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(57) ABSTRACT 

The invention relates to a process for converting an epoxide 
to an alcohol. The process according to the invention is 
enzymatically catalyzed and highly enantioselective and 
regiospecific. 



US 2003/O124693 A1 

ENZYMATIC CONVERSION OF EPOXDES 

0001. The invention relates to a process for converting an 
epoxide to an alcohol. More specifically, the invention 
relates to an enzymatic proceSS for converting an epoxide to 
an alcohol by nucleophilic Substitution. 

0002. A reaction wherein an epoxide is converted to an 
alcohol by nucleophilic Substitution may be depicted as 
follows: 

OH 

—(I -N- R + H + X X 
R 

0003. In this reaction scheme, R may represent a wide 
range of groups, Such as various Substituted or unsubstituted 
alkyl groups, whereas X represents a nucleophile. The 
product of this conversion may be a very useful building 
block in the preparation of various fine chemicals, Such as 
certain pharmaceutical products. The reaction may produce 
two different enantiomers. AS the products are often used for 
applications wherein enantiomeric purity is of great impor 
tance, many attempts to find enantioselective ways of car 
rying out this reaction have been reported. 

0004. An example of such a reaction is the enantioselec 
tive ring opening of an epoxide by an azide anion (N), 
which may be referred to as an azidolysis. The product of the 
reaction, an optically active azido alcohol is a precursor for 
biologically active pharmaceuticals Such as amino alcohols. 
A highly enantioselective azidolysis of meso-epoxides and 
various terminal epoxides using chiral Salen complexes has 
been described by the group of Jacobsen (Martinez et al., J. 
Am. Chem. Soc., 1995, 117, 5897; Farrow et al., J. Am. 
Chem. Soc., 1996, 118, 7420). Preparations of optically 
active aromatic azidoalcohols through a biocatalyzed reac 
tion have also been reported: e.g. by reduction of an O-azi 
doketone (Bese et al., J. Org. Chem., 1994, 59,8288), lipase 
catalyzed resolution (Foelsche etal, J. Org. Chem., 1990,55, 
1749), or monohydroxylation (Boyd et al., Tetrahedron: 
Asymmetry, 1996, 7, 1559). 

0005 The reverse reaction, i.e. the formation of an 
epoxide from e.g. a haloalcohol, using an enzymatically 
catalyzed reaction, has been given much attention in the 
literature, particular using halohydrin dehalogenases. All 
these reactions involved aliphatic halohydrins, Such as 1,3- 
dihalopropanol, 2,3-dihalopropanol, and 3-halo-1,2-pro 
panediol, to produce optically pure halohydrins and 
epoxides (Kasai et al., J. Mol. Cat: B, 1998, 4, 237). Gen 
erally, a halohydrin dehalogenase (also referred to as halo 
hydrin hydrogen-halide-lyase, halohydrin epoxidase or 
haloalcohol dehalogenase) catalyzes the ring-closure of a 
halohydrin to an epoxide. For a limited number of halohy 
drins, it has been described that a halohydrin dehalogenase 
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may also catalyze the reverse reaction. The equilibrium of 
both reactions may be depicted as follows: 

OH halohydrin 
dehalogenase O 

--- R-X + H + X 
R 

0006 wherein R may be chosen from a wide range of 
groups, Such as various Substituted or unsubstituted aryl or 
alkyl groups, and wherein X represents a halogen Such as 
bromide, chloride or iodide. 
0007 One example using a halohydrin dehalogenase and 
a nucleophile different from a halide has been described by 
Nakamura et al., Tetrahedron, 1994, 50, 11821. In this 
reaction, a halohydrin dehalogenase from Corynebacterium 
sp. Strain N-1074 was used to open an epoxide with cyanide 
to yield a B-hydroxy nitrile. 
0008 Asymmetric ring opening of an epoxide by azide 
has been described using a crude enzyme preparation from 
a Rhodococcus sp. (see Faber et al., Tetrahedron Letters, 
1994, 35, 81). The enzyme responsible for the reaction is 
Suggested to be an epoxide hydrolase rather than a halohy 
drin dehalogenase. 
0009. When compared to chemically catalyzed reactions, 
reactions catalyzed by use of enzymes involve the use of leSS 
(organic) Solvents, or other reagents that might be environ 
mentally Suspect Such as metal complexes and the like. For 
example, catalytic chemical azidolysis of epoxides is typi 
cally performed using environmentally unfriendly metals, 
Such as chromium, cobalt or titanium complexes, in organic 
Solvents, Such as dichloromethane, acetonitrile or dimeth 
ylformamide. Furthermore, enzymes are often more Selec 
tive and more efficient catalysts than their chemical coun 
terparts designed by man. For a more complete overview of 
the advantages of enzymatic catalysis, reference is made to 
Faber, Biotransformations in Organic Chemistry, 3" ed., 
Springer-Verlag, New York, 1997. 
0010. In the fine chemical industry, optically pure halo 
hydrins and epoxides are used as building blocks for various 
pharmaceutical products. Halohydrins are often considered 
as direct precursors for epoxides. Ring closure of an opti 
cally pure halohydrin generally leads to an optically pure 
epoxide. Recently, a kinetic resolution of a halohydrin 
containing an aromatic group, Such as 2-chloro-1-phenyle 
thanol, with a halohydrin dehalogenase from Agrobacterium 
radiobacter AD1 has been described (Lutje Spelberg et al., 
Tetrahedron: Asymmetry, 1999, 10, 2863). 
0011. The present invention provides a process wherein, 
optionally Substituted, epoxides may be converted to alco 
hols in a highly enantioselective manner. It has been found 
that the desired enantioselectivity may be accomplished by 
enzymatically converting an, optionally Substituted, epoxide 
of the formula 

(I) 

-A 
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0012 wherein R is hydrogen or an, optionally substi 
tuted, aromatic or aliphatic group, to a mixture of an 
optically enriched epoxide of the formula (I) and an opti 
cally enriched alcohol of the formula 

(II) 
HO 

R1 R2 

0013 wherein R is chosen from the group of I, Cl, Br, 
CN, N, NO, NO, SCN, OCN, OR, NHR', SR', SnR', SeR', 
PR' and COR", wherein R' is chosen from hydrogen, amino 
groups, hydroxyl groups, alkyl groups, aryl groups, aralkyl, 
alkenyl and cycloalkyl groups, which process comprises 
reacting the epoxide with an anionic nucleophile (R) in the 
presence of a halohydrin dehalogenase. 

0014 Klopt de valentie van fosfor in PR, of moetener 
nog andere Substituenten aan het foSforatoom Zitten' Zoja, 
dan moeten die genoemd worden. 
0.015 Surprisingly, it has been found that by converting 
an epoxide according to the invention a very high enantio 
meric exceSS may be obtained. Even when the Starting 
material is a racemic mixture of both enantiomers of the 
epoxide, mainly, if not only, one of the possible enantiomers 
of the product is obtained. Accordingly, the invention 
enables not only a very enantioselective manner of produc 
ing an alcohol, but also an enantioSelective kinetic resolu 
tion of the epoxide. For instance, in case of a reaction of 
(Substituted) Styrene oxides with an azide, the (R)-enanti 
omer of the azidoalcohol is mainly formed, leaving behind 
the non-reacted (S)-enantiomer of the epoxide. 
0016. Moreover, the present process is highly regiospe 
cific. Upon ring-opening of the epoxide, two different prod 
ucts may be formed: one in which the -OH group is present 
at the carbon atom adjacent to the R group, and one in 
which the -OH group is present at the carbon atom on the 
distal end from the R group. In a process according to the 
invention, mainly, if not only, the isomer with the -OH 
group at the carbon atom adjacent to the R is formed. 
0.017. The product of the reaction, the alcohol with the 
formula (II), is a building block for a wide variety of 
pharmaceutical compounds. For example, 2-azido-1-phe 
nylethanol, which may be formed by the enzymatic reaction 
of Sodium azide and Styrene oxide, can be converted to 
biologically active 2-aminophenyl ethanol by catalytic 
hydrogenation. 

0.018. In principle, any kind of epoxide may be converted 
in accordance with the invention. AS mentioned, the R 
group is hydrogen oran, optionally Substituted, aromatic or 
aliphatic group, which preferably contains from 1 to 20 
carbon atoms. Preferably, R is chosen from the group of 
optionally Substituted alkyl, aryl, aralkyl, alkenyl, 
cycloalkyl, and alkoxy groups. 
0.019 Preferred examples of the alkyl group represented 
by R include Straight or branched alkyl groups having 1 to 
15 carbon atoms Such as a methyl group, ethyl group, propyl 
group, isopropyl group, butyl group, pentyl group, hexyl 
group, heptyl group or dodecyl group. Representative 
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epoxides from this group include 1,2-epoxy propane, 1,2- 
epoxy-3-metylpentane and 1,2-epoxy hexane. The alkyl 
group can have Substituents Such as a halogen atom, leading 
to for example epichlorohydrin, epifluorohydrin or epibro 
mohydrin. The alkyl group can have a Substituent Such as an 
hydroxyl group, for example glycidol. The alkyl group can 
have a unsubstituted or Substituted amino group Such as 
amino, methylamino or dimethylamino. Examples of aryl 
groups represented by R include phenyl and naphtyl 
groupS. Styrene oxide or Styrene oxides having a Substituent 
or multiple Substituents on the aromatic ring are examples of 
the phenyl group. Representative examples of epoxides are 
Styrene oxide, 4-nitroStyrene oxide, 2-nitrostyrene oxide, 
3-nitroStyrene oxide, 3-chlorostyrene oxide, 4 chlorostyrene 
oxide or 2,3-dichlorostyrene oxide. Examples of aralkyl 
groups represented by R include a benzyl group, 2-phenyl 
ethyl group and a 1-naphtylmethyl group. Examples of 
alkenyl groups represented by R include a vinyl group, allyl 
group and 5-hexenyl group. Examples of cycloalkyl groups 
represented by R include a cyclopropyl group, cyclobutyl 
group, cyclopentyl group and cyclohexyl group. Examples 
of alkoxy groups represented by R include a phenoxy 
group, 4-nitrophenoxy group, napthyloxy group, methoxy 
group, heXyloxy group and Vinyloxy group. 
0020. A preferred class of epoxides that may be con 
verted has the following formula: 

R1 

(III) 

0021. This class of epoxides may be substituted at the 
carbon atom bearing the R group by a -CHR group, 
wherein the R group may be independently chosen from Cl, 
Br and I. Preferred examples of this class of epoxides are 
epichlorohydrin, epibromohydrin and 2-(chloromethyl)-2- 
methyloxirane. It has been found that during conversion to 
an alcohol, particularly when azide is used as the nucleo 
phile, the enantionmer of the epoxide which is not converted 
is racemized. Due to this racemization a total conversion of 
epichlorohydrin is achieved and the product is obtained in 
high optically purity. Normally, in a kinetic resolution the 
maximum yield of the product is limited to 50%, but due to 
the racemization a yield of higher than 50% can be achieved. 
Another advantage of this process, besides the increased 
yield, is a much simpler product recovery since a separation 
of the product from the remaining Substrate is not necessary. 
0022. In another preferred embodiment, the epoxide is a 
stryrene oxide, which may or may not be substituted. When 
this conversion is carried out chemically, i.e. in the absence 
of a halohydrin dehalogenase according to the invention, the 
product obtained will be a mixture of two compounds 
having their alcohol functionality on their carbon atom C. or 
B to the aromatic ring. For example, the non-catalyzed 
chemical ring opening of Styrene oxide by Sodium azide will 
yield a mixture of regio-isomers with the alcohol function 
ality on the C. and on the B-position in a molar ratio of 2.98 
(C.:f3). Surprisingly, when a styrene oxide is converted in 
accordance with the invention, the other regio-isomer (i.e. 
wherein the alcohol functionality is present at the carbon 
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atom a to the aromatic ring. The carbon atom C. to the 
aromatic ring is the carbon atom within the epoxide ring 
which bears the aromatic ring Substitutent.) is obtained 
Selectively. AS Separation of the two possible regio-isomers 
is very difficult, this regiospecificity is a great advantage of 
the invention. 

0023 Particularly preferred is an embodiment wherein 
the epoxide has the formula 

(IV) 

0024 wherein R is an ortho-, meta-, or para-substituent 
chosen from the group of -NO, -NH, -CH, -OCH, 
-OCHCH, -OH, -F, -Cl, -Br, -, -COOH and 
-CN. It has been found that the regiospecificity is particu 
larly high for the conversion of these epoxides. 
0.025 The epoxide can be present in solubilized form in 
a concentration of 1 to 300 mM or as a second solid or liquid 
phase in concentration up to 300 mM in the reaction 
medium. The epoxide itself can be the Second phase or it can 
be dissolved in a Second organic phase. This can be done by 
dissolving the epoxide in an organic Solvent which is immis 
cible with water, Such as hexane or octane. The obtained 
Solution is then brought into contact with the aqueous phase 
containing the enzyme and the two phases are vigorously 
mixed. The use of Such a Second phase has the advantage 
that the Separation of the epoxide and the alcohol after the 
reaction can be simplified. Generally, the alcohol is expected 
to remain Solubilized in the aqueous phase and the epoxide 
can typically be recovered from the organic phase. Prefer 
ably, the epoxide is prior to its conversion brought in an 
aqueous medium in which it will preferably be present in an 
amount of 0.01 to 20 wt.%, based on the combined weights 
of the aqueous medium and the epoxide. 
0026. The nature of the nucleophile chosen to convert the 
epoxide in a process according to the invention will nor 
mally depend on the nature of the objective product. Suitable 
nucleophiles include of I, Cl, Br, CN, N, NO, NO, SCN, 
OCN, OR, NHR', SR', SnR', SeR', PR and COR', wherein 
R" is chosen from hydrogen, amino groups, hydroxyl groups, 
alkyl groups, aryl groups, aralkyl, alkenyl and cycloalkyl 
groups. Of course, Substituted alkyl groups, aryl groups, 
aralkyl, alkenyl and cycloalkyl groups are also encom 
passed. When R' is an alkyl group, it preferably contains 
from 1 to 15, more preferably from 1 to 6 carbon atoms. 
When R' is an aryl group, it preferably is a phenyl or a 
naphtyl group. Preferred aralkyl groups which may be 
represented by R' include benzyl, 2-phenylethyl and 1-naph 
tylmethyl groups. Preferred alkenyl groups from which R' 
may be chosen are vinyl and allyl groups. When R' is a 
cycloalkyl group, it may Suitably have from 3 to 12 carbon 
atoms. Preferred cycloalkyl groups are cyclopropyl, 
cyclobutyl, cyclopentyl, and cyclohexyl. 
0.027 Preferably, particularly when the epoxide is a sty 
rene oxide or a Substituted Styrene oxide, the nucleophile is 
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NO- or N-. The nucleophile may be employed in the form 
of a Salt, for instance as a Sodium or potassium Salt. An 
excess of the nucleophilic reagent may lead to the non 
enantioselective formation of the unwanted regio-isomer of 
the objective product. This may be circumvented by either 
performing the reaction on a shorter time-Scale, performing 
the reaction at a lower temperature, employing a larger 
quantity of the enzyme, or by adding the nucleophilic 
reagent to the reaction mixture in a slower fashion. Typi 
cally, the nucellophile will be used in an amount of 0.6 to 100 
molar equivalents with respect to the epoxide, depending on 
the position of the equilibrium between the epoxide and the 
alcohol. For example, in the case of Sodium azide as the 
nucleophile 0.6 molar equivalents Suffice to achieve a Sub 
Stantially completed kinetic resolution Since the position of 
the equilibrium favors the formation of the alcohol over the 
epoxide. In the case of Sodium chloride as the nucleophile, 
an excess (50-100 molar equivalents) are preferably added 
to favor the formation of the alcohol. 

0028. It is preferred that the reaction is carried out in a 
buffered aqueous medium to which the epoxide is Solubi 
lized or is added as a Second Solid or liquid phase. Suitable 
buffers are for example Tris-buffer (2 amino-2-(hydroxym 
ethyl)-1,3 propanediol adjusted to a desired pH with 
H2SO), glycine-buffer (glycine adjusted to a desired pH by 
NaOH), phosphates buffer or MOPS buffer (4-morpho 
linepropanesulfonic acid adjusted to a desired pH with 
NaOH). These are preferably used a concentration of 50 to 
250 mM. 

0029 Optionally, co-solvents like dimethyl sulfoxide, 
tetrahydrofuran or acetonitrile may be added to increase the 
solubility of the epoxide. Co-solvents may be added in 
amounts of 5 vol. 9% up to 50 vol. 9%. An increasing 
percentage of co-Solvent may favor the Solubility of the 
epoxide. However, a disadvantageous inactivation of the 
enzyme can be observed at higher co-Solvent concentrations. 
0030) The pH of the medium preferably lies between 3 
and 12, more preferably between 6.5 and 8. The temperature 
at which the reaction is carried out preferably lies between 
0 to 60° C., more preferably between 20 and 30° C. 
0031. The enzyme used is a halohydrin dehalogenase. A 
highly Suitable halohydrin dehalogenase is a polypeptide 
having an amino acid sequence as shown in SEQ ID NO 2 
or a homologue or functional derivative thereof. In the 
context of the invention, the term a homologue refers to a 
Sequence which is at least for 90% homologous, and pref 
erably at least 90% identical, to the sequence of which it is 
a homologue. A functional derivative is a polypeptide which 
has undergone a minor derivatization or modification Sub 
Stantially without adversely affecting the enzymatic and 
catalytic properties of the polypeptide. Suitable examples of 
enzymes that can be used are halohydrin dehalogenase of 
Agrobacterium radiobacter (CBS 750.97), Mycobacterium 
sp. strain GP1 (Poelarends et al J. Bacteriol., 1999, 181, 
2050) or Arthrobacter sp. strain AD2 (van den Wijngaard et 
al., J. Bacteriol., 1991, 124). Particular good results have 
been obtained using a halohydrin dehalogenase derived from 
Agrobacterium radiobacter strain AD1 deposited at the 
Centraal Bureau voor de Schimmelcultures on May 7, 1997 
under deposit number CBS 750.97. Another enzyme 
obtained from this organism has been described extensively 
in the international patent application 98/53081 for its 
epoxide hydrolase activity. 



US 2003/O124693 A1 

0032. It is to be noted that an enzyme used according to 
the invention, a halohydrin dehalogenase, should be distin 
guished from epoxide hydrolases. The latter have been 
described extensively in Archer, Tetrahedron, 53 (1997), pp. 
15617-15662. The only feature that both types of enzymes 
may have in common is that they can be isolated from 
Agrobacterium radiobacter strain AD1. Likewise, Lutje 
Spelberg et al., Tetrahedron: Asymmetry, 9 (1998), pp. 
459-466 and European patent application 0 879 890 relate to 
applications of an epoxide hydrolase. 

0033. The enzyme can be added as whole cells, in lyo 
philized form as a crude extract or as a purified enzyme. The 
enzyme can be immobilized on a macroscopic carrierS Such 
as cellulose, SephadeX or dextran. The enzyme can also be 
applied as crosslinked enzyme crystals (CLECs) or 
entrapped in reversed micelles. In a typical experiment, an 
enzyme Solution is mixed with a buffer Solution containing 
a nucleophile and an epoxide. Optionally, additives Such as 
mercapto ethanol or glycerol can be added to the reaction 
mixture to Stabilize the enzyme. 

0034. After the reaction the whole reaction mixture can 
be extracted using organic Solvents Such as diethylether, 
ethyl acetate, dichloromethane or toluene. The epoxide and 
the alcohol can Subsequently be separated by techniques 
Such as crystallisation (in the case of Solid Substances), 
fraction distillation or flash chromatography on silica 60H 
using for example heptane/ethylacetate(ratio 7:3) as eluent. 
The enantiomeric composition of the epoxides and alcohols 
can be determined using chiral gaschromatography or chiral 
HPLC. 

0035) The invention will now be further elucidated by the 
following, non-restrictive examples. 

EXAMPLE 1. 

0036) A gene library of A. radiobacter AD 1 was con 
structed in the cosmid vector pl AFR3. After in vitro pack 
aging, the library was transduced to E. coli HB101. 
Transconjugants were Screened for dehalogenase activity 
with 1,3-dichloro-2-propanol. The halohydrin dehalogenase 
gene, designated hheC, was Sequenced and Subsequently 
amplified by PCR and cloned behind the T7 promotor of the 
expression vector pGEF", yielding pCEFhheC. The halohy 
drin dehalogenase gene was overexpressed up to 30% of 
soluble protein by introduction of pCEFhheC in E. coli 
BL21(DE3). HheC has the sequence shown as SEQ ID NO 
1. 

0037 For the described kinetic resolutions purified 
enzyme was used. Plasmid DNA was transformed by elec 
troporation to competent E. coli BL21 (DE3) cells, which 
were then plated out on LB medium containing tetracycline 
and incubated overnight at 30° C. A preculture was started 
by inoculating 100 ml of LB medium containing tetracycline 
with the transformants from a plate to a initial ODoo of 0.1. 
The culture was incubated at 30° C. until an ODoo of 1-2 
was reached, diluted in 1 1 of LB medium containing 
tetracycline and incubated overnight at 20°C. The cells were 
Subsequently centrifuged, washed and resuspended. A crude 
extract was prepared by ultraSonic disruption and centrifu 
gation of the cells. This was followed by a purification Step 
with a Resource Q column yielding the enzyme having SEQ 
ID NO 2. 
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0038. The above procedure is analogous to a procedure 
which has been described in more detail in the international 
patent application 98/53081, where the enzyme that was 
prepared was an epoxide hydrolase. The description of the 
recombinant preparation of the enzyme of Said international 
patent application is to be considered incorporated herein by 
reference. 

EXAMPLE 2 

0039) To 15 ml of Tris-SO buffer (50 mM, pH=73) 
containing 2 mM of para-nitro styrene oxide and 10 mM of 
NaN3, 2.8 mg of purified enzyme, obtained according to 
example 1, was added. The reaction was monitored by 
periodically taking 200 ul Samples and extracting them with 
2 ml of diethylether. The reaction was stopped when an e.e. 
of higher than 99% of the remaining enantiomer was 
reached and the Solution was twice extracted with diethyl 
ether. The organic phase was analysed by chiral HPLC using 
a chiralpak AS column from Daicel. The remaining (S)- 
para-nitro styrene oxide was obtained with an e.e. >99% and 
the product (R)-2-azido-1-(para-nitro-phenyl)-ethanol with 
an e.e. of 94%. The corresponding E-value was calculated to 
be higher than 200 from the e.e.'s of the epoxide and the 
azido alcohol (Straathof et al., Enzyme Microb. Technol. 
1997, 21, 559). The other regio-isomer 2-azido-2-(para 
nitro-phenyl)-ethanol was also formed due to a chemical 
Side reaction in a ratio of 1:12 compared to (R)-2-azido-1- 
(para-nitro-phenyl)-ethanol. 

EXAMPLE 3 

0040. To 1 ml of Tris-SO buffer (50 mM, pH=73) 
containing 0.25 mM of para-nitro styrene oxide and 0.5 mM 
of NaN, 0.7 mg of purified enzyme, obtained according to 
example 1, was added. The reaction was stopped after 15 
min and the solution was extracted with diethylether. The 
organic phase was analysed by chiral HPLC. The remaining 
(S)-para-nitro styrene oxide was obtained with an e.e. >99% 
and the product (R)-2-azido-1-(para-nitro-phenyl)-ethanol 
with an e.e. of 96%. The other regio-isomer 2-azido-2-(para 
nitro-phenyl)-ethanol was formed in a ratio of 1:217 com 
pared to (R)-2-azido-1-(para-nitro-phenyl)-ethanol. From 
this we concluded that the enzymatic azidolysis is almost 
absolutely regioselective (B selectivity >99%). The observed 
lower regioSelectivity during a kinetic resolution on a longer 
time Scale was due to the unwanted chemical Side reaction. 

EXAMPLE 4 

0041) To 60 ml of MOPS buffer (50 mM, pH-7.0), 0.47 
gram (3.2 mmol) of racemic para-nitro styrene oxide was 
added and the Suspension was stirred for 60 min. The 
halohydrin dehalogenase, obtained as described in example 
1, (29 mg in 6 ml buffer) was added. A prepared stock 
solution of 0.12 gram (1.6 mmol) NaN in 5 ml MOPS buffer 
was slowly added over a period of 24 hours. The reaction 
was stopped and the Suspension was three times extracted 
with diethylether. After Separating, the organic phase was 
dried with MgSO, and removed by rotary evaporator yield 
ing an orange oil. This mixture was redissolved in diethyl 
ether and the composition and e.e. of the products were 
determined by chiral HPLC. The mixture mainly consisted 
of (S)-para-nitro styrene oxide in 46% yield (98% e.e.) and 
(R)-2-azido-1-(para-nitrophenyl)ethanol in 47% yield (97% 
e.e.). The chemical side product 2-azido-2-(para-nitrophe 
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nyl)ethanol was formed to a total of 4% of the reaction 
mixture. The product of chemical hydrolysis of the epoxide, 
para-nitrophenyl ethanediol was formed in 3%. All the 
mentioned yields are calculated yields. Flash chromatogra 
phy on Silica 60H using heptane/ethylacetate (ratio 7:3) as 
eluent yielded pure epoxide and azido alcohols. The NMR 
data were identical with Synthesized racemic reference com 
pounds. 

EXAMPLE 5 

0042) To 20 ml of Tris-SO buffer (50 mM, pH=73) 
containing 2 mM of para-chlorostyrene oxide and 1.2 mM of 
NaNa, 1.0 mg of purified enzyme, obtained as described in 
example 1, was added. At 55% conversion, reaction was 
Stopped and the Solution was extracted with diethylether. 
The organic phase was analysed by chiral GC. The remain 
ing (S)-para-chloro Styrene oxide was obtained with an e.e. 
of higher than 99% and (R)-2-azido-1-(para-chloro-phenyl)- 
ethanol with an e.e. of 98% 

EXAMPLE 6 

004:3) To 20 ml of Tris-SO buffer (50 mM, pH=73) 
containing 2 mM of para-chlorostyrene oxide and 1.2 mM of 
NaNO, 1.0 mg of purified enzyme, obtained as described in 
example 1, was added. At 58% conversion, reaction was 
Stopped and the Solution was extracted with diethylether. 
The organic phase was analysed by chiral GC. The remain 
ing (S)-para-chloro Styrene oxide was obtained with an e.e. 
of higher than 99%. 

EXAMPLE 7 

0044) To 20 ml of Tris-SO buffer (50 mM, pH=7.3) 
containing 20 mM of epichlorohydrin and 20 mM of NaNs, 
1.0 mg of purified enzyme was added. At 66% conversion, 
reaction was Stopped and the Solution was extracted with 
diethylether. The organic phase was analyzed by chiral G.C. 
Besides the remaining epichlorohydrin, the mixture con 
sisted of 1-azido-3-chloro-2-propanol in 92% e.e., 2-azi 
domethyl-oxirane in 92% e.e. and the non-chiral 1,3- 
dichloro-2-propanol. 

EXAMPLE 8 

0045. To 20 ml of Tris-SO buffer (50 mM, pH 7.3) 
containing 20 mM of epichlorohydrin and 20 mM of NaNa, 
1.0 mg of purified enzyme was added. At total conversion of 
epichlorohydrin, the reaction was stopped and the Solution 
was extracted with diethylether. The organic phase was 
analysed by chiral GC. The product consisted of a mixture 
of 1-azido-3-chloro-2-propanol in 92% e.e. and 2-azidom 
ethyl-oxirane in 92% e.e. (Addition of a small amount of an 
NaOH gave 2-azidomethyl-oxirane as a single product in 
92% e.e.) 

EXAMPLE 9 

0046) To 20 ml of Tris-SO buffer (50 mM, pH=6.5) 
containing 20 mM of epibromohydrin, 30 mM of NaN, 50 
mM NaBr, 1.0 mg of purified enzyme was added. After 
completion of the reaction, the mixture obtained was 
extracted with diethylether and the organic phase was ana 
lyzed by chiral GC. The product 1-azido-3-bromo-2-pro 
panol was obtained in >99% e.e. and 75% yield. 
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0047 SEQ ID NO 1: DNA Sequence of the Halohydrin 
Dehalogenase Gene from AD1 (Capitals Only) 

taaaatctoggcaaatatotago gatcataggatataaaggatctgagta 

TGTCAACCGCAATTGTAACAAACGTTAAGCATTTTGGGGGAATGGGGTCT 

GCACTTCGTCTCTCGGAAGCAGGACATACAGTGGCTTGCCACGATGAAAG 

CTTCAAACAAAAGGACGAACTTGAAGCCTTTGCCGAAACCTATCCACAAC 

TCAAACCAATGTCGGAACAAGAACCAGCGGAACTCATCGAGGCAGTTACC 

TCCGCTTATGGTCAAGTTGATGTACTTGTGAGCAACGACATATTCGCACC 

AGAGTTCCAACCCATAGATAAATACGCTGTAGAGGACTATCGCGGTGCGG 

TCGAGGCGCTACAAATTAGACCATTTGCACTGGTCAACGCCGTTGCAAGT 

CAAATGAAGAAGCGCAAAAGCGGACATATTATCTTTATTACCTCTGCAAC 

GCCCTTCGGGCCTTGGAAGGAACTTTCTACCTACACGTCAGCCCGAGCAG 

GTGCATGCACCTTGGCAAATGCCCTTTCGAAGGAACTCGGTGAATACAAC 

ATTCCGGTGTTCGCAATAGGACCCAATTATCTTCACAGTGAAGATAGTCC 

CTACTTCTACCCCACAGAACCGTGGAAAACGAATCCAGAACACGTTGCCC 

ATGTCAAAAAAGTCACTGCGCTCCAGCGGTTAGGTACACAGAAAGAATTG 

GGAGAACTCGTCGCGTTTCTCGCGTCTGGTAGTTGTGACTATCTGACCGG 

CCAGGTGTTCTGGTTGGCCGGCGGATTCCCAATGATCGAGCGTTGGCCTG 

GTATGCCCGAGTAGg accggagtgagaact citcttcaag actogcttgcag 

ttittggattgcc.gc.gggacagacgttittgc 

0048 SEQ ID NO 2: Amino Acid Sequence of HheC 

MSTAIWTNWKHFGGMGSALRLSEAGHTVACHDESFKQKDELEAFAETYPQ 

LKPMSEQEPAELIEAVTSAYGOVDWLWSNDIFAPEFQPIDKYAVEDYRGA 

WEALOIRPFALVNAVASQMKKRKSGHIIFITSATPFGPWKELSTYTSARA 

GACTLANALSKELGEYNIPWFAIGPNYLHSEDSPYFYPTEPWKTNPEHWA 

HVKKVTALQRLGTOKELGELWAFLASGSCDYLTGOVFWLAGGFPMIERWP 

GMPE 

1. A process for enzymatically converting an, optionally 
substituted, epoxide of the formula 

(I) 

-A 
R 

wherein R is hydrogen or an, optionally Substituted, aro 
matic or aliphatic group, to a mixture of an optically 
enriched epoxide of the formula (1) and an optically 
enriched alcohol of the formula 
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(II) 

wherein R is chosen from the group of I, Cl, Br, CN, N, NO2, NO.s, 
SCN, OCN, OR, NHR', SR', SnR', SeR', PR' and COR', wherein R' is 
chosen from hydrogen, amino groups, hydroxyl groups, alkyl groups, aryl 
groups, aralkyl, alkenyl and cycloalkyl groups, which process comprises 
reacting the epoxide with an anionic nucleophile (R) in the presence of a 
halohydrin dehalogenase. 

2. A process according to claim 1, wherein the optically 
enriched alcohol is recovered. 

3. A process according to claim 1, wherein the optically 
enriched epoxide is recovered. 

4. A process according to any of the preceding claims, 
wherein the halohydrin dehalogenase is a polypeptide hav 
ing the amino acid sequence of SEQ ID NO2, or a homo 
logue or functional derivative thereof. 

5. A process according to claim 4, wherein the homologue 
has an amino acid Sequence which is for at least 90% 
homologues to the amino acid sequence of SEQ ID NO 2. 

6. A process according to claim 4 or 5, wherein the 
halohydrin dehalogenase is derived from Agrobacterium 
radiobacter (CBS 750.97), Arthrobacter sp. strain AD2 or 
Mycobacteriun sp. strain GP1. 

7. A process according to any of the preceding claims, 
wherein the epoxide is converted from a mixture comprising 
both enantiomers of Said epoxide. 

8. A proceSS according to claim 7, wherein the mixture is 
a racemic mixture. 

9. A process according to any of the preceding claims, 
wherein R is chosen from the group of optionally Substi 
tuted alkyl, aryl, aralkyl, alkenyl, cycloalkyl, and alkoxy 
groupS. 

10. A process according to claim 9, wherein R comprises 
from 1 to 20 carbon atoms. 

11. A process according to claim 9 or 10 wherein R 
optionally comprises a Substituent chosen from the group of 
amino groups, halogens, hydroxyl groups, cyano groups, 
azide groups, nitro groups, haloalkyl groups, acyl groups, 
alkoxy groups, phenoxy groups and carboxyl groups. 
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12. A process according to any of the preceding claims, 
wherein the epoxide has the formula 

R.N-(A s 
R1 

(III) 

wherein R is chosen from Cl, Br and I. 
13. A process according claim 12, wherein the epoxide is 

epichlorohydrin, epiodohydrin, or epibromohydrin. 
14. A process according to claim 12 or 13, wherein the 

alcohol is obtained in a yield higher than 50%. 
15. A process according to any of the claims 1-11, wherein 

R is an, optionally Substituted, aromatic group. 
16. A process according to claim 15, wherein the epoxide 

has the formula: 

(IV) 

wherein R is an ortho-, meta-, or para-Substituent chosen 
from the group of -NO, -NH, -CH, -OCH, 
-OCHCH, -OH, -F, -Cl, -Br, -, -COOH and 
-CN. 

17. A process according to claim 15 or 16, wherein the 
anionic nucleophile is N, NO, or CN-. 

18. A process according to any of the preceding claims, 
wherein the epoxide is reacted in the form of a Solid, 
Suspension, Solution or dispersion. 

19. A process according to claim 18, wherein the epoxide 
is present in an aqueous medium in an amount of from 0.01 
to 20 wt.%, based on the combined weights of the aqueous 
medium and the epoxide. 

20. A process according to any of the preceding claims, 
wherein the temperature is between 0 and 60° C. 

21. A process according to any of the preceding claims, 
wherein the pH is between 3 and 12. 
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