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Abstract

This paper describes the stereoinversion of (R)-1,2-octanediol promoted by Aspergillus niger CCT 1435 and Candida albicans CCT 0776 from
Brazilian collections. Racemic 1,2-octanediol can be converted into (S)-1,2-octanediol with 70% isolated yield and 99% ee in 10 husing C. albicans.
This is one of the best results in the literature and on-going experiments indicate that the reaction rate can be further accelerated.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Enantiomerically pure alcohols are important building blocks
for the synthesis of bioactive compounds for pharmaceutical
and agrochemical applications [1]. The synthesis of optically
active alcohols is usually performed by asymmetric reduction of
ketones using chiral organometalic reagents or through biocat-
alytic methods [2]. Highly efficient bioprocess deracemization
is a good alternative to the usual enzymatic resolution, allow-
ing the transformation of racemates into chiral building blocks
with 100% chemical yield and 100% enantiomeric excess (ee)
[3]. Such processes are mainly achieved following three dif-
ferent approaches: dynamic kinetic resolution which combines
transition metal-catalyzed racemization with an enantioselec-
tive lipase-catalyzed hydrolysis reaction [4], enantioconvergent
reactions using two independent pathways [5,6]; or enantiose-
lective stereoinversion of a racemic mixture, yielding a single
enantiomerically pure product [7,8].

The latter is the most attractive as theoretically only half of the
starting material, for example, the [(S)-enantiomer] undergoes a
chemical transformation while the other half [(R)-enantiomer]
remains unaltered, already with the desired configuration.
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Microbial biotransformation of one enantiomer into its mir-
ror image is not a widespread biosynthetic pathway in Nature.
Consequently a limited number of microorganisms capable of
performing such reactions have been reported in the literature
[9].

While searching for epoxide-hydrolases using whole cells
from wild microorganisms [10] we have selected strains that
converted 1,2-epoxyoctane (1) into (S5)-1,2-octanediol [(S)-2]
in a cascade process involving ring opening followed by a
selective stereoinversion. This paper reports deracemization by
stereoinversion using microorganisms from Brazilian culture
collections.

2. Experimental

2.1. Analytical and substrates

Merck 60 silica gel (230-400 mesh ASTM) was used for
flash chromatography. Dichloromethane was dried over CaH,
and distilled immediately before use. Iy NMR (300.07 MHz,
CDCl3) and 3C NMR (75.50 MHz, CDCl3) spectra were
recorded on a Gemini 300P - Varian Instruments using (CH3)4Si
as internal reference (§ 0.00). Chemical shifts are given in
ppm and coupling constants J are given in Hz. GC-MS anal-
yses were performed with an Agilent 6890 Series GC System
and mass spectra were recorded with a Hewlett-Packard 5973
Mass Selective Detector (70eV) using a HP-5MS-crosslinked
5% phenyl methyl siloxane fused silica capillary column
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(30m x 0.25 mm i.d. x 0.25 pm film thickness) and helium as
carrier gas (1 mL/min). Chiral GC was performed on an Agilent
6890 Series GC System or on an Agilent 6850 Series GC System
with FID detectors, using hydrogen as carrier gas (10 psi) and
a Chirasil-Dex CB -cyclodextrin chiral column (Chrompack,
25m x 0.25mm 1i.d. x 0.25 wm film thickness). Optical rota-
tion was measured in methanol using a J-702 Jeol polarimeter
(589.3 nm).

2.2. Microorganisms and culture conditions used in the
small-scale biocatalysis

The microorganisms Aspergillus niger CCT 1435 and Can-
dida albicans CCT 0776 were acquired from the CCT collection
(Colecao de Culturas Tropical, Fundacao Tropical de Pesquisas
André Tosello, Brazil) and Bacillus pumilus CBMAI 0008 was
purchased from the CBMALI collection (Colecao Brasileira de
Microrganismos de Ambiente e da Industria, CPQBA, Uni-
camp).

The microorganisms were grown in Erlenmeyer flasks
(500-mL) containing 100 mL of culture medium A (A. niger
CCT 1435), B (B. pumilus CBMAI 0008) or C (C. albi-
cans CCT 0776). Medium A was prepared with malt extract
(20 g/L); medium B was prepared with xylan (10g/L), pep-
tone (10 g/L), Tween 80 (1 g/L), (NH4)2SO4 (1.4 g/L), KH2PO4
(2.0g/L), urea (0.3 g/L), CaClp-2H,0 (0.4 g/L), MgSO4-7TH,0
(0.3g/L), SmL FeSO4-7H;0O (1g/L), 1.6mL MnSQO4-7H,0
(1g/L), 1.4mL ZnSO4-7H>0 (1 g/L) and 2 mL CoCl; (1 g/L,
pH 10), and medium C contained yeast extract (3.0 g/L), malt
extract (3.0g/L), peptone (5.0g/L) and D-glucose (1.0g/L).
After appropriate stages of growth, the cells were harvested by
centrifugation (5000 rpm, 20 min at 18 °C) or filtration (A. niger
CCT 1435) and used in the biocatalytic assays.

2.3. General procedure for biotransformation reaction with
1,2-epoxyoctane (1)

Whole cells (2-4 g) were stirred in a 125-mL Erlenmeyer
flask at 150 rpm containing 40 mL of phosphate buffer pH 7.0
and maintained at 28 °C. Then, 40 nL of the racemic epoxide 1in
DMF (20 p.L) was added to the medium (final substrate concen-
tration 1 pL/mL). The bioconversion was monitored from time
to time extracting aliquots from the bioreaction with organic
solvent, after saturation with NaCl. Conversion was based on
residual epoxide 1 present in a 0.5 mL sample extracted with
0.5 mL of ethyl acetate (containing pentadecane as internal stan-
dard (0.01 mg/mL)) and determined by GC-MS. To determine
the ee of the diol 2, 3 mL aliquots of the reaction medium were
saturated with NaCl extracted with diethyl ether and evaporated
for direct derivatization to the acetonide (3). The ee of the diol
2 was then indirectly determined by chiral GC-FID analysis
(Section 2.4).

2.4. General procedure for the diol derivatization

Conversion of the diols 2 into acetonides 3 with 2,2-
dimethoxypropane and pyridinium p-toluenesulfonate (PPTS)

was performed using the diol/epoxide mixtures [11]. The
aliquots of the reactions mixtures (3 mL) were extracted with
diethyl ether (2x 3 mL), the organic layer was then dried over
Na;SO4 and evaporated under a nitrogen flow. To the residue,
2,2-dimethoxypropane (1 mL) and catalytic amount of PPTS
were added and the reaction was stirred at room temperature
for 2 h. After washing with a saturated NaCl solution, the aque-
ous phase was extracted with hexane, and the organic layer was
dried over NapSO4 and evaporated. Hexane (500 wL) was added
to the residue and 1 pL of this solution was directly analyzed by
chiral GC-FID to determine the diol concentration.

2.5. Synthesis of (£)-4-hexyl-2,2-dimethyl-[ 1,3 ]-dioxolane
(3)

CHs
OH PPTS HaC o)
_ >
HOW5CH3 2,2-dimethoxypropane o\)\M%CH?’
2 25°C 3

(£)-2 (25mg, 0.17mmol) and 2,2-dimethoxy-propane
(3mL) were stirred in the presence of a catalytic amount of
PPTS [12] for 2h at room temperature. After washing with
a saturated NaCl solution, the aqueous phase was extracted
with hexane, and the organic layer was dried over NapSOy
and evaporated. Purification of the crude product by flash chro-
matography (hexane/EtOAc, 9.5:0.5) afforded 3 as a colorless
oil, 16.7 mg (0.09 mmol, 53%) IH NMR (300.07 MHz, CDCl3):
8 4.12-4.00 (m, 2H), 3.50 (t, J 7Hz, 1H), 1.72-1.15 (m, 16H),
0.88 (t, J 6.5 Hz, 3H); 3C NMR (75.50 MHz, CDCl3): § 108.5
(C), 76.2 (CH), 69.6 (CHy), 33.7 (CHy), 31.8 (CHy), 29.4
(CH»), 27.1 (CH3), 25.8 (CH3), 25.8 (CH»), 22.7 (CH»), 14.1
(CH3). EI/MS m/z: 172(10), 171(100), 111(10), 101(14), 72(35),
69(96), 59(12), 55(30), 43(67), 42(10), 41(25).

2.6. Standard procedure for small-scale enzymatic
deracemization of (£)-1,2-octanediol (2)

Racemic 2 (40 L) in DMF (20 L) was added to a 125-mL
Erlenmeyer flask containing the whole cells (2—4 g) and 40 mL of
phosphate buffer (pH 7.0) and maintained at 28 °C with stirring.

Conversion was based on residual diol present in a 0.5 mL
sample extracted with ethyl acetate (0.5mL) containing an
internal standard (pentadecane, 0.01 mg/mL) and determined by
GC-MS. The ee of 2 was monitored by withdrawing 2 mL of the
reaction mixture from time to time, and extracting with diethyl
ether (2x 2mL) after saturation with NaCl, evaporating the
organic layer. After direct derivatization to the corresponding 3
the ee of 2 were determined by chiral GC-FID analysis (Section
2.4).

2.7. Standard procedure for preparative-scale enzymatic

hydrolysis of (£)-1

Hydrolysis of 70 wL of 1,2-epoxyoctane by A. niger CCT
1435 cells (7.0 g wet weight) in 70 mL phosphate buffer (pH
7.0) as previously described provide 30.7mg of the crude
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1,2-octanediol after 20h. Purification by silica gel column
chromatography (eluted with hexane and increasing amounts
of ethyl acetate) furnished pure (S)-1,2-octanediol (17.2 mg,
25.6%).

2.8. Absolute configuration of 1,2-octanediol (2)

Optical rotations were measured in methanol and the specific
optical rotation for 1,2-octanediol was determined and com-
pared with literature data: [oz]zD2 = +6.0 (ca. 1.6, methanol,
ee=47.1%), lit.: (S)-1,2-octanediol: [«]? = —13.6 (ca. 1.0,
methanol; ee>99%) [12] and (R)-1,2-octanediol: [a]3} =
+12.8 (ca. 0.95, methanol; ee =80%) [13].

2.9. Synthesis of 1-hydroxy-2-octanone (6)

Synthesis of (6): A mixture of the ketone 5 (533 mg,
2.06 mmol) in 10mL of CH;Cl,, water (three drops) and
monohydrated p-toluenesulfonic acid (157 mg, 0.82 mmol) was
stirred at 25 °C for 24 h. After washing the organic layer with
a saturated NaHCO3 solution, the aqueous phase was extracted
with CH,Cl; the organic portion was dried over NaySO4 and
evaporated. Flash chromatographic purification (hexane/ether,
9:1) afforded 223 mg (1.54 mmol, 75%) of the 1-hydroxy-2-
octanone as a colorless oil. 'H NMR (300.07 MHz, CDCls):
8 4.24 (s, 2H); 2.90 (sl, 1H), 2.41 (t, J 7.3 Hz, 2H), 1.63 (q, J
7.3 Hz, 2H), 1.2-1.4 (m, 6H), 0.88 (t, J 7.2 Hz, 3H); '3C NMR
(75.50 MHz, CDCl3): § 209.9 (C), 68.1 (CH3), 38.4 (CHy),31.4
(CH,), 28.8 (CH3), 23.7 (CHy), 22.4 (CH3), 15.0 (CH3). EI/MS
miz: 113 (100), 110 (24), 95 (12), 85 (48), 81(11), 57 (40), 55
(64), 53 (17).

PPTS "

OH TBSCI OH o)
imidazole PCC
HOWCH;«; [midazole_ TBSO\)\MCHa T . TBSOQKMCHg B HOQLMCH3
5 CH,Cl, 5 CH,Cl, 5 CH,Cl, 5
2 25°C 4 25°C

Synthesis of (4): To a solution of (&£)-1,2-octanediol (2)
(510 mg, 3.5 mmol) in CH>Cl; (17 mL, previously treated with
CaH,), were added imidazol (262 mg, 3.85 mmol) and TBSCI
(527 mg, 3.5mmol) and the reaction was stirred for 30 min
at 25°C. Brine was added to the reaction mixture and the
aqueous phase was extracted with CH,Cl; (three times). The
organic phase thus obtained was dried with Na;SO4 and evap-
orated and the crude product was used directly to synthesize
5.

Synthesis of (5): To product 4 (1.02 g) in CH,Cl, (14 mL),
were added sodium acetate (60 mg) and pyridinium chlorochro-
mate (2.17 g, 10 mmol). The reaction mixture was stirred for
24h at 25°C, after which the reaction mixture was diluted
in diethyl ether (50 mL) and washed with diethyl ether (three
times). The reaction mixture was filtered through a short Florisil
pad, dried over Na;SO4 and evaporated. The crude product was
further purified by flash chromatography (hexane/ether, 9.8:0.2)
affording 533 mg (2.06 mmol, 61%) of 1-(fert-butyl-dimethyl-
silyloxy)-2-octanone (5) as a colorless oil.

5 25°C 6

2.10. General procedure for biotransformation reaction
with 1-hydroxy-2-octanone (6)

The prochiral ketone 6 (40 wL) was added to an Erlen-
meyer flask (125-mL) containing phosphate buffer (pH 7.0,
70mmol/L, and 40mL) and whole cells (24 g). This was
stirred at 150rpm at 28 °C. The bioconversion was moni-
tored from time to time by extracting aliquots (2mL) with
organic solvent after addition of NaCl. Conversion was based
on GC-MS analyses using the residual ketone 6 present in the
0.5 mL sample extracted with ethyl acetate (0.5 mL), compared
to an internal standard (either pentadecane or benzophenone,
0.01 mg/mL). The ee was obtained by chiral GC-FID analysis
(Chrompack column) either directly or after derivatization to 3
when the column in use did not discriminate the enantiomers
of 2.

Table 1
Biohydrolysis of (+)-1,2-epoxyoctane by A. niger CCT 1435, C. albicans CCT 0776 and B. pumilus CBMAI 0008 C. albicans CCT 0776 resting cells in phosphate
buffer (pH 7.0)
Microorganisms Time (h) Conversion (%) ee (epoxide, %) Epoxide (absolute ee (diol, %) Diol (absolute
configuration)® configuration)
A. niger 2 77.8 13.1 S 49.1 (R)
7 922 33.7 ) 50.2 (R)
24 >99 25.8 S 253 S)
B. pumilus 2 28.6 5.8 ) 20.5 (R)
7 72.5 9.4 S 20.3 (R)
24 >99 22.6 ) 76.0 S)
C.albicans 2 95.0 37.0 S 21.0 (R)
4 >99 - - 0 -
9 >99 - - >99 ®))

2 Comparison and co-injection with (R)-(+)-1,2-epoxyoctane purchased from Aldrich.
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3. Results and discussion

Conversion of 1 into 2, the ee and absolute configuration
are summarized in Table 1. The absolute configurations of both
enantiomers of 2 were determined by comparison with the spe-
cific optical rotation values reported in the literature [13,14]. The
bioreactions with each of the three microorganisms showed an
interesting time-dependent inversion of compound 2 configura-
tion. The biotransformation using A. niger whole cells afforded
(R)-2 with 51% ee and 92% of conversion after 7 h of reaction.
However, this configuration was changed to S after 24 h. The
same phenomenon occurred with B. pumilus, changing racemic
1 into an enriched mixture of 2 (20.3% ee (R)-enantiomer) after
7h that was further converted to the (S)-diol 2 in 76.0% ee
after 24 h. For C. albicans, racemic 1 produced (R)-2 in 37%
ee and 95% of conversion after 2 h; however, after 9 h only the
S enantiomer was detected (Table 1).

These results suggest that we are observing a multienzy-
matic process allowing the hydrolysis and deracemization by
stereoinversion of (£)-epoxyoctane (1) in cascade biosynthetic
pathways. This mechanism was proposed based on the detection
of the prochiral intermediate 6 using C. albicans and B. pumilus
(Scheme 1) as determined by the mass fragmentation pattern in
the GC-MS spectrum and comparison with a synthetic standard
of 6 (co-injection).Therefore, we can propose that (R)-2 could
undergo a selective stereoinversion promoted by oxidation to the
a-hydroxy-ketone 6, followed by a selective reduction to (S)-2
(Scheme 1). Meanwhile (§)-2 remains almost unaltered. This
rationale fits the biotransformations performed by A. niger CCT
1435 and C. albicans CCT 0776 which were carried out to yield
almost quantitative deracemizations of 1,2-octanediol (2). Thus,
a preparative reaction of (£)-2 with A. niger CCT 1435 produced
chromatographically pure (S)-2 in 48 h, 88.5% yield and 83.5%
of ee, and the reaction with C. albicans CCT 0776 furnished
(8)-2 in 8 h, 65.5% yield and ee over 99% (Table 2).A control
reaction with (£)-2, in phosphate buffer (pH 7.0) provided the
diol in 91.1% yield with no enantiomeric excess. B. pumilus also
converted racemic 2 to optically pure (S)-2. However, the opti-
cally pure (S)-diol was obtained together with an equal amount
of 1-hydroxy-2-octanone (6), clearly characterizing a kinetic
resolution process.

Scheme 1. Sequential action of epoxide-hydrolase and oxidoreductase on (£)-
1,2-octanediol resulting in deracemization with A. niger CCT 1435 and C.
albicans CCT 0776 and kinetic resolution in B. pumilus. Suggested relative
reaction rate constants for A. Niger and C. albicans are k1 >k2; k3 > k4; k-
4> k-3; and for B. pumilus is k1 >k2; k3 > k4 »>k-3 and k-4 (or does not occur
at all).

Table 2
Microbial transformation of (4)-1,2-octanediol

Microorganisms Time (h) ee (5)-1,2-octanediol (%)
A. niger CCT 14352 48 >99.0
A. niger CCT 1435° 33 97.6
B. pumilus CBMAI 0008° 48 95.6
B. pumilus CBMAI 0008° 33 95.5
C. albicans CCT 07769 8 >99.0

2 The formation of 1-hydroxy-2-octanone was not observed in the reactions
with A. niger CCT 1435.

b Pre-incubation with epoxide for 20 h at 28 °C and shaking at 150 rpm.

¢ The formation of 1-hydroxy-2-octanone was observed with B. pumilus. The
bioconversion (55.5% in 48 h) of the diol to the ketone was based on residual
diol determined by GC-MS.

d The formation of 1-hydroxy-2-octanone was detected in small amounts in
the reactions with C. albicans CCT 0776.

The evaluated microorganisms perform the deracemization
of (4)-2 by two different pathways: either kinetic resolution in
which the (R)-diol is selectively oxidized to 6 or a stereoinver-
sion in two cascade reactions with a selective oxidation of the
(R)-diol to 1-hydroxy-2-octanone (6) followed by a selective
reduction of 6 to the (§)-diol. To confirm this, the biotransfor-
mation of the prochiral ketone 6 was performed with A. niger
and C. albicans cells, producing (S)-2 with >99% ee after 30
and 18 h, respectively (Table 3). With B. pumilus there was no
observable reduction of 6 even after 6 days of reaction.

These data can be interpreted as follows: A. niger, B. pumilus
and C. albicans express epoxide-hydrolases of low to moder-
ate (R)-enantioselectivity. Upon extended incubation, (R)-2 is
selectively oxidized to 1-hydroxy-2-octanone (6) by all microor-
ganisms, allowing accumulation of (S)-2. Moreover, 6 is reduced
by (S)-stereoselective oxidoreductases present in A. niger and C.
albicans, increasing the conversion yield of (S)-2 to 100% and
maintaining high ee levels (Scheme 1). In B. pumilus the oxi-
doreductases seems to be absent and 1-hydroxy-2-octanone (6)
accumulates. The exact mechanism involved in the stereoinver-
sion is a challenging topic [9] to be further investigated.

Table 3

Biotransformation of 1-hydroxy-2-octanone by A. niger CCT 1435, C. albicans
CCT 0776 and B. pumilus CBMAI 0008* and C. albicans CCT 0776 resting
cells in phosphate buffer (pH 7.0)

Microorganisms ~ Time (h)  Conversion ee (diol, %) Diol (absolute
(%) configuration)
A. niger® 2 17.7 79.8 (S)
8 36.0 86.2 S)
21 87.6 93.1 (S)
30 >99 >99.9 (S)
C. albicans 6 83 18 )
18 >99 >99 (S)

4 Reactions with B. pumilus were monitored for 6 days and conversion to diol
was not observed.

b Reactions with A. niger were monitored for 4 days and after 30 h the con-
version and ee values of the diol formed remained unaltered.



54 L.S. Chen et al. / Journal of Molecular Catalysis B: Enzymatic 54 (2008) 50-54

4. Conclusion

These experiments confirm that C. albicans and A. niger are
able to deracemize (£)-2 by stereoinversion of the (R)-2, while
B. pumilus yields the (S)-enantiomer by kinetic resolution of
(£)-2.
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