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Experimental conditions using whole cells to select fungal strains for specific bioreduction of ketones and formation of Baeye
xidation products were studied.Epicoccum nigrumSSP 1498 was effective in the bioreduction leading to the chiral alcohols in up t
nantiomeric excess. High acetophenone monooxygenase activity was observed by the use of the fungusEmericella nidulansCCT 3119 a
iocatalyst.
2004 Elsevier B.V. All rights reserved.

eywords:Biotransformation; Baeyer–Villiger oxidation; Bioreduction; Fungus; Ketones; Phenols; Monooxygenase; Dehydrogenase

. Introduction

In recent years, the use of biological systems in the
ynthesis of several compounds, such as pharmaceutical in-
ermediates and commodity chemicals have attracted much
ttention[1]. The current interest in applying biocatalysis

n organic synthesis is mainly related to the preparation of
ptically active compounds with high stereoselectivity un-
er environmentally friendly conditions[2]. The biocatalytic

ransformations can be carried out by means of many classes
f enzymes, which are present in bacteria, fungi and yeasts

2,3]. These enzymes can be employed in a purified form,
n cell extracts or using a living organism. According to the
equired chemical reaction and to the scale of the process, the
nzymatic systems should be chosen taking into account the
ost and efficiency of the whole process. In several cases, the
ubstrates used for biocatalytic reactions are artificial com-
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pounds. Therefore, the generalization of a specific enzym
reaction for a wide range of substrates is still hard to pre
In this way, the discovery of novel enzymes with the des
activity and specificity by screening is constantly needed[4].

In preliminary studies, we succeeded in the prepara
of chiral alcohols with high enantioselectivity by biored
tion of ketones or alcohol deracemization[5]. The source
of the enzymatic systems employed in these studies
Daucus carrotaroot [5a], whole fungal[5b–d] and bacte
rial cells [5e]. In the biotransformation using whole fung
cells it was obtained the chiral alcohols plus phenols as
products formed through a competitive Baeyer–Villiger re
tion [5b,c]. These results suggest that the fungi employe
these biotransformations present promising enzymatic
tems for bioreduction and Baeyer–Villiger reaction of a
matic ketones. This last reaction makes use of acetophe
monooxygenases[6], which are responsible for microb
degradation of acetophenones. Recently, some reports
focused on the study of aromatic monooxygenases, inclu
their application in Baeyer–Villiger reactions[7].

381-1177/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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In this work, we selected acetophenone (1a), a well-
known pro-chiral ketone employed to detect acetophenone
monooxygenase and alcohol dehydrogenase activities[6,8],
to test fungal strains isolated from environments scarcely
explored for chemical purposes, such as bioreduction and
Baeyer–Villiger reaction of aromatic ketones (Scheme 1).
The most promising strains would be used to study the
chemo- and stereoselectivity of the mentioned reactions to-
wards substituted acetophenones with different electronic de-
mands.

2. Experimental

2.1. General methods

Acetophenone, 4′-methoxyacetophenone, 4′-methyl-
acetophenone, 4′-chloroacetophenone, phenol, 4′-methoxy-
phenol, 4′-methylphenol and 4′-chlorophenol are commer-
cially available and were used without further purification.
Thin-layer chromatography (TLC) was performed using
precoated plates (Aluminum foil, silica gel 60 F254 Merck,
0.25 mm). Merck 60 silica gel (230–400 mesh) was used
for flash chromatography. GC analyses were performed
in a Shimadzu GC-17A instrument with a FID detector,
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3119 andRhizopus oryzaeCCT 4964 were obtained from
the Culture Collection of the André Tosello Foundation[10].

2.3. Preservation of the microorganisms

The microorganisms were conserved as suspension in dis-
tilled water. All the strains were stored at 4◦C in our labora-
tory.

2.4. Culture media

The following culture media were selected after a growing
test for all microorganisms selected. Composition for the cul-
ture medium: [A] = potato extract 4 g/L, glucose 20 g/L–BDA
(Oxoid); [B] = dextrose 20 g/L (Oxoid), peptone 10 g/L (Ox-
oid); [C] = glucose 20 g/L, yeast extract 20 g/L (Oxoid), pep-
tone 5 g/L (Oxoid), KH2PO4 1 g/L, K2HPO4 2 g/L, NaNO3
2 g/L, KCl 0.5 g/L, MgSO4 · 7H2O 0.5 g/L, FeSO4 · 7H2O
0.02 g/L; [D] = yeast extract 4 g/L (Oxoid), starch 15 g/L,
K2HPO4 1 g/L, MgSO4 · 7H2O 0.5 g/L.

2.5. Synthesis of the chemical standards for analysis
correlation by gas chromatography

2.5.1. Synthesis of racemic alcohols2a–d
The preparation of the alcohols2a–d was carried out by
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sing hydrogen as a carrier gas (100 kPa). Mass sp
ere recorded on a Shimadzu GCMS P5050A (70
pectrometer. The fused silica capillary columns used

J&W Scientific DB-5 (30 m× 0.25 mm) and a chira
olumn Chirasil–Dex CB�-cyclodextrin (25 m× 0.25 mm)
or determination of the enantiomeric excesses. Op
otations were determined on a JASCO DIP-378 polarim

.2. Microorganisms library

The microorganismsEpicoccum nigrumSSP 1948,Peni-
illium decumbensSSP 1944,Curvularia lunataSSP 117
eotrichum candidumSSP 1170,Pestalotiopsissp. SSP
946,Aspergillus nigerSSP 1078 andAspergillus terreu
SP 1498 were obtained from the Fungal Culture Colle
f the Botanical Institute of S̃ao Paulo (S̃ao Paulo, Brazil)[9].
spergillus foetidusCCT 2683,Emericella nidulansCCT

Sc
 1.

eduction of the corresponding acetophenones with so
orohydride in ethanol[5c].

.5.2. Synthesis of acetates3a–d
To a solution of the appropriate alcohols (2a–d)

0.40 mmol) in CH2Cl2 (1 mL), acetic anhydride (0.2 mL
nd pyridine (0.2 mL) were added. The reaction mixture
tirred overnight at room temperature. After this period
eaction mixture was worked-up by addition of satura
queous solution of NH4Cl (4 mL) followed by extraction
ith ethyl acetate (2× 15 mL). The organic phases were co
ined and dried over MgSO4. The solvent was removed
acuum giving an oil, which was used without further pu
ation as a standard for GC analyses. The acetates (3a–d)
ere identified by GC–MS analyses. The structures
onfirmed by comparison with a Mass Spectral Data
CLASS-5000/Wiley).
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2.6. General procedures for the culture of the
microorganisms

(a) The fungiA. terreusSSP 1498,A. nigerSSP 1078,A.
foetidusCCT 2683,E. nidulansCCT 3119 andR. oryzae
CCT 4964 from slants were cultivated in Erlenmeyer
flasks (250 mL) containing 100 mL of the appropriate
culture medium at 32◦C in an orbital shaker (160 rpm)
for 96 h.

(b) The fungiE. nigrumSSP 1948,P. decumbensSSP 1944,
C. lunataSSP 117,G. candidumSSP 1170 andPestalo-
tiopsissp. SSP 1946 from culture plate were cultivated
in Erlenmeyer flasks (250 mL) containing 100 mL of the
appropriate culture medium at 26◦C in an orbital shaker
(120 rpm) for 192 h. Sterile materials were used to per-
form the experiments and the microorganisms were ma-
nipulated in a laminar flow cabinet.

2.7. General procedures for biotransformation

2.7.1. Biotransformation procedure for the evaluation of
the enzymatic activities: acetophenone monooxygenase
and alcohol dehydrogenase

Erlenmeyer flasks (250 mL) containing 100 mL of the ap-
propriate culture medium (Section2.4) were inoculated with
s e
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compared with racemic mixtures and standard samples pre-
viously obtained from chemical reactions (see Section2.5).

GC conditions (carrier gas—H2, 100 kPa)—injector
220◦C; detector 220◦C; 110◦C, 3◦C/min up to 180◦C;
tR (min): chiral compounds2a–d: retention time of
(R,S)-phenyl-ethanol (2a): R-enantiomer 4.48 min,S-
enantiomer 4.75 min; (R,S)-1-(4-chloro-phenyl)-ethanol
(2b): R-enantiomer 9.64 min,S-enantiomer 10.32 min;
(R,S)-1-(4-methyl-phenyl)-ethanol (2c): R-enantiomer
5.61 min,S-enantiomer 6.07 min; and (R,S)-1-(4-methoxy-
phenyl)-ethanol (2d): R-enantiomer 9.57 min,S-enantiomer
9.93 min. Compounds3a–d: retention time of phenyl
acetate (3a) 2.12 min, 4-chlorophenyl acetate (3b) 4.64 min,
4-methylphenyl acetate (3c) 3.04 min and 4-methoxyphenyl
acetate (3d) 5.95 min. Compounds4a–d: retention time
of phenol (4a) 4.38 min, 4-chlorophenol (4b) 10.45 min,
4-methylphenol (4c) 5.26 min and 4-methoxyphenol (4d)
10.45 min.

2.9. Assignment of the absolute configurations for the
alcohols2a–d

The absolute configurations were attributed by chiral
GC correlation with standards (S)-phenyl-ethanol (2a), (S)-
1-(4-chloro-phenyl)-ethanol (2b), (S)-1-(4-methyl-phenyl)-
e
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pores or a disk (5 mm× 5 mm) from a culture plate of th
icroorganism. Growth was carried out in an orbital sh
t (h), r (rpm), T (◦C), see Section2.6]. After the incuba
ion time, the appropriate ketones (1a–d) (liquid compounds
0�L or solid compounds: 20 mg in 0.2 mL of ethanol) w
dded to the flasks and maintained under stirring in a
ital shaker [r (rpm),T (◦C), see Section2.6] for four days
he progress of the biotransformation was monitored by
nalysis.

.7.2. Biotransformation procedure for the evaluation o
he influence of the substrate concentration on the
cetophenone monooxygenase activity of E. nidulans
rowing cells

The transformation was carried out as mentioned a
ith few modifications. An additional amount of a ph
hate buffer solution (50 mL, pH 7.0, 0.1 M) was adde

he culture after the incubation time (96 h). Then an ap
riate solution of1d (20–400 mg; 20 mg/0.15 mL of ethan
as added to the biocatalytic system.

.8. GC analysis for determination of the enzymatic
ctivity: acetophenone monooxygenase and alcohol
ehydrogenase

The reaction progress was monitored by collecting 2
amples after four days of biotransformation (Tables 1 and 2).
hese samples were extracted by stirring with ethyl ac
2 mL) followed by centrifugation (6000 rpm, 5 min). T
rganic phase (1�L) was analyzed by GC in a chiral cap

ary column. The products of the biocatalyzed reactions
thanol (2c) and (R)-1-(4-methoxy-phenyl)-ethanol (2d) pre-
ared by us as previously reported[5c].

. Results and discussion

.1. Biotransformation of1a

In order to evaluate the enzymatic systems of the
roorganisms under study on the biotransformation o1a,
e selected four culture media for their growth. After
rowth of each fungal strain in all culture media selec
cetophenone (1a) was added to the cells suspensions. A

our days of biotransformation, acetophenone monoox
ase and alcohol dehydrogenase activities were evalua
C analyses. As can be seen inTable 1, the most enantio
lective strain for the bioreduction reaction wasE. nigrum
SP 1948, which gave (S)-1-phenyl-ethanol (2a) with high
onversion (99%) and enantiomeric excess (98%) (Table 1,
ntry 11). The (S)-configuration of the alcohol is in acco
ance with Prelog’s rule[11]. GrowingE. nigrumSSP 1948

n all the culture media selected, the bioreduction of1a into
agave the same (S)-enantiopreference. The biocatalytic
ctions carried out by this last fungal strain using the

ure media A and D for its growth showed lower stereo
ectivity in the bioreduction of1a (Table 1, Entries 1 an
1). Concerning the Baeyer–Villiger reaction,E. nigrumSSP
948 did not show acetophenone monooxygenase ac
xcept for the culture medium D (Table 1, Entry 31). In
his last case, phenol (4a) was obtained in low concentr
ion (2%). According to previously reports, we can supp
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Table 1
Effect of the culture media in the biotransformation of the acetophenone (1a): bioreduction vs. Baeyer–Villiger oxidation

Entry Microorganism Bioreduction, 1-phenyl-ethanol(2a) Baeyer–Villiger oxidation, product4a

Conv. (%) e.e. (%) Config. Conv. (%)

Culture medium A
1 Epicoccum nigrumSSP 1948 99 92 (S) –
2 Penicillium decumbensSSP 1944 30 – – –
3 Curvularia lunataSSP 117 94 83 (S) –
4 Geotrichum candidumSSP 1170 – – – –
5 Pestalotiopsissp. SSP 1946 36 37 (S) –
6 Aspergillus terreusSSP 1498 7 50 (S) ∼3
7 Aspergillus nigerSSP 1078 16 44 (R) ∼1
8 Aspergillus foetidusCCT 2683 45 72 (R) ∼2

9a Emericella nidulansCCT 3119 – – – –
10 Rhizopus oryzaeCCT 4964 34 73 (S) –

Culture medium B
11 Epicoccum nigrumSSP 1948 99 98 (S) –
12 Penicillium decumbensSSP 1944 12 17 (S) –
13 Curvularia lunataSSP 117 48 51 (S) –
14 Geotrichum candidumSSP 1170 – – – –
15 Pestalotiopsissp. SSP 1946 47 68 (R) 40
16 Aspergillus terreusSSP 1498 53 51 (S) ∼2
17 Aspergillus nigerSSP 1078 9 76 (R) 8
18 Aspergillus foetidusCCT 2683 47 89 (R) ∼5
19 Emericella nidulansCCT 3119 17 58 (R) 31
20 Rhizopus oryzaeCCT 4964 69 77 (S) –

Culture medium C
21 Epicoccum nigrumSSP 1948 99 98 (S) –
22 Penicillium decumbensSSP 1944 31 51 (R) –
23 Curvularia lunataSSP 117 53 ∼6 (R) –
24 Geotrichum candidumSSP 1170 – – – –
25 Pestalotiopsissp. SSP 1946 79 28 (R) –

26a Aspergillus terreusSSP 1498 – – – –
27 Aspergillus nigerSSP 1078 ∼4 82 (R) 9
28 Aspergillus foetidusCCT 2683 37 60 (R) 8
29 Emericella nidulansCCT 3119 12 99 (R) 88
30 Rhizopus oryzaeCCT 4964 62 88 (S) –

Culture medium D
31 Epicoccum nigrumSSP 1948 13 80 (S) ∼2
32 Penicillium decumbensSSP 1944 11 26 (R) -
33 Curvularia lunataSSP 117 46 64 (R) 49
34 Geotrichum candidumSSP 1170 ∼5 28 (S) ∼2
35 Pestalotiopsissp. SSP 1946 62 14 (R) ∼3

36a Aspergillus terreusSSP 1498 – – – –
37 Aspergillus nigerSSP 1078 ∼5 66 (R) 11
38 Aspergillus foetidusCCT 2683 24 53 (R) 13

39a Emericella nidulansCCT 3119 – – – –
40 Rhizopus oryzaeCCT 4964 72 71 (S) –

Conv.: conversion determined by GC analysis; e.e.: enantiomeric excess; Config.: absolute configuration. Compounds3a–d were not detected in any biotrans-
formation.

a The acetophenone and the expected products were not detected.

that4a was obtained after two sequential reactions[7]. Ini-
tially, the action of an acetophenone monooxygenase in the
ketone1a leads to phenyl acetate (3a) followed by reaction
with a hydrolase that transforms this compound into phenol
(Scheme 2).

BesidesE. nigrumSSP 1948 other microorganisms per-
formed the reduction of1awith good enantioselectivity. Sev-
eral strains showed enantiopreference for the alcohol with

theR-configuration. The bestR-enantioselectivity was ob-
served by the use ofA. foetidusCCT 2683 (Table 1, Entry
18). In this way depending on the configuration of the chiral
alcohol required, we can use different microorganisms in or-
der to obtain both enantiomers. For example, we can use the
fungusE. nigrumSSP 1948 to prepare (S)-1-phenyl-ethanol
andA. foetidusCCT 2683 to prepare (R)-1-phenyl-ethanol
(Scheme 3).
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Table 2
Biotransformation of substituted acetophenones1a–d byEpicoccum nigrumSSP 1948

Entry Ketone Bioreduction, product2 Baeyer–Villiger oxidation, product4

Conv. (%) e.e. (%) Conv. (%)

1 98 98 (S) –

2 97 60 (S) –

3 97 92 (S) –

4 63 91 (S) –

Conv.: conversion determined by GC analysis; e.e.: enantiomeric excess; absolute configuration in parenthesis; compounds3a–d were not detected in any
biotransformation.

Scheme 2.

An interesting feature observed for the biotransformation
performed byPestalotiopsissp. SSP 1946 was that by chang-
ing the culture medium both enantiomers of the chiral alcohol
2awith low enantiomeric excess were obtained (Table 1, En-
tries 5 and 15). Besides the alcohol2aobtained by using the
culture medium B for growth of this strain, we also observed
a large amount of4a (40%) (Table 1, Entry 15).

Scheme 3.

Concerning the Baeyer–Villiger reaction, the strain with
higher acetophenone monooxygenase activity was found to
be E. nidulansCCT 3119. Growing this strain in culture
medium C, the biotransformation of1a led to the alcohol
2a(12%) and phenol (4a) (88%) (Table 1, Entry 29). The use
of both culture media A and D for growingE. nidulansCCT
3119 led to complete biodegradation of1a (Table 1, Entries
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Table 3
Biotransformation of substituted acetophenones1a–d byEmericella nidulansCCT 3119

Entry Ketone Bioreduction, product2 Baeyer–Villiger oxidation, product4

Conv. (%) e.e. (%) Conv. (%)

1 16 99 (R) 70

2 90 95 (R) 4

3 25 98 (R) 75

4 – – 97

Conv.: conversion determined by GC analysis; e.e.: enantiomeric excess; absolute configuration in parenthesis; compounds3a–d were not detected in any
biotransformation.

29 and 39). BesidesE. nidulansCCT 3119,A. terreusSSP
1498 showed the same biodegradation behavior by the use of
media C and D (Table 1, Entries 26 and 36).

3.2. Biotransformation of acetophenones (1a–d)

In view of the results described above using1aas the sub-
strate, we selectedE. nigrumSSP 1948 (culture medium B) to
study the bioreduction of substituted acetophenones (1a–d)
(Table 2) andE. nidulansCCT 3119 (culture medium C) to
study the Baeyer–Villiger reaction with the same substrates
(Table 3).

As can be seen inTable 2, the products of a Baeyer–Villiger
and hydrolysis reaction (4a–d) were not observed for all the
biotransformations performed by growing cells ofE. nigrum
SSP 1948 and the ketones (1a–d). Concerning the enantio-
preference all the ketones studied were reduced by this fungal
strain to their corresponding (S)-alcohol with high conversion
and stereoselectivity. Reduction of1aby this fungus showed
the best enantioselectivity observed in this study (Table 2,
Entry 1). Reduction of 4′-chloroacetophenone (1b) into its
corresponding alcohol2b occurred in high conversion, but
in lower selectivity (e.e. 60%) than the others acetophenone
derivatives (Table 2, Entries 1–4).

In Table 3 (Entry 4), we can observe that 4′-
m he

Baeyer–Villiger reaction with growing cells ofE. nidulans
CCT 3119. The experimental results shown inTable 3sug-
gest the following reactivity sequence for the substrates
1a–d towards Baeyer–Villiger reaction withE. nidulansCCT
3119:para-methoxy >para-methyl >para-hydrogen >para-
chloro. This reactivity sequence can be attributed to the elec-
tron donating groups at theparaposition of the aromatic ring
[7b]. In addition to the Baeyer–Villiger reaction, we also ob-
served the bioreduction of all the ketones employed except
1d, which suffered preferentially the Baeyer–Villiger reac-
tion (Table 3, Entry 4). The (R)-alcohols2a–c were formed
in this study (Table 3, Entries 1–3).

In view of the good results of the Baeyer–Villiger reaction
by E. nidulansCCT 3119 with1d, we investigated this bio-
transformation at different substrate concentration (Fig. 1).
The tolerance of the fungus for substrate1d was observed to
occur up to 100 mg for 100 mL suspension of growing cells.
The best concentration of1d for this reaction was found to
be 20 mg/100 mL. Phenol4d was produced at a good rate
using up to 80 mg/100 mL of1d concentration. Besides the
Baeyer–Villiger reaction, we also observed the formation of
1-(4-methoxy-phenyl)-ethanol (2d) using the ketone precur-
sor1d in concentration of 60–100 mg/100 mL. This compet-
itive reaction can be occurring due to a possible enzymatic
inhibition of acetophenone monooxygenase by increasing
1 st
ethoxyacetophenone (1d) was the best substrate for t
 d concentration. The above results show that the be1d



L.H. Andrade et al. / Journal of Molecular Catalysis B: Enzymatic 31 (2004) 129–135 135

Fig. 1. Influence of the substrate concentration in the biotransformation of
the 4′-methoxyacetophenone (1d) usingE. nidulansCCT 3119 growing
cells. Baeyer–Villiger oxidation product, 4-methoxyphenol (4d); bioreduc-
tion product, (R)-1-(4-methoxy-phenyl)-ethanol (2d).

concentration for the acetophenone monooxygenase would
be between 20 and 40 mg/100 mL suspension ofE. nidulans
CCT 3119 growing cells.

4. Conclusion

In summary, experimental conditions using whole cells to
select fungal strains for specific bioreduction reaction of ace-
tophenones and formation of Baeyer–Villiger oxidation prod-
ucts were studied.E. nigrumSSP 1948 showed good results
in the bioreduction reaction, leading to the chiral alcohols in
up to 98% enantiomeric excess. (S)- and (R)-alcohols were
prepared by reduction of the corresponding ketones using
different fungal strains. High acetophenone monooxygenase
activity was observed with the fungusE. nidulansCCT 3119.
These results provide useful information for further investi-
gations aiming to obtain purified enzyme systems from these
fungi.
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