Oxidation of trans-Cyclopropylcarbinols

aldehyde alcohol

entry R yielda (%) eeb (%) yielda (%) eeb (%) turnoverc conversiond (%) Ee

1 Ph 34 3f 60 15 2,400 40 1.2
2 AcOCH2 39 - 57 20 2,200 59 1.6
3 BrCH2CH2 48 18 31 21 2,500 62 1.7
4 BrCH2CH2CH2 33 31 46 22 1,500 60 2.3

a Isolated yields. b Determined by1H NMR of the Mosher ester of the corresponding alcohol. c Number of enzyme turnovers as defined
in ref 11. d Determined by GC analysis. e E value was calculated using the equation in ref 12. f Determined by chiral GC using R-Dex
column.

Table 2. Chloroperoxidase-Catalyzed Enantioselective Oxidation of cis-Cyclopropylcarbinols

aldehyde alcohol

entry R yielda (%) eeb (%) yielda (%) eeb (%) turnoverc conversiond (%) Ee

5 Ph 7d 65 >90 18f 40 8 6.0
6 PhCH3 32 66b 45 95 432 54 35
7 CH3 37d 90 60 37f 988 38 27
8 CH3CH2 30 89 57 57 2,340 39 30
9 CH3CH2CH2 44 82b 42 93 2,052 54 34

10 AcOCH2 40 92 57 57f 1,722 41 44
11 BrCH2CH2 35 91b 50 83 1,170 45 60

a Isolated yields. b Determined by1H NMR of the Mosher ester of the corresponding alcohol. c Number of enzyme turnovers as defined
in ref 11. d Determined by GC analysis. e E value was calculated using the equation in ref 12. f Determined by chiral GC using R-Dex
column.
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3-phenyl-2-propen-1-ol, cis-2-buten-1-ol, cis-2-penten-1-ol, and
cis-2-hexen-1-ol with diethylzinc and diiodomethane yielded the
corresponding cyclopropyl methanols 1, 5, 7, 8, and 9 in yields
of 60-98%.3 Cyclopropanation of allylbenzene, 4-bromo-1-
butene, and 5-bromo-1-pentene with diazoacetate in the presence
of catalytic rhodium(II) diacetate or cupric sulfate gave pure cis-
and trans-cyclopropyl carboxylates after flash chromatography
with EtOAc/hexane (20:1).2 Treatment of the above carboxylates
with LiAlH4 afforded cyclopropyl alcohols 3, 4, 6, and 11,
respectively in yields of 80-95%. The cyclopropyl alcohols 2 and
10 were obtained in yields of 72% and 40%, respectively by
LiAlH4 reduction of trans and cis-dimethylcyclopropane dicar-
boxylates,3 and monoacetylation with Ac2O/DMAP in dichlo-
romethane. Oxidation of the racemic cyclopropyl alcohols with
pyridinium chlorochromate provided the corresponding racemic
aldehydes, which were used as standards for gas chromatogra-
phy, NMR, and TLC analysis.

Mosher ester synthesis was performed as follows:3a,14 (R)-
(-)-R-methoxy-R-(trifluoromethyl)phenylacetyl chloride (1.1 equiv)
was added to a solution of alcohol (0.02 mmol), DMAP (1.2 equiv),
and triethylamine (7 equiv) in CH2Cl2. After 5 h, the mixture
was filtered through a short plug of silica gel eluted with EtOAc/
hexane (1:4) and concentrated in vacuo. The enantiomeric excess
(ee) was determined by 1H NMR through the relative integration
of the multiplets of the corresponding Mosher esters from two
enantiomers of the alcohols.

General Procedure for Chloroperoxidase-Catalyzed
Oxidation. Chloroperoxidase (1400 units/mg) was obtained from
Chirazyme, Inc. (Urbana, IL). Cyclopropylmethanol (0.3 mmol)
and CPO (0.05-0.6 µmol) were stirred vigorously with TBHP
(0.6 mmol) in the presence of 1% (v/v) of polyethylenimine5 in
5.0 mL of 50 mM sodium citrate buffer, pH 5.5. The reaction
vial was capped, and the mixture was stirred for 1 h at room
temperature. Sodium hydrosulfite was then added, and the
mixture was extracted twice with CH2Cl2. The combined organic
extracts were dried over MgSO4, and the products were purified
by flash chromatography (CH2Cl2/acetone). Quantitative gas
chromatography (GC) was performed with dodecane as an
internal standard. The conversion of the reaction was evaluated
by GC analysis using the corresponding aldehydes and alcohols
as authentic samples.

(1S,2R)-1-Formyl-2-phenylcyclopropane (5): 7% yield de-
termined by GC, 8% conversion; 65% ee determined by gas
chromatography using a chiral R-Dex column (100 °C, 10 min,
100 f 150 °C, 1.5 °C/min; tR ) 38.3. min, minor isomer; 38.6
min, major isomer); 1H NMR (500 MHz, CDCl3) δ 8.66 (d, J )
7.0 Hz, 1H), 7.33-7.21 (m, 5H), 2.83 (q, J ) 8.5 Hz, 1H), 2.17-
2.10 (m, 1H), 1.88 (dt, J ) 7.5, 13.5 Hz, 1H), 1.59 (dt, J ) 5.5,
8.0 Hz, 1H).

(1R,2S)-2-Phenylcyclopropylmethanol (5): >90% isolated
yield; 18% ee determined by gas chromatography using a chiral
R-Dex column (100 °C, 10 min, 100 f 150 °C, 1.5 °C/min; tR )
38.3. min, major isomer; 38.6 min, minor isomer).1H and 13C
NMR spectral data match literature data.3 The absolute con-
figuration was assigned on the basis of the analogue to alcohol
6.

(1S,2R)-(+)-2-Benzyl-1-formylcyclopropane (6): 32% iso-
lated yield, 54% conversion; 66% ee determined by 1H NMR
analysis of MTPA ester of the corresponding alcohol obtained
from LiAlH4 reduction of aldehydes 6 (4.56 ppm, major; 4.52
ppm, minor); 1H NMR (500 MHz, CDCl3) δ 9.58 (d, J ) 5.0 Hz,
1H), 7.32-7.20 (m, 5H), 2.94 (q, J ) 7.5 Hz, 1H), 2.82 (q, J )
7.5 Hz, 1H), 2.08-2.02 (m, 1H), 1.83-1.76 (h, J ) 7.5 Hz, 1H),
1.41-1.37 (m, 1H), 1.32 (dt, J ) 5.0, 8.0 Hz, 1H). The absolute
configuration was determined by 1H NMR analysis of MTPA
ester of the corresponding alcohol obtained from LiAlH4 reduc-
tion of aldehyde 6.

(1R,2S)-(+)-2-Benzylcyclopropylmethanol (6): 45% iso-
lated yield; 95% ee determined by 1H NMR analysis of MTPA
ester (4.56 ppm, minor; 4.52 ppm, major); [R]25

D +15.4° (c 0.22,
CH2Cl2). 1H and 13C NMR spectral data match the literature

data. The absolute configuration was determined by comparing
the optical rotation with literature data.2

(1S,2R)-(-)-2-Methyl-1-formylcyclopropane (7): 37% yield
determined by GC and 38% conversion of the racemic alcohol 5,
determined by GC analysis; 90% ee determined by chiral gas
chromatography analysis of the corresponding alcohol obtained
by LiAlH4 reduction of aldehyde 7 (chiral R-Dex column, 60 °C,
tR ) 10.8 min, minor isomer; 11.3 min, major isomer); 1H NMR
(500 MHz, CDCl3) δ 9.38 (d, J ) 6.0, 1H), 1.89-1.83 (m,1H),
1.57-1.49 (m, 1H), 1.27 (d, J ) 6.5 Hz, 3 H), 1.25-1.21 (m, 1H),
1.18-1.14 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 202.37, 28.31,
18.85, 15.94, 13.54. The absolute configuration was determined
by chiral GC analysis of the corresponding alcohol obtained by
LiAlH4 reduction of aldehyde 7.

(1R,2S)-(+)-2-Methylcyclopropanemethanol (7): 60% iso-
lated yield; 37% ee determined by gas chromatography using
chiral R-Dex column (60 °C, tR ) 10.8 min, major isomer; 11.3
min, minor isomer); [R]25

D +19.0° (c 0.19, CH2Cl2). 1H and 13C
NMR spectral data are identical to the literature data. The
absolute configuration was determined by comparing the optical
rotation with literature data.3

(1S,2R)-(-)-2-Ethyl-1-formylcyclopropane (8): 35% iso-
lated yield; 56% conversion; 59% ee determined by gas chroma-
tography using a chiral R-Dex column (50 °C, 10 min, 50 f 90
°C, 2 °C/min; tR ) 18.6 min, major isomer; 18.9 min, minor
isomer); [R]25

D -9.8° (c 0.60, CH2Cl2); 1H NMR (500 MHz, CDCl3)
δ 9.36 (d, J ) 5.5 Hz, 1H), 1.89-1.58 (m, 2H), 1.53-1.41 (m,
2H), 1.25-1.17 (m, 2H), 0.97 (t, J ) 7.5 Hz, 3H); 13C NMR (125
MHz, CDCl3) δ 202.13, 28.04, 26.84, 21.78, 14.92, 14.41. The
absolute configuration was determined by chiral GC analysis of
the corresponding alcohol obtained by LiAlH4 reduction of
aldehyde 8.

(1R,2S)-(+)-2-Ethylcyclopropylmethanol (8): 40% iso-
lated yield; 92% ee determined by 1H NMR analysis of MTPA
ester (4.45 ppm, major; 4.50 ppm, minor); [R]25

D +29.2° (c 0.37,
CH2Cl2). 1H and 13C NMR spectral data match the literature
data. The absolute configuration was determined by comparing
the optical rotation with literature data.3

(1S,2R)-(-)-1-Formyl-2-propylcyclopropane (9): 44% iso-
lated yield; 54% conversion; 82% ee determined by 1H NMR
analysis of MTPA ester (4.43 ppm, minor; 4.48 ppm, major);
[R]25

D -13.8° (c 0.39, CH2Cl2); 1H NMR (500 MHz, CDCl3) δ 9.34
(d, J ) 6.0 Hz, 1H), 1.88-1.83 (m, 1H), 1.67-1.31 (m, 5H), 1.26-
1.16 (m, 2H), 0.91 (t, J ) 7.5 Hz, 3H); 13C NMR (125 MHz,
CDCl3) δ 202.16, 30.43, 27.94, 24.72, 23.27, 14.89, 13.91. The
absolute configuration was determined by chiral GC analysis of
the corresponding alcohol obtained by LiAlH4 reduction of
aldehyde 9.

(1R,2S)-(+)-2-Propylcyclopropylmethanol (9): 42% iso-
lated yield; 93% ee determined by 1H NMR analysis of MTPA
ester (4.43 ppm, major; 4.48 ppm, minor); [R]25

D +27.9° (c 0.20,
CH2Cl2). 1H and 13C NMR spectral data match the literature
data. The absolute configuration was determined by comparing
the optical rotation with literature data.3

(1S,2R)-2-Acetoxymethyl-1-formylcyclopropane (10): 40%
isolated yield; 41% conversion; 92% ee determined by gas
chromatography using chiral R-Dex column (100 °C, tR ) 22.4
min, major isomer; 22.0 min, minor isomer); 1H NMR (500 MHz,
CDCl3) δ 9.54 (d, J ) 4.0 Hz, 1H), 4.50 (q, J ) 6.5 Hz, 1H), 3.94
(dd, J ) 9.0, 12.0 Hz, 1H), 2.12-2.05 (m, 1H), 2.04 (s, 3H), 1.91-
1.81 (m, 1H), 1.36-1.24 (m, 2H); 13C NMR (125 MHz, CDCl3) δ
200.29, 171.11, 62.66, 26.82, 21.07, 12.94.

(1R,2S)-(-)-2-Acetoxymethylcyclopropylmethanol
(10): 57% isolated yield; 57% ee determined by 1H NMR analysis
of MTPA ester (4.53 ppm, minor; 4.48 ppm, major); [R]25

D -10.0°
(c 0.55, CH2Cl2). 1H and 13C NMR spectral data match the
literature data. The absolute configuration was determined by
comparing the optical rotation with the literature data.4c

(1S,2R)-(+)-2-Bromoethyl-1-formylcyclopropane (11): 35%
isolated yield; 45% conversion; 91% ee determined by 1H NMR
analysis of MTPA ester of the corresponding alcohol obtained
from LiAlH4 reduction of 11a (4.05 ppm, minor; 4.01 ppm,
major): [R]25

D +32.0° (c 0.27, CH2Cl2). 1H and 13C NMR spectral
data match the literature data. Excess LiAlH4 reduction of
aldehyde 11 afforded alcohol 11 and alcohol 8 (∼5:1). The
absolute configuration was determined by 1H NMR analysis of

(14) (a) Dale, J. A.; Dull, D. L.; Mosher, H. S. J. Org. Chem. 1969,
34, 2543-2549. (b) Gao, Y.; Hanson, R. M.; Klunder, J. M.; Ko, S. Y.;
Masamune, H.; Sharpless, K. B. J. Am. Chem. Soc. 1982, 109, 5765-
5780.
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MTPA ester of the corresponding alcohol 8 obtained from LiAlH4
reduction of aldehyde 11 (4.45 ppm, minor; 4.50 ppm, major).

(1R,2S)-(+)-2-Bromoethylcyclopropylmethanol (11b): 50%
isolated yield; 83% ee determined by 1H NMR analysis of MTPA
ester (4.05 ppm, major; 4.01 ppm, minor); [R]25

D +13.0° (c 0.13,
CH2Cl2). 1H and 13C NMR spectral data match literature data.1b

The absolute configuration was determined by 1H NMR analysis
of MTPA ester of the corresponding alcohol 8 obtained from
LiAlH4 reduction of aldehyde 11 (4.45 ppm, major; 4.50 ppm,
minor).
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