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Description

Field of the invention:

[0001] The present invention relates to a process for preparing optically active 3-hydroxypyrrolidine derivatives,
wherein an oxygen atom is inserted stereoselectively into corresponding pyrrolidines by use of biocatalysts. Such
optically active 3-hydroxypyrrolidine compounds are useful as intermediates for the preparation of several pharmaceu-
tical products and agricultural chemicals.

Description of the Prior Art:

[0002] Optically active 3-hydroxypyrrolidine and N-substituted 3-hydroxypyrrolidine are useful intermediates for the
synthesis of several pharmaceuticals, agrochemicals, and the like.
[0003] In practice it is often advantageous, if not required, to use optically active 3-hydroxypyrrolidine in its N-pro-
tected form.
[0004] One process for preparing (R)-3-hydroxypyrrolidine involving decarboxylation of (2S,4R)-4-hydroxy-L-proline
is known [JP 05/255204 (1993); JP 60/23328 (1985); Hashimoto, M., et al, Chem. Lett., 1986, 893; Mehler, Th., et al,
Synthetic Commun. 1993, 23, 2691]. However, the starting material is very expensive.
[0005] It is known that (S)-3-hydroxypyrrolidine and its N-substituted derivative can be prepared from L-malic acid
by a method including reduction of (S)-N-substituted-3-hydroxy-2,5-pyrrolidinedione with lithium aluminium hydride
[Bhat, K.J., et al, Synth. Commun. 1985, 15, 587], sodium borohydride-borotrifluoride-etherate [Chem. Ber. 1986, 119,
3327], sodium aluminium hydride [JP 03/200762A2, 1991], sodium bis(2-methoxyethoxy)aluminium hydride [JP
01/254657 A2, 1989], and sodium borohydride [EP 692471 (1996)]. All these reduction reagents are expensive, and
difficult to handle; the steps of recovery of the product and destroying of the reagents after reaction are complicated
and costly; and some racemization takes place during the reduction.
[0006] (S)-3-Hydroxypyrrolidine and its N-substituted derivative can be synthesized from L-glutamic acid [Harris, B.
D., et al, Synthetic Commun., 1986, 16, 1815] and L-aspartic acid [Shibata, T. et al, Heterocycles, 1986, 24, 1331],
respectively. However, these methods are not suitable for large scale production, since six-step syntheses are involved
in both methods, including an expensive reduction step.
[0007] Optically active 3-hydroxypyrrolidine and its N-substituted derivative can be prepared by reduction of optically
active 4-hydroxy-2-pyrrolidinones [JP 01/207266 (1989); JP 01/45360 (1989)], cylization of optically active 4-halo-
3-hydroxybutane derivative [EP 452143 (1991)], and cyclization of optically active 4-halo-3-hydroxybutylnitrile deriva-
tive [EP 431521 (1991); JP 03/176463 (1991); EP 347818 (1989); EP 269258 (1988)]. Besides other drawbacks, the
optically active starting materials are not easily available and many steps are needed for their preparation.
[0008] Processes for preparing optically active 3-hydroxypyrrolidine and its N-substituted derivative by classic res-
olution are known [JP 05/279326 (1993); JP 05/279325 (1993); JP 05/32620 (1993); JP 04/13659 (1992); JP 04/164066
(1992); JP 61/63652 (1986)], but the yield is very low.
[0009] Processes using enzymatic resolution via hydrolysis [WO 95/03421 (1995); US 5187094 (1993); JP
01/141600 (1989); Hasegawa, J., et al, Enantiomer, 1997, 2, 311; Tomori, H., et al, Bull. Chem. Soc. Jpn., 1996, 69,
207] and esterification [WO 95/03421 (1995); JP 05/227991 (1993); JP 04/131093 (1992); Horiguchi, A., et al, Biosci.
Biotech. Biochem., 1995, 59, 1287] are also known. However, the yield is lower than 50%, the maximum theoretical
yield of resolution; the separation of product is difficult. A big drawback for all the resolution processes is the lack of a
practical synthesis of the racemic starting materials.
[0010] Optically active N-substituted 3-hydroxypyrrolidine can be prepared by hydroboration of N-substituted 3-pyr-
roline with diisopinocampheylborane followed by oxidation with alkaline hydrogen peroxide [Brown, H.C., et al, J. Am.
Chem. Soc., 1986, 108, 2049; Brown, H.C., et al, J. Org. Chem., 1986, 51, 4296]. This method, however, is not suitable
for industrial production because of the use of the special borane reagent.
[0011] It is known that enzymatic reduction of N-benzyl-3-pyrrolidinone affords optically active N-benzyl-3-hydrox-
ypyrrolidine [JP 06/141876 (1994); WO98/23768 (1998)], but the lack of a practical synthesis of the starting material
remains one of the drawbacks of this process.
[0012] A more direct and economic method for preparing optically active 3-hydroxypyrrolidine and N-substituted
derivatives of it, would be the stereoselective insertion of an oxygen into the corresponding pyrrolidines which are
easily available. However, this reaction is not possible with classical chemical methods.
[0013] Enzymatic hydroxylation of pyrrolidines is difficult. Not much is known about such hydroxylation: there are
only some reports on the hydroxylation of N-acylpyrrolidine restricted to the use of some specific fungi.
[0014] GB1140055 (1970) relates to the hydroxylation of N-acyl heterocyclic compounds with Sporotrichum sul-
phurescens ATCC 7159. It is doubtful whether the method is applicable to the hydroxylation of N-acylpyrrolidines. The
hydroxylation of N-acylpyrrolidine with Sporotrichum sulphurescens ATCC 7159 is not exemplified in GB1140055. It is
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known that hydroxylation of N-benzoylpyrrolidine with ATCC 7159 does not give any amount of N-benzoyl-3-hydrox-
ypyrrolidine [Srairi, D. et al, Bull. Soc. Chem. Fr. 1987, 297]. It is also known that ATCC 7159 cannot catalyse the
hydroxylation of N-aryl- or N-benzyl-pyrrolidine [Floyd, N. et al, J. Chem. Soc. Perkin Trans. 1, 1993, 881]. It is known
that hydroxylation of N-benzoylpyrrolidine with Cunninghamella verticillate or Aspergillus niger gives N-benzoyl 3-hy-
droxypyrrolidine (Chemical Abstracts, 1993, 118: 6835c). However, these processes are not practical, since such hy-
droxylations with fungi result in low yield, low concentration and low enantiomeric excess (e.e.) of the product, low
speed of biotransformation, and formation of byproduct.

Summary of the invention

[0015] This invention provides a process for the preparation of optically active 3-hydroxypyrrolidine or N-substituted
3-hydroxypyrrolidines, wherein an oxygen atom is inserted stereoselectively into the corresponding pyrrolidines, re-
spectively, by use of a bacterium having hydroxylation activity, or a prokaryotic host-organism having the gene(s)
necessary for the hydroxylation, or an enzyme having hydroxylation activity derived therefrom.
[0016] More specifically, the bacterium used is selected from the group consisting of strains having alkane hydrox-
ylases, strains degrading alkanes or mono-alicyclic compounds, or strains from the genera Pseudomonas, Mycobac-
terium, Corynebacterium, Nocardia, Sphingomonas, Gordona, Rhodococcus, Bacillus, Streptomyces, Sebekia, and
Methylococcus. Preferred are n-alkane-degrading strains, such as the isolates HXN-200 and HXN-1100, Pseudomonas
oleovorans and Pseudomonas putida strains, such as Pseudomonas oleovorans GPo1 (ATCC 29347) and Pseu-
domonas putida P1. The invention include's the use of recombinant bacteria having the gene(s) necessary for the
hydroxylation, such as one or more of the alkane hydroxylase genes, and especially the multicomponent alkane hy-
droxylase genes from an alkane degrading bacterium (e.g. from Pseudomonas oleovorans GPo1). Preferred are re-
combinant Escherichia coli strains, such as Escherichia coli GEc137 (pGEc47).
[0017] The biotransformation is performed in vivo with resting cells as biocatalysts, in vivo with growing cells as
biocatalysts, or in vitro with crude cell extracts or enzyme preparations that are purified or partially purified as biocat-
alysts.
[0018] The biocatalysts can be immobilized on or in a water-insoluble carrier or support system.
[0019] The biotransformation is performed in aqueous medium or in multiphase media possibly containing two or
more of the following: a solid phase, an aqueous phase, an organic phase, or a gaseous phase.
[0020] The reaction temperature is 5-50°C, preferably at 20-40°C and the pH of the medium is 4-10, preferably 6-8.
[0021] The isolation of optically active 3-hydroxypyrrolidine derivatives may be performed by means of extraction,
or by separation techniques such as chromatography using an inorganic, organic, or synthetic adsorbent as a support,
or by membrane filtration.
[0022] In a preferred embodiment, optically active N-benzyl-3-hydroxypyrrolidine was prepared by stereoselective
insertion of an oxygen atom into N-benzylpyrrolidine by use of Pseudomonas oleovorans GPo1, or Pseudomonas
putida P1, or the isolate HXN-200, or the isolate HXN-1100, or other bacteria having alkane hydroxylase or degrading
alkanes or mono-alicyclic compounds containing 4 or more C atoms, or a prokaryotic host-organism having the gene
(s) necessary for the hydroxylation, such as the recombinant strain Escherichia coli GEc137 (pGEc47), or an enzyme
derived therefrom.
[0023] In a preferred embodiment, optically active N-benzoyl-3-hydroxypyrrolidine, N-benzyloxycarbonyl-3-hydrox-
ypyrrolidine, N-phenoxycarbonyl-3-hydroxypyrrolidine, and N-tert-butoxycarbonyl-3-hydroxypyrrolidine were prepared
by stereoselective insertion of an oxygen atom into N-benzoylpyrrolidine, N-benzyloxycarbonyl-pyrrolidine, N-phenox-
ycarbonylpyrrolidine, and N-tert-butoxycarbonylpyrrolidine, respectively, by use of the isolate HXN-200, or other bac-
terium having alkane hydroxylase or degrading alkanes or mono-alicyclic compounds, such as hydrocarbons containing
4 or more C atoms, or a prokaryotic host-organism having the gene(s) necessary for the hydroxylation, or an enzyme
having hydroxylation activity derived therefrom.
[0024] Optically active N-substituted 3-hydroxypyrrolidine obtained by this process can be easily converted into op-
tically active 3-hydroxypyrrolidine by deprotection.
[0025] Thus, the invention described herein provides a useful method for the preparation of optically active 3-hy-
droxypyrrolidine and N-substituted 3-hydroxypyrrolidine.

Description of the invention

[0026] Here we have developed a process for the preparation of optically active 3-hydroxypyrrolidine or N-substituted
3-hydroxypyrrolidines, wherein an oxygen atom is inserted stereoselectively into the corresponding pyrrolidines, re-
spectively, by use of a bacterium having hydroxylation activity, or a prokaryotic host-organism having the gene(s)
necessary for the hydroxylation, or an enzyme having hydroxylation activity derived therefrom.
[0027] For finding appropriate biocatalysts catalyzing this reaction we have screened many microorganisms. In a
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typical screening procedure, a microorganism was inoculated in a nutrient medium suitable for growth, and the culture
was incubated with shaking at 25-35°C for 1-3 days. The cells were harvested in the late exponential phase of growth
and resuspended to 4-6 g/L in 50 mM phosphate buffer (pH = 7-8). Substrate was added to a concentation of 0.5-10
mM. The mixture was shaken at 25-35°C for 0-2 days. The biotransformation was followed by determination of the
product formed and the substrate disappeared. Samples were taken from the reaction mixture and analysed directly
by high performance liquid chromatography (HPLC) with a reversed phase column, or the samples were extracted with
ethyl acetate and the organic phase was analysed by gas chromatography (GC).
[0028] We have also established a screening procedure using a microtiter plate: 96 microorganisms were grown in
a microtiter plate, which allowed for efficient screening on a microscale.
[0029] It has been found that many bacteria are able to catalyse the hydroxylation of pyrrolidines to give the corre-
sponding optically active 3-hydroxypyrrolidines in high yield and high e.e. Examples of these bacteria are bacteria
having alkane hydroxylases, bacteria degrading alkanes or mono-alicyclic compounds, and bacteria from the genera
Pseudomonas, Mycobacterium, Corynebacterium, Nocardia, Sphingomonas, Gordona, Rhodococcus, Bacillus, Strep-
tomyces, Sebekia, and Methylococcus. The bacterium may be selected from the group consisting of bacteria degrading
n-alkane containing 4 to 20 carbon atoms, or the group consisting of bacteria degrating mono-alicyclic compounds
containing 4 to 20 carbon atoms.
[0030] It has also been found that the biocatalysts can be prokaryotic host-organisms having gene(s) necessary for
the hydroxylation. The recombinant strain Escherichia coli GEc137 (pGEc47), for example, is a suitable catalyst.
[0031] It has been found that hydroxylation of pyrrolidines can be catalysed by an enzyme having hydroxylation
activity derived from the said bacteria to give the corresponding optically active 3-hydroxypyrrolidines.
[0032] The biotransformation can be performed in vivo with resting cells as biocatalysts, in vivo with growing cells
as biocatalysts, or in vitro with purified enzymes or crude cell extracts as biocatalysts.
[0033] The biocatalysts can be immobilized on or in a water-insoluble carrier or support system.
[0034] The biotransformation can be carried out in aqueous medium. It can also be performed in multiphase media
possibly containing two or more of the following: a solid phase, an aqueous phase, an organic phase, or a gaseous
phase. Organic solvents with high LogP values can be used as organic phase. This includes alkanes with 5 or more
C atoms, dialkyl ethers with 4 or more C atoms, and aromatic or heteroaromatic hydrocarbons. An example of a suitable
organic solvent is hexadecane.
[0035] The enzymatic hydroxylations can be carried out, although this is no critical parameter, at a temperature of
5-50°C, preferably at 20-40°C. The pressure can vary within wide limits. In practice the biotransformation is performed
at atmospheric pressure. The pH of the reaction medium can be between 4 and 10, preferably between 6 and 8.
[0036] The product can be separated by chromatographic techniques with an inorganic, organic, or synthetic ad-
sorbent used as a support. The suitable adsorbents are, for instance, aluminium oxide and silical gel. The product can
be isolated also by membrane filtration.
[0037] The product can also be separated by means of extraction, wherein the substrate is first recovered from the
reaction mixture by extraction with less polar solvent, the remaining reaction mixture is adjusted to pH =10-12, and the
product is extracted out with more polar solvent. The extraction agent is preferably selected from the group consisting
of alkanes with 5 or more C atoms, dialkyl ethers with 4 or more C atoms, chlorine-containing alkanes with 3 or fewer
C atoms, alkyl aromatics with 7-10 C atoms, and carboxylic esters with 3 or more C atoms.
[0038] It has been found that optically active N-benzyl-3-hydroxypyrrolidine can be prepared by stereoselective in-
sertion of an oxygen atom into N-benzylpyrrolidine by use of Pseudomonas oleovorans GPo1 (strain ATCC 29347).
The biotransformation can be performed with resting cells, crude cell extracts, and growing cells of Pseudomonas
oleovorans GPo1, respectively, demonstrated in example 1-3. The culture of Pseudomonas oleovorans GPo1 can be
prepared either by growing in E2 medium with octane as carbon source or by growing in E2 medium with pyruvate as
carbon source followed by induction of the alkane oxidation system with dicyclopropylketone (DCPK).
[0039] The reaction was followed by analytical HPLC (method A, column: Spherisorb ODS2 (5 µm), 125 mm x 4
mm; eluent: acetonitrile/10 mM K-phosphate buffer (pH 7.0) 7:3; flow rate: 1 ml/min; detection wavelength: 210 nm;
retention time of N-benzyl-3-hydroxypyrrolidine: 6.5 min; retention time of N-benzylpyrrolidine: 25 min; method B, col-
umn: Hypersil BDS-C18 (5 µm), 125 mm x 4 mm; eluent: acetonitrile/10 mM K-phosphate buffer (pH 7.0) 1:9; flow rate:
1 ml/min; detection wavelength: 210 nm; retention time of N-benzyl-3-hydroxypyrrolidine: 2.7 min; retention time of N-
benzylpyrrolidine: 3.7 min).
[0040] A procedure for the purification of the product was established. It involved either solvent extraction or chro-
matography. In the case of solvent extraction, the substrate is first recovered by extraction of the reaction mixture with
an apolar solvent, and the product is then extracted with a polar solvent out of the remaining reaction mixture after
adjusting the pH to pH=12. Suitable extraction agents are alkanes with 5 or more C atoms, dialkyl ethers with 4 or
more C atoms, chlorine-containing alkanes with 3 or fewer C atoms, alkyl aromatics with 7-10 C atoms, and carboxylic
esters with 3 or more C atoms. Examples of particularly suitable extraction agents are hexane and ethyl acetate, as
apolar and polar solvent, respectively. In the case of chromatography, the reaction mixture was extracted with ethyl
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acetate, the unreacted substrate was first eluted from a column of aluminium oxide with hexane/ethyl acetate (1:1),
and the product was then obtained by washing with methanol.
[0041] The pure product was identified as N-benzyl-3-hydroxypyrrolidine by comparing the GC-MS and NMR spectra
with the corresponding spectra of authentic compound.
[0042] The enantiomeric excess (e.e.) of N-benzyl-3-hydroxypyrrolidine was measured by analytical HPLC with a
chiral column [Chiracel OB-H (Daicel), 250 mm x 4.6 mm; eluent: hexane/isopropanol (98:2); flow rate: 0.5 ml/min;
detection wavelength: 210nm; retention times: 26.1 min for the (R)-form and 43.5 min for the (S)-form]. N-benzyl-
3-hydroxypyrrolidine obtained from the hydroxylation of N-benzylpyrrolidine catalysed by Pseudomonas oleovorans
GPo1 has 52% e.e. (R).
[0043] In the resting cells experiments with Pseudomonas oleovorans GPo1 (strain ATCC 29347), the yield of N-
benzyl-3-hydroxypyrrolidine increases at higher cell concentrations (table 1). It also depends on the concentration of
substrate. With a cell concentration of 26.2 g/L, 49% and 62% yield were obtained by hydroxylation of 2 mM and 0.5
mM of N-benzylpyrrolidine, respectively.
[0044] As shown in example 2, the reaction is quite fast with crude cell extracts of Pseudomonas oleovorans GPol
(strain ATCC 29347). The yield is dependent on the concentration of the crude cell extracts. By use of the crude cell
extracts obtained from cell densities of 26.2 g/L, 50% of N-benzyl-3-hydroxypyrrolidine was obtained in 4 h.
[0045] In the example 3, 12% of N-benzyl-3-hydroxypyrrolidine was obtained with growing cells of Pseudomonas
oleovorans GPol (strain ATCC 29347) as biocatalysts.
[0046] It has been found that Escherichia coli GEc137 (pGEc47) [described by Eggink, G. et al, in J. Biol. Chem.
1987, 262, 17712; in strain collection of Institute of Biotechnology, ETH Zurich], a recombinant strain carring the genes
for a multicomponent alkane hydroxylase from Pseudomonas oleovorans GPo1, catalyses the hydroxylation of N-
benzylpyrrolidine. 7% of (R)-N-benzyl-3-hydroxypyrrolidine with 52% e.e. were obtained by hydroxylation of N-ben-
zylpyrrolidine (0.5 mM) with resting cells (2.5 g/L) of Escherichia coli GEc137 (pGEc47), as shown in example 4.
[0047] It has been found that alkane-degrading microorganisms are excellent biocatalysts for the hydroxylation of
N-benzylpyrrolidine to optically active N-benzyl-3-hydroxypyrrolidine. Examples are bacteria degrading n-alkane con-
taining 4 or more C-atoms. By screening with a microtiter plate, 25 of a set of 70 strains degrading n-hexane, n-octane,
n-decane, or n-dodedane, were found to be able to catalyse this hydroxylation (example 5). The enantioselectivity and
relative activity of 14 selected alkane-degrading strains are shown in table 3 (example 6). Hydroxylation of N-ben-
zylpyrrolidine with Pseudomonas putida P1 gave (R)-N-benzyl-3-hydroxypyrrolidine in 62% e.e.; hydroxylation of N-
benzylpyrrolidine with the isolate HXN-1100 gave (R)-N-benzyl-3-hydroxypyrrolidine in 70% e.e.; surprisingly, hydrox-
ylation of N-benzylpyrrolidine with the isolate HXN-200 gave (S)-N-benzyl-3-hydroxypyrrolidine in 53% e.e. (Pseu-
domonas putida P1 was isolated with n-octane as carbon source by van Beilen, J., ETH Zurich; the isolates HXN-1100
and HXN-200 were isolated with n-hexane as carbon source by Engesser, K.-H. and Plaggemeier, Th., University of
Stuttgart; all these strains are in the strain collection of Institute of Biotechnology, ETH Zurich).
[0048] Hydroxylation of N-benzylpyrrolidine with resting cells of the isolate HXN-1100 is faster than that with P. ole-
ovorans GPo1. Highest yields of N-benzyl-3-hydroxypyrrolidine were obtained with highest cell concentrations, as
shown in table 4 (example 7). Hydroxylation of 0.5, 2, and 5 mM of N-benzylpyrrolidine with 26.3 g/L of cells gave (R)
-N-benzyl-3-hydroxypyrrolidine with 70% e.e. in 67%, 49%, and 33% yield, respectively.
[0049] Hydroxylation of N-benzylpyrrolidine with resting cells of the isolate HXN-200 gave high activity. As shown in
table 5 (example 8), the average activity in the first 30 min reaches 8.2-9.4 U/g CDW starting with 10-20 mM of N-
benzylpyrrolidine. It has been found that addition of 2% glucose in the reaction mixture increases the yield. Table 5
shows the results with 2% glucose and 5.3 g/L of cells: the yield at 5 h is 62%, 48%, 35%, and 27% starting with 5 mM
(0.81g/L), 10 mM (1.61 g/L), 15 mM (2.42 g/L), and 20 mM (3.22 g/L) of N-benzylpyrrolidine, respectively. The product
has 53% e.e. of the (S)-enantiomer in all cases.
[0050] It has been found that the harvested cells of HXN-200 can be stored at -80° for several months without loss
of hydroxylation activity.
[0051] It has been found that optically active N-benzoyl-3-hydroxypyrrolidine can be prepared by stereoselective
insertion of an oxygen atom into N-benzoylpyrrolidine by use of alkane-degrading strains. Hydroxylation of N-ben-
zoylpyrrolidine in vivo with resting cells of HXN-200 is demonstrated in example 9. The biotransformation was followed
by analytical HPLC [column: Hypersil BDS-C18 (5 µm), 125 mm x 4 mm; eluent: acetonitrile/10 mM K-phosphate buffer
(pH 7.0) 3:7; flow rate: 1 ml/min; detection wavelength: 210 nm; retention time of N-benzoyl-3-hydroxypyrrolidine: 1.4
min; retention time of N-benzoylpyrrolidine: 2.9 min].
[0052] A procedure for the purification of the product has been established: the unreacted substrate was removed
by extraction of the reaction mixture with hexane; the product was obtained by extraction of the remaining aqueous
reaction mixture with ethyl acetate. The product can also be isolated by extraction of the reaction mixture with ethyl
acetate followed by chromatography on aluminum oxide. The unreacted substrate was eluted with ethyl acetate first,
and then the product was eluted with methanol/ethyl acetate (15/85). The resulting product was identified as N-benzoyl-
3-hydroxypyrrolidine by comparing the GC-MS spectra and NMR spectra with those of the authentic compound.
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[0053] It has been found that the hydroxylation of N-benzoylpyrrolidine with resting cells of HXN-200 can be per-
formed at pH between 5.2 and 10.0, preferably between 6-9, shown in table 6.
[0054] It has been found that presence of 2-3% glucose in the reaction mixture increases the yield. As shown in table
7, 73% of N-benzoyl-3-hydroxypyrrolidine can be obtained by hydroxylation of N-benzoylpyrrolidine (2 mM) with 3.9
g/L of cells of HXN-200 in the presence of glucose (3%).
[0055] It has also been found that optically active N-benzoyl-3-hydroxypyrrolidine can be prepared by hydroxylation
of N-benzoylpyrrolidine in vivo with growing cells of HXN-200. As shown in example 10, the biotransformation was
performed in 2 L scale with growing cells of HXN-200; 88% of conversion and 80% of isolated yield were achieved
starting from 1.5 mM of substrate. The e.e. of the product was deduced as >99% e.e.(R) by comparing its optical
rotation with that of a synthetic sample of N-benzoyl-3-hydroxypyrrolidine prepared from (R)-3-hydroxypyrrolidine and
benzoic anhydride.
[0056] It has been found that optically active N-benzyloxycarbonyl-3-hydroxypyrrolidine can be prepared by stereo-
selective insertion of an oxygen atom into N-benzyloxycarbonyl pyrrolidine by use of alkane-degrading strains. Hy-
droxylation of N-benzyloxycarbonylpyrrolidine in vivo with resting cells of HXN-200 is demonstrated in example 11. N-
benzyloxycarbonyl pyrrolidine (2-10 mM) and glucose (0 or 2%) were added to a suspension of 4.3 g/L of the cells in
50 mM K-phosphate buffer (pH = 7.5). The mixture was shaken at 30°C for 5 h. The reaction was followed by analytical
HPLC [column: Hypersil BDS-C18 (5 µm), 125 mm x 4 mm; eluent: acetonitrile/10 mM K-phosphate buffer (pH 7.0)
35:65; flow rate: 1 ml/min; detection wavelength: 210 nm; retention time of N-benzyloxycarbonyl-3-hydroxypyrrolidine:
2.3 min; retention time of N-benzyloxycarbonyl-pyrrolidine: 8.8 min].
[0057] A procedure for the purification of the product has been established: the reaction mixture was adjusted to pH
= 8-12 followed by extraction with ethyl acetate; the product was separated by chromatography on aluminum oxide:
the unreacted substrate was eluted with ethyl acetate/hexane (1:9) first, and the product was then eluted with ethyl
acetate. The pure product was identified as N-benzyloxycarbonyl-3-hydroxypyrrolidine by comparing the GC-MS spec-
tra and NMR spectra with those of the authentic compound.
[0058] As shown in table 8, 100% yield was achieved by hydroxylation of 3.5 mM (0.72 g/L) of N-benzyloxycarbonyl
pyrrolidine at a cell density of 4.3 g/L.
[0059] The e.e. of N-benzyloxycarbonyl-3-hydroxypyrrolidine has been established by analytical HPLC with a chiral
column [Chiralpak AS (Daicel), 250 mm x 4.6 mm; eluent: hexane/isopropanol (100:4); flow rate: 1 ml/min; detection
wavelength: 210 nm; retention times: 32.9 min for the (S)-form and 36.7 min for the (R)-form]. N-benzyloxycarbonyl-
3-hydroxypyrrolidine obtained has 85% e.e.(R).
[0060] Preparation of optically active N-benzyloxycarbonyl-3-hydroxypyrrolidine can also be performed in vivo with
growing cells of HXN-200. As shown in example 12, the hydroxylation of N-benzyloxycarbonyl-pyrrolidine (1.23 g, 3
mM) with growing cells of HXN-200 was performed in 2 L scale. 100% conversion was reached at 2 h (entry 9 in table
8), and 95% (1.26 g) of pure product was isolated as white powder. The product was identified as N-benzyloxycarbonyl-
3-hydroxypyrrolidine by comparing the GC-MS spectra and NMR spectra with those of the authentic compound. The
product has 85% e.e. (R) determined by chiral HPLC.
[0061] It has been found that optically active N-phenoxycarbonyl-3-hydroxypyrrolidine can be prepared by stereo-
selective insertion of an oxygen atom into N-phenoxycarbonyl pyrrolidine by use of alkane-degrading strains. Hydrox-
ylation of N-phenoxycarbonyl pyrrolidine in vivo with resting cells of HXN-200 is demonstrated in example 13. The
biotransformation was performed with N-phenoxycarbonyl pyrrolidine (2-10 mM), glucose (0 or 2%), and a suspension
of 4.6 g/L of the cells in 50 mM K-phosphate buffer (pH = 7.5). The reaction was followed by analytical HPLC [column:
Hypersil BDS-C18 (5 µm), 125 mm x 4 mm; eluent: acetonitrile/10 mM K-phosphate buffer (pH 7.0) 35:65; flow rate:
1 ml/min; detection wavelength: 210 nm; retention time of N-phenoxycarbonyl-3-hydroxypyrrolidine: 1.8 min; retention
time of N-phenoxycarbonyl pyrrolidine: 6.0 min]. The product was isolated by chromatography on aluminum oxide: the
unreacted substrate was eluted with ethyl acetate/hexane (1:9) first, and then the product was eluted with ethyl acetate.
The pure product was identified as N-phenoxycarbonyl-3-hydroxypyrrolidine by comparing the GC-MS spectra and
NMR spectra with those of the authentic compound.
[0062] As shown in table 9, 100% yield was achieved by hydroxylation of 2 mM of N-phenoxycarbonyl-pyrrolidine at
a cell density of 4.6 g/L in the presence of 2% glucose. 80% yield could be reached starting with 5 mM (0.96 g/L) of
substrate, 2% of glucose, and 4.6 g/L of cells.
[0063] The e.e. of N-phenoxycarbonyl-3-hydroxypyrrolidine was measured by analytical HPLC with a chiral column
[Chiralpak AS (Daicel), 250 mm x 4.6 mm; eluent: hexane/isopropanol (100:4); flow rate: 1 ml/min; detection wave-
length: 210 nm; retention times: 37.3 min for the (S)-form and 41.1 min for the (R)-form]. The product obtained has
36% e.e. (S).
[0064] It has been found that optically active N-tert-butoxycarbonyl-3-hydroxy-pyrrolidine can be prepared by ster-
eoselective insertion of an oxygen atom into N-tert-butoxycarbonyl-pyrrolidine by use of alkane-degrading strains.
Hydroxylation of N-tert-butoxycarbonyl-pyrrolidine in vivo with resting cells of HXN-200 is demonstrated in example
14. Hydroxylation of N-tert-butoxycarbonyl-pyrrolidine (5-20 mM) was performed with 5.3 g/L of cells of HXN-200 in
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50 mM K-phosphate buffer (pH = 7.5) in the presence of glucose (0 or 2%). The reaction was followed by analytical
HPLC [column: Hypersil BDS-C18 (5 µm), 125 mm x 4 mm; eluent: acetonitrile/10 mM K-phosphate buffer (pH 7.0) 3:
7; flow rate: 1 ml/min; detection wavelength: 210 nm; retention time of N-tert-butoxycarbonyl-3-hydroxypyrrolidine: 2.3
min; retention time of N-tert-butoxycarbonyl-pyrrolidine: 11.6 min]. The product was isolated by extraction of the reaction
mixture with ethyl acetate followed by chromatography on aluminum oxide with hexane/ ethyl acetate (1:1). The pure
product was identified as N-tert-butoxycarbonyl-3-hydroxypyrrolidine by comparing the GC-MS spectra and NMR spec-
tra with those of the authentic compound.
[0065] As shown in table 10, hydroxylation of 5 mM (0.86 g/L) of substrate with 5.3 g/L of cells of HXN-200 and 2%
of glucose gave 100% yield of N-tert-butoxycarbonyl-3-hydroxypyrrolidine; 82% of yield was achieved starting from 10
mM (1.71 g/L) of substrate.
[0066] The e.e. of N-tert-butoxycarbonyl-3-hydroxypyrrolidine was determined by analytical HPLC with a chiral col-
umn [Chiralpak AS (Daicel), 250 mm x 4.6 mm; eluent: hexane/isopropanol (98:2); flow rate: 1 ml/min; detection wave-
length: 210 nm; retention times: 16.0 min for the (S)-form and 17.9 min for the (R)-form]. The product obtained has
33% e.e. (R).
[0067] It has been found that optically active N-tert-butoxycarbonyl-3-hydroxy-pyrrolidine can be prepared in vivo
with growing cells of HXN-200. In example 15, the isolate HXN-200 was inoculated in 2 L of E2 medium with octane
vapor as carbon source and grown at 30°C to a cell density of 4.0 g/L. Glucose (80 ml, 50%) was added, the supply
of octane vapor was stopped, and N-tert-butoxycarbonyl pyrrolidine (3.505 g) was added. The reaction was continued
for 3 h at pH=7.9-8.0. 100% conversion was reached at 3 h and 95% (3.61 g) of pure product was yielded as white
powder.
[0068] It has been found that optically active N-benzyl-3-hydroxypyrrolidine, N-benzoyl-3-hydroxypyrrolidine, N-ben-
zyloxycarbonyl-3-hydroxypyrrolidine, and N-tert-butoxycarbonyl-3-hydroxypyrrolidine can be prepared from the corre-
sponding pyrrolidines with cell free extracts of an alkane-degrading strain, respectively. Examples are given with cell
free extracts of HXN-200. It has also been found that the enzyme catalysing this reaction in HXN-200 is not membrane-
bound. As shown in example 16, the cell free extracts were prepared by passage of the cells (12.3 g/L) of HXN-200
in Tris-HCl buffer (pH = 8.0) through a French press and removal of the cell debris by centrifugation at 45,000 g for 45
min. Treatment of these crude cell extracts without membrane proteins and NADH (5 mM) with N-benzylpyrrolidine (5
mM), N-benzyloxycarbonylpyrrolidine (5 mM), and N-tert-butoxycarbonyl-pyrrolidine (5mM), respectively, afforded the
corresponding 3-hydroxypyrrolidines in 17%, 7%, and 26% yield, respectively.
[0069] It has been found that N-acetyl-3-hydroxypyrrolidine can be prepared by stereoselective insertion of an oxygen
atom into N-acetylpyrrolidine by use of strains degrading mono-alicyclic compounds containing 4 or more C-atoms.
An example is given with a cyclohexane-degrading strain (isolated by Li, Z. et al, ETH Zurich; in the strain collection
of the Institute of Biotechnology, ETH Zurich). In example 17, 4% of N-acetyl-3-hydroxypyrrolidine was obtained by
hydroxylation of 2 mM of N-acetylpyrrolidine with resting cells (5 g/L) of a cyclohexane-degrading strain. The reaction
was followed by analytical HPLC [column: Spherisorb ODS2 (5 µm), 125 mm x 4 mm; eluent: acetonitrile/10 mM K-
phosphate buffer (pH 7.0) 5/95; flow rate: 1 ml/min; detection wavelength: 210 nm; retention time of N-acetyl-3-hydrox-
ypyrrolidine: 2.3 min; retention time of N-acetylpyrrolidine: 7.9 min]. The product was identified by comparing the GC-MS
and NMR spectra with the corresponding spectra of the authentic compound.
[0070] The specific examples given herein are intended merely as an illustration of the invention and should not be
construed as a restriction of the scope of the invention.

Examples

Example 1: Preparation of optically active N-benzyl-3-hydroxypyrrolidine in vivo with resting cells of Pseudomonas
oleovorans GPo1

[0071] For entry 1-6 in table 1, Pseudomonas oleovorans GPo1 (strain ATCC 29347) was inoculated in E2 medium
with octane vapor as carbon source and grown at 30°C for 10 h, the cells were harvested at a cell density of 1-2 g/L
and resuspended to 3-30 g/L in 50 mM K-phosphate buffer (pH 7.0). N-benzylpyrrolidine was added to a final concen-
tration of 0.5-2 mM, and the mixture was shaken at 30°C for 0-2 days.
[0072] For entry 7 in table 1, Pseudomonas oleovorans GPo1 (strain ATCC 29347) was inoculated in E2 medium
with 0.4% pyruvate as carbon source at 30°C for 3 h and then induced with 2mM DCPK for another 3 h to a cell density
of 0.6 g/L. The cells were harvested and resuspended to 3.7 g/L in 50 mM K-phosphate buffer (pH 7.0). N-benzylpyr-
rolidine was added to a final concentration of 0.5 mM and the mixture was shaken at 30°C for 0-2 days.
[0073] The reaction was followed by analytical HPLC : samples were taken out directly from the reaction mixture at
different times, the cells were removed by centrifugation, and the supernatants were analysed by analytical HPLC:
method A, column: Spherisorb ODS2 (5 µm), 125 mm x 4 mm; eluent: acetonitrile/10 mM K-phosphate buffer (pH 7.0)
7:3; flow rate: 1 ml/min; detection wavelength: 210 nm; retention time of N-benzyl-3-hydroxypyrrolidine: 6.5 min; re-
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tention time of N-benzylpyrrolidine: 25.0 min; method B, column: Hypersil BDS-C18 (5 µm), 125 mm x 4 mm; eluent:
acetonitrile/10 mM K-phosphate buffer (pH 7.0) 1:9; flow rate: 1 ml/min; detection wavelength: 210 nm; retention time
of N-benzyl-3-hydroxypyrrolidine: 2.7 min; retention time of N-benzylpyrrolidine: 3.7 min.
[0074] The product was isolated according to the following procedure: the reaction mixture was extracted with hexane
to remove the unreacted substrate, the remaining aqueous reaction mixture was adjusted to pH = 12 by the addition
of KOH and extracted with ethyl acetate. The organic phase was dried over MgSO4 and the solvent evaporated. This
afforded pure N-benzyl-3-hydroxypyrrolidine.
[0075] The product can be also isolated as follows: the reaction mixture was adjusted to pH = 12 by the addition of
KOH and extracted with ethyl acetate. The organic phase was dried over MgSO4 and the solvent evaporated. The
residue was subjected to chromatography on aluminum oxide with a short column. The unreacted substrate was eluted
with hexane/ethyl acetate (1:1) first, and then the product was eluted with methanol. The pure product was identified
as N-benzyl-3-hydroxypyrrolidine by comparing the GC-MS spectra and NMR spectra with those of the authentic com-
pund. The results are listed in table 1.

[0076] The e.e. of N-benzyl-3-hydroxypyrrolidine was measured by analytical HPLC with a chiral column [Chiracel
OB-H (Daicel), 250 mm x 4.6 mm; eluent: hexane/isopropanol (98:2); flow rate: 0.5 ml/min; detection wavelength: 210
nm; retention times: 26.1 min for the (R)-form and 43.5 min for the (S)-form]. N-benzyl-3-hydroxypyrrolidine obtained
here has 52% e.e. (R).

Example 2: Preparation of optically active N-benzyl-3-hydroxypyrrolidine in vitro with crude cell extracts of
Pseudomonas oleovorans GPo1

[0077] Pseudomonas oleovorans GPo1 (strain ATCC 29347) was inoculated in E2 medium with octane as carbon
source at 30°C with shaking for 10 h. The cells were harvested and resuspended in Tris-HCl buffer (pH = 7.5) to a
concentration of 5-30 g/L. After passage through the French press, the cell debris was removed by centrifugation at
4,000 g. To this crude cell extracts containing membrane proteins was added N-benzylpyrrolidine and NADH to a final
concentration of 0.5 mM, respectively. The mixture was shaken at 30°C for 4 h. Analytical and isolation procedures
were as described above. The results are listed in table 2.

Table 1:

Preparation of (R)-N-benzyl-3-hydroxypyrrolidine by hydroxylation of N-benzylpyrrolidine with resting cells of
Pseudomonas oleovorans GPo1

Entry Substrate Cells Yield (%)

(mM) (g/L) 1h 3h 16h 23h 43h

1 2 5.9 3 5 19

2 2 13.1 8 18 24 31

3 2 26.2 15 29 39 49

4 0.5 3.7 5 15 33 31

5 0.5 13.6 12 23 30 38

6 0.5 26.2 19 36 47 62

7 0.5 3.7 5 13

Table 2:

Preparation of (R)-N-benzyl-3-hydroxypyrrolidine by hydroxylation of N-benzylpyrrolidine with cell extracts (CE) of
Pseudomonas oleovorans GPo1

Entry Substrate Cells
for

NADH Yield (%)

(mM) CE1 (g/
L)

(mM) 0.5h 1h 1.5h 2h 3h 4h

1 0.5 5.6 0.5 7 10 14 14 13 13
1 CE derived from a cell suspension of the indicated concentration.
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Example 3: Preparation of optically active N-benzyl-3-hydroxypyrrolidine in vivo with growing cells of Pseudomonas
oleovorans GPo1

[0078] Pseudomonas oleovorans GPo1 (strain ATCC 29347) was inoculated in E2 medium with octane vapor as
carbon source and grown at 30°C to a cell density of 0.3 g/L. N-benzylpyrrolidine was added to a final concentration
of 0.5 mM and the cells were allowed to grow further for 3 days. About 12% of N-benzyl-3-hydroxypyrrolidine were
obtained.

Example 4: Preparation of optically active N-benzyl-3-hydroxypyrrolidine in vivo with resting cells of Escherichia coli
GEc137 (pGEc47)

[0079] Escherichia coli GEc137 (pGEc47) (described by Eggink, G. et al, in J. Biol. Chem. 1987, 262, 17712; in the
strain collection of the Institute of Biotechnology, ETH Zurich) was inoculated in M9 medium with glucose as carbon
source and grown at 37°C for 10 h to a cell density of 0.2 g/L. Induction was then made by adding DCPK to a concen-
tration of 2 mM. Cells were harvested at a cell density of 0.3 g/L, and resuspended to 2.5 g/L in 50 mM K-phosphate
buffer (pH 7.0). N-benzylpyrrolidine (0.5mM) was added and the mixture was shaken at 30°C for 16 h. Analytical and
isolation procedures were as described above. 7% of N-benzyl-3-hydroxypyrrolidine was obtained. The product has
52% e.e. (R).

Example 5: Screening of alkane-degrading strains for hydroxylation of N-benzylpyrrolidine to N-benzyl-
3-hydroxypyrrolidine

[0080] Seventy (70) alkane-degrading strains isolated with n-hexane, n-octane, n-decane, or n-dodecane as carbon
source (all in the strain collection of Institute of Biotechnology, ETH Zurich) were grown in a deepwell microtiter plate
at r.t. in 750 µl of medium that consisted of 20 mM glucose, 20 mM L-aspartate, 100 mM K-phosphate buffer (pH=7.0),
and 50% of concentrations of all nutrients of Evans medium with nitrilotriacetic acid as a complexing agent. After 3
days, vapor of a mixture of n-octane, n-decane, and n-dodecane (20:30:50) was supplied as carbon source. The cells
were grown for an additional 3 days and harvested by centrifugation. 70 µl of N-benzylpyrrolidine (2 mM) in K-phosphate
buffer (50 mM, pH 7.0) were added to the cells, and the mixture was shaken at 30°C for 24 h. The biotransformation
was analysed by HPLC. Twenty-five (25) alkane-degrading strains were found to be able to catalyse the biotransfor-
mation of N-benzylpyrrolidine to N-benzyl-3-hydroxy-pyrrolidine. Twelve (12) alkane-degrading strains were selected
for further study.

Example 6: Preparation of optically active N-benzyl-3-hydroxypyrrolidine in vivo with resting cells of alkane-degrading
strains

[0081] Twelve (12) alkane-degrading strains were inoculated individually in E2 medium with octane vapor as carbon
source and grown at 30°C to a cell density of 1-2 g/L, the cells were harvested and resuspended to 3.6 g/L in 50 mM
K-phosphate buffer (pH 7.0). N-Benzylpyrrolidine was added to a concentration of 2 mM and the mixture was shaken
at 30°C for 30 min. Procedures for analysis and isolation were as described above. The e.e. of the resulting N-benzyl-
3-hydroxypyrrolidine was determined by analytical HPLC with a chiral column as described above. The results are
listed in table 3.

Table 2: (continued)

Preparation of (R)-N-benzyl-3-hydroxypyrrolidine by hydroxylation of N-benzylpyrrolidine with cell extracts (CE) of
Pseudomonas oleovorans GPo1

Entry Substrate Cells
for

NADH Yield (%)

(mM) CE1 (g/
L)

(mM) 0.5h 1h 1.5h 2h 3h 4h

2 0.5 13.1 0.5 13 21 29 32 40 44

3 0.5 26.2 0.5 17 30 36 40 46 50
1 CE derived from a cell suspension of the indicated concentration.
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Example 7: Preparation of optically active N-benzyl-3-hydroxypyrrolidine in vivo with resting cells of HXN-1100

[0082] The isolate HXN-1100 (isolated with n-hexane as carbon source by Engesser, K.-H. and Plaggemeier, Th.,
University of Stuttgart; in the strain collection of Institute of Biotechnology, ETH Zurich) was inoculated in E2 medium
with octane vapor as carbon source and grown at 30°C for 10 h, the cells were harvested at a cell density of 1-2 g/L
and resuspended to 5-30 g/L in 50 mM K-phosphate buffer (pH 7.0). N-benzylpyrrolidine was added to a final concen-
tration of 0.5-5 mM, and the mixtures were shaken at 30°C for 24 h. Procedures for analysis and isolation were as
described above. The results are shown in table 4. The e.e. of N-benzyl-3-hydroxypyrrolidine: 70% (R).

Table 3:

Enantioselectivity and activity of the hydroxylation of N-benzylpyrrolidine to N-benzyl-3-hydroxypyrrolidine with
selected alkane-degrading strains

Entry Strains1 E.e. of product (%) Relative activity2

1 HXN-1100 70 (R) 4

2 HXN-400 65 (R) 0.5

3 P. putida P1 62 (R) 1

4 P. oleovorans GPo1 52 (R) 1

5 BC20 40 (R) 1

6 HXN-1500 25 (R) 3

7 HXN-500 10 (R) 11

8 HXN-200 53 (S) 6

9 HXN-100 10 (S) 3

10 HXN-1900 < 10 (S) 10

11 HXN-1000 < 10 (S) 1

12 HXN-600 0 3
1 All strains are in the strain collection of Institute of Biotechnology, ETH Zurich; the HXN-series of strains were isolated with n-hexane as carbon
source by Engesser, K.-H. and Plaggemeier, Th., University of Stuttgart.
2 Rates are relative to that obtained with Pseudomonas oleovorans GPo1 over the first 30 min.

Table 4:

Preparation of (R)-N-benzyl-3-hydroxypyrrolidine by hydroxylation of N-benzylpyrrolidine with resting cells of HXN-
1100

Entry Substrate Cells Yield (%)

(mM) (g/L) 0.5h 1h 2h 3h 5h 24h

1 0.5 5.3 5 9 15 19 27 32

2 0.5 13.1 9 20 29 38 48 55

3 0.5 26.3 14 30 45 56 66 67

4 2 5.3 3 5 8 10 12 16

5 2 13.1 6 12 18 22 27 30

6 2 26.3 10 21 31 38 47 49

7 5 5.3 2 3 4 5 5 7

8 5 13.1 3 7 10 12 16 19

9 5 26.3 7 14 20 23 30 33
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Example 8: Preparation of optically active N-benzyl-3-hydroxypyrrolidine in vivo with resting cells of HXN-200

[0083] The isolate HXN-200 (isolated with n-hexane as carbon source by Engesser, K.-H. and Plaggemeier, Th. et
al, University of Stuttgart; in the strain collection of Institute of Biotechnology, ETH Zurich) was inoculated in 2 L of E2
medium with octane vapor as carbon source and grown at 30°C, the cells were harvested at a cell density of 2.8 g/L
and stored at -80°C. N-benzylpyrrolidine (5-20 mM) and glucose (0 or 2%) was added to a suspension of 5.3 g/L of
the cells in 50 mM K-phosphate buffer (pH 7.0), and the mixture was shaken at 30°C for 5 h. Procedures for analysis
and isolation were as described above. The results are listed in table 5, the resulting N-benzyl-3-hydroxypyrrolidine
has 53% e.e. (S).

Example 9: Preparation of optically active N-benzoyl-3-hydroxypyrrolidine in vivo with resting cells of HXN-200

[0084] The isolate HXN-200 was inoculated in 2 L of E2 medium with octane vapor as carbon source and grown at
30°C, the cells were harvested at a cell density of 2.8 g/L and stored at -80°C. N-benzoylpyrrolidine (2-5 mM) and
glucose (0 or 2%) was added to a suspension of 3-5 g/L of the cells in 50 mM K-phosphate buffer, 50 mM Tris-HCl
buffer, andNaHCO3/NaOH buffer at different pH, respectively. The mixture was shaken at 30°C for 5-24 h.
[0085] The reaction was followed by analytical HPLC : samples were taken out directly from the reaction mixture at
different times, the cells were removed by centrifugation, and the supernatants were analysed by analytical HPLC
[column: Hypersil BDS-C18 (5 µm), 125 mm x 4 mm; eluent: acetonitrile/10 mM K-phosphate buffer (pH 7.0) 3:7; flow
rate: 1 ml/min; detection wavelength: 210 nm; retention time of N-benzoyl-3-hydroxypyrrolidine: 1.4 min; retention time
of N-benzoylpyrrolidine: 2.9 min].
[0086] The product was isolated according to the following procedure: the reaction mixture was extracted with hexane
to remove the unreacted substrate, the remaining aqueous reaction mixture was then extracted with ethyl acetate. The
organic phase was dried over MgSO4 and the solvent evaporated. This afforded pure product.
[0087] The product can be also isolated as follows: the reaction mixture was adjusted to pH = 8-12 by the addition
of KOH and extracted with ethyl acetate. The organic phase was dried over MgSO4 and the solvent evaporated. The
residue was subjected to chromatography on aluminum oxide with a short column. The unreacted substrate was eluted
with ethyl acetate first, and then the product was eluted with methanol/ethyl acetate (15/85). The pure product was
identified as N-benzoyl-3-hydroxypyrrolidine by comparing the GC-MS spectra and NMR spectra with those of the
authentic compound. The results are listed in table 6-7.

Table 5:

Preparation of (S)-N-benzyl-3-hydroxypyrrolidine by hydroxylation of N-benzylpyrrolidine with resting cells (5.3 g/
L) of HXN-200

Entry Substrate Glucose Activity1 Yield (%)

(mM) (%) (U/g CDW) 0.5h 5h

1 5 5.7 18 38

2 5 2 6.0 19 62

3 10 8.2 13 28

4 10 2 8.8 14 48

5 15 8.9 11 26

6 15 2 9.4 10 35

7 20 8.8 7 17

8 20 2 7.5 6 27
1 Activity was determined over a time interval of the first 30 min.
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Table 6:

Preparation of (R)-N-benzoyl-3-hydroxypyrrolidine by hydroxylation of N-benzoylpyrrolidine (2 mM) with resting cells
of HXN-200 in different pH

Entry pH Cells Yield (%)

(g/L) 0.5h 1h 2h 3h 5h

1 5.2a 3.8 3 4 4 4 4

2 5.7a 3.8 8 10 10 10 11

3 6.4a 3.8 9 11 12 12 13

4 7.0a 3.8 9 11 13 13 14

5 7.6a 3.8 10 13 14 15 15

6 7.1b 3.7 10 11 13 13 13

7 8.1b 3.7 11 14 15 15 15

8 8.4b 3.7 11 14 15 16 16

9 8.9b 3.7 12 16 18 19 20

10 9.1b 3.7 11 17 20 22 23

11 10.0c 4.4 7 10 16 22

12 11.0c 4.4 0 0 0 0
a 50 mM K-phosphate buffer;
b 50 mM Tris-HCl buffer;
c NaHCO3/NaOH buffer

Table 7:

Preparation of (R)-N-benzoyl-3-hydroxypyrrolidine by hydroxylation of N-benzoylpyrrolidine with resting cells (3.9
g/L) of HXN-200

Entry Substrate Glucose Activitya Yield (%)

(mM) (%) (U/g CDW) 0.5h 1h 2h 3h 5h 24h

1 2b 0 2.2 13 17 19 19 20

2 2b 2 2.2 13 21 33 43 56

3 5b 0 2.6 6 8 9 9 9

4 5b 2 3.0 7 10 13 15 19

5 2c 2 2.2 13 18 26 33 44 70

6 2c 3 2.2 13 18 27 36 48 73

7 5c 2 3.0 7 9 12 13 15 16

8 5c 3 3.0 7 9 12 15 16 19

9 2d 2 2.4 14 22 33 42 53

10 2d 3 2.4 14 21 32 41 52

11 5d 2 3.4 8 11 16 19 23

12 5d 3 3.4 8 11 17 21 27
a Activity was determined over a time interval of the first 30 min;
b 50 mM K-phosphate buffer (pH=7.7);
c 50 mM Tris-HCl buffer (pH=8.0);
d 50 mM Tris-HCl buffer (pH=9.1).
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Example 10: Preparation of optically active N-benzoyl-3-hydroxypyrrolidine in vivo with growing cells of HXN-200

[0088] The isolate HXN-200 was inoculated in 2 L of E2 medium in a 3 L bioreactor with octane vapor as carbon
source and grown at 30°C to a cell density of 3.0 g/L. Glucose (80 ml, 50%) was added, the supply of octane vapor
was stopped, and N-benzoylpyrrolidine (570 mg) was added. The reaction was continued for 9 h, and pH was kept
between 7.2-7.4 during this period. HPLC analysis showed that 88% conversion was reached at 9 h. The cells were
removed by centrifugation, and the supernatants were extracted with ethyl acetate after pH was adjusted to 9.0. The
organic phase was dried over MgSO4 and the solvent evaporated. The residue was subjected to chromatography on
aluminum oxide with a short column. The unreacted substrate was eluted with ethyl actate first, and then the product
was eluted with methanol/ethyl acetate (15/85). Yield: 80% (498 mg) of pure product as white powder. White crystals
were obtained by crystallization from ethyl acetate. The product was identified as N-benzoyl-3-hydroxypyrrolidine by
comparing the GC-MS spectra and NMR spectra with those of the authentic compound. [α]D25 of the product is -94.1
(c=1.047, CHCl3), which indicates >99% e.e of (R)-enantiomer, as a synthetic sample of N-benzoyl-3-hydroxypyrroli-
dine prepared from (R)-3-hydroxypyrrolidine and benzoic anhydride has [α]D25 of -94.1 (c=1.02, CHCl3).

Example 11: Preparation of optically active N-benzyloxycarbonyl-3-hydroxypyrrolidine in vivo with resting cells of HXN-
200

[0089] The isolate HXN-200 was inoculated in 2 L of E2 medium with octane vapor as carbon source and grown at
30°C, the cells were harvested at a cell density of 2.8 g/L and stored at -80°C. N-benzyloxycarbonyl-pyrrolidine (2-10
mM) and glucose (0 or 2%) was added to a suspension of 4.3 g/L of the cells in 50 mM K-phosphate buffer (pH = 7.5).
The mixture was shaken at 30°C for 5 h.
[0090] The reaction was followed by analytical HPLC : samples were taken out directly from the reaction mixture at
different times, the cells were removed by centrifugation, and the supernatants were analysed by analytical HPLC
[column: Hypersil BDS-C18 (5 µm), 125 mm x 4 mm; eluent: acetonitrile/10 mM K-phosphate buffer (pH 7.0) 35:65;
flow rate: 1 ml/min; detection wavelength: 210 nm; retention time of N-benzyloxycarbonyl-3-hydroxypyrrolidine: 2.3
min; retention time of N-benzyloxycarbonyl-pyrrolidine: 8.8 min].
[0091] The product can be isolated as follows: the reaction mixture was adjusted to pH = 8-12 by the addition of
KOH and extracted with ethyl acetate. The organic phase was dried over MgSO4 and the solvent evaporated. The
residue was subjected to chromatography on aluminum oxide with a short column. The unreacted substrate was eluted
with ethyl acetate/hexane (1:9) first, and then the product was eluted with ethyl acetate. The pure product was identified
as N-benzyloxycarbonyl-3-hydroxypyrrolidine by comparing the GC-MS spectra and NMR spectra with those of the
authentic compound. The results are listed in entry 1-8 in table 8.
[0092] The e.e. of N-benzyloxycarbonyl-3-hydroxypyrrolidine was measured by analytical HPLC with a chiral column
[Chiralpak AS (Daicel), 250 mm x 4.6 mm; eluent: hexane/isopropanol (100:4); flow rate: 1 ml/min; detection wave-
length: 210 nm; retention times: 32.9 min for the (S)-form and 36.7 min for the (R)-form]. (R)-N-benzyloxycarbonyl-
3-hydroxypyrrolidine was obtained in 85% e.e.

Table 8:

Preparation of (R)-N-benzyloxycarbonyl-3-hydroxypyrrolidine by hydroxylation of N-benzyloxycarbonylpyrrolidine
with resting cells (4.3 g/L) of HXN-200

Entry Substratea Glucose Activityb Yield (%)

(mM) (%) (U/g CDW) 0.5h 1h 2h 3h Sh

1 2 0 4.2 27 52 73 88 88

2 2 2 13.1 85 100

3 3.5 0 8.7 32 68 93 100

4 3.5 2 10.3 38 67 96 100

5 5 0 7.4 19 44 57 61 57

6 5 2 8.9 23 42 56 56 53

7 10 0 7.8 10 14 14 16 14

a. in 50 mM K-phosphate buffer (pH=7.5);

b. activity was determined over a time interval of the first 30 min.



EP 1 131 460 B1

5

10

15

20

25

30

35

40

45

50

55

14

Example 12: Preparation of optically active N-benzyloxycarbonyl-3-hydroxypyrrolidine in vivo with growing cells of
HXN-200

[0093] The isolate HXN-200 was inoculated in 2 L of E2 medium in a 3 L bioreactor with octane vapor as carbon
source and grown at 30°C to a cell density of 4.0 g/L. Glucose (80 ml, 50%) was added, the supply of octane vapor
was stopped, and N-benzyloxycarbonyl-pyrrolidine (1.23 g) was added. The reaction was continued for 2 h, and pH
was kept between 7.9-8.0 during this period. HPLC analysis showed that 100% conversion was reached at 2 h (entry
9 in table 8). The cells were removed by centrifugation, and the supernatants were extracted with ethylacetate after
pH was adjusted to 9.0. The organic phase was dried over MgSO4 and the solvent evaporated. This afforded 95%
(1.26g) of pure product as white powder. The product was identified as N-benzyloxycarbonyl-3-hydroxypyrrolidine by
comparing the GC-MS spectra and NMR spectra with those of the authentic compound. The product has 85% e.e. (R)
determined by analytical HPLC with a chiral column as described above.

Example 13: Preparation of optically active N-phenoxycarbonyl-3-hydroxypyrrolidine in vivo with resting cells of HXN-
200

[0094] The isolate HXN-200 was inoculated in 2 L of E2 medium with octane vapor as carbon source and grown at
30°C, the cells were harvested at a cell density of 2.8 g/L and stored at -80°C. N-phenoxycarbonyl pyrrolidine (2-10
mM) and glucose (0 or 2%) was added to a suspension of 4.6 g/L of the cells in 50 mM K-phosphate buffer (pH = 7.5).
The mixture was shaken at 30°C for 5 h.
[0095] The reaction was followed by analytical HPLC : samples were taken out directly from the reaction mixture at
different times, the cells were removed by centrifugation, and the supernatants were analysed by analytical HPLC
[column: Hypersil BDS-C18 (5 µm), 125 mm x 4 mm; eluent: acetonitrile/10 mM K-phosphate buffer (pH 7.0) 35:65;
flow rate: 1 ml/min; detection wavelength: 210 nm; retention time of N-phenoxycarbonyl-3-hydroxypyrrolidine: 1.8 min;
retention time of N-phenoxycarbonyl pyrrolidine: 6.0 min].
[0096] The product was isolated as follows: the reaction mixture was adjusted to pH = 8-12 by the addition of KOH
and extracted with ethyl acetate. The organic phase was dried over MgSO4 and the solvent evaporated. The residue
was subjected to chromatography on aluminum oxide with a short column. The unreacted substrate was eluted with
ethyl acetate/hexane (1:9) first, and then the product was eluted with ethyl acetate. The pure product was identified
as N-phenoxycarbonyl-3-hydroxypyrrolidine by comparing the GC-MS spectra and NMR spectra with those of the
authentic compound. The results are listed in table 9.
[0097] The e.e. of N-phenoxycarbonyl-3-hydroxypyrrolidine was measured by analytical HPLC with a chiral column
[Chiralpak AS (Daicel), 250 mm x 4.6 mm; eluent: hexane/isopropanol (100:4); flow rate: 1 ml/min; detection wave-
length: 210 nm; retention times: 37.3 min for the (S)-form and 41.1 min for the (R)-form]. The product obtained has
36% e.e. (S).

Table 8: (continued)

Preparation of (R)-N-benzyloxycarbonyl-3-hydroxypyrrolidine by hydroxylation of N-benzyloxycarbonylpyrrolidine
with resting cells (4.3 g/L) of HXN-200

Entry Substratea Glucose Activityb Yield (%)

(mM) (%) (U/g CDW) 0.5h 1h 2h 3h Sh

8 10 2 10.9 14 19 24 23 20

9 3 2 15.8 68 92 100

a. in 50 mM K-phosphate buffer (pH=7.5);

b. activity was determined over a time interval of the first 30 min.
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Example 14: Preparation of optically active N-tert-butoxycarbonyl-3-hydroxy-pyrrolidine in vivo with resting cells of
HXN-200

[0098] The isolate HXN-200 was inoculated in 2 L of E2 medium with octane vapor as carbon source and grown at
30°C, the cells were harvested at a cell density of 2.8 g/L and stored at -80°C. N-tert-butoxycarbonyl-pyrrolidine (5-20
mM) and glucose (0 or 2%) was added to a suspension of 5.3 g/L of the cells in 50 mM K-phosphate buffer (pH = 7.5).
The mixture was shaken at 30°C for 5 h.
[0099] The reaction was followed by analytical HPLC : samples were taken out directly from the reaction mixture at
different times, the cells were removed by centrifugation, and the supernatants were analysed by analytical HPLC
[column: Hypersil BDS-C18 (5 µm), 125 mm x 4 mm; eluent: acetonitrile/10 mM K-phosphate buffer (pH 7.0) 3:7; flow
rate: 1 ml/min; detection wavelength: 210 nm; retention time of N-tert-butoxycarbonyl-3-hydroxypyrrolidine: 2.3 min;
retention time of N-tert-butoxycarbonyl-pyrrolidine: 11.6 min].
[0100] The product was isolated as follows: the reaction mixture was adjusted to pH = 8-12 by the addition of KOH
and extracted with ethyl acetate. The organic phase was dried over MgSO4 and the solvent evaporated. The residue
was subjected to chromatography on aluminum oxide with a short column with hexane/ethyl actate (1:1). The pure
product was identified as N-tert-butoxycarbonyl-3-hydroxypyrrolidine by comparing the GC-MS spectra and NMR spec-
tra with those of the authentic compound. The results are listed in table 10.
[0101] The e.e. of N-tert-butoxycarbonyl-3-hydroxypyrrolidine was measured by analytical HPLC with a chiral column
[Chiralpak AS (Daicel), 250 mm x 4.6 mm; eluent: hexane/isopropanol (98:2); flow rate: 1 ml/min; detection wavelength:
210 nm; retention times: 16.0 min for the (S)-form and 17.9 min for the (R)-form]. The product obtained has 33% e.e. (R).

Table 9:

Preparation of (S)-N-phenoxycarbonyl-3-hydroxypyrrolidine by hydroxylation of N-phenoxycarbonylpyrrolidine with
resting cells (4.6 g/L) of HXN-200

Entry Substrate Glucose Activity1 Yield (%)

(mM) (%) (U/g
CDW)

0.5h 1h 2h 3h 5h

1 2 0 7.1 49 75 92 94 94

2 2 2 11.2 77 100

3 5 0 3.7 10 20 32 36 40

4 5 2 13.3 36 62 72 73 80

5 10 0 4.5 6 16 31 35 37

6 10 2 11.6 16 29 38 38 39
1Activity was determined over a time interval of the first 30 min.

Table 10:

Preparation of (R)-N-tert-butoxycarbonyl-3-hydroxypyrrolidine by hydroxylation of N-tert-butoxycarbonylpyrrolidine
with resting cells (5.3 g/L) of HXN-200

Entry Substrate Glucose Activity1 Yield (%)

(mM) (%) (U/ g
CDW)

0.5h 1h 2h 3h 5h

1 5 18.6 59 77 87 87 90

2 5 2 21.4 68 92 100

3 10 23.9 38 61 69 73 77

4 10 2 21.4 34 61 68 74 82

5 15 17.9 19 34 36 36 44

6 20 11.3 9 13 15 16 20
1 Activity was determined over a time interval of the first 30 min.
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Example 15: Preparation of optically active N-tert-butoxycarbonyl-3-hydroxy-pyrrolidine in vivo with growing cells of
HXN-200

[0102] The isolate HXN-200 was inoculated in 2 L of E2 medium in a 3 L bioreactor with octane vapor as carbon
source and grown at 30°C to a cell density of 4.0 g/L. Glucose (80 ml, 50%) was added, the supply of octane vapor
was stopped, and N-tert-butoxycarbonyl-pyrrolidine (3.505 g) was added. The reaction was continued for 3 h, and pH
was kept between 7.9-8.0 during this period. HPLC analysis showed that 100% conversion was reached at 3 h. The
cells were removed by centrifugation, and the supernatants were extracted with ethylacetate after pH was adjusted to
9.0. The organic phase was dried over MgSO4 and the solvent evaporated. This afforded 95% (3.61 g) of pure product
as white powder.

Example 16: Preparation of optically active N-benzyl-3-hydroxypyrrolidine, N-benzyloxycarbonyl-3-hydroxypyrrolidine,
and N-tert-butoxycarbonyl-3-hydroxy-pyrrolidine in vitro with crude cell extracts of HXN-200

[0103] The isolate HXN-200 was inoculated in 2 L of E2 medium in a 3 L bioreactor with octane vapor as carbon
source and grown at 30°C to a cell density of 4.0 g/L. The cells were harvested and resuspended in Tris-HCl buffer
(pH = 8.0) to a concentration of 12.3 g/L. After passage through a French press, the cell debris was removed by
centrifugation at 45,000 g for 45 min. To this crude cell extract without membrane proteins was added NADH (5 mM).
N-benzylpyrrolidine, N-benzyloxycarbonyl-pyrrolidine, and N-tert-butoxycarbonyl-pyrrolidine was added to a final con-
centration of 5 mM, respectively. The mixture was shaken at 30°C for 2 h. Analytical and isolation procedures were as
described before. The results are listed in table 11.

Example 17: Preparation of N-acetyl-3-hydroxypyrrolidine in vivo with resting cells of cyclohexane-degrading strain

[0104] An cyclohexane degrading strain (isolated with cyclohexane as carbon source by Li, Z. et al, ETH Zurich; in
the strain collection of Institute of Biotechnology, ETH Zurich) was inoculated in 1/4 of Evans medium without carbon
saurce and grown on cyclohexane vapor diluted 10 times by air as carbon source at room temperature for 3 days. The
cells were harvested and resuspened to 5 g/L in 50 mM K-phosphate buffer (pH 7.0). N-acetylpyrrolidine was added
to a concentration of 2 mM, and the mixture was shaken at 30°C for 1 day. For following the reaction, samples were
taken from the reaction mixture at different time, the cells were removed by centrifugation, and the supernatants were
analysed by analytical HPLC [column: Spherisorb ODS2 (5 µm), 125 mm x 4 mm; eluent: acetonitrile/ 10 mM K-phos-
phate buffer (pH 7.0) 5/95; flow rate: 1 ml/min; detection wavelength: 210 nm; retention time of N-acetyl-3-hydroxypyr-
rolidine: 2.3 min; retention time of N-acetylpyrrolidine: 7.9 min]. 4% of product was obtained after 1.5 h. The product
was identified as N-acetyl-3-hydroxypyrrolidine by comparing the GC-MS spectra and NMR spectra with those of the
authentic compund.

Claims

1. A process for the preparation of optically active 3-hydroxypyrrolidine or N-substituted 3-hydroxypyrrolidine, wherein
an oxygen atom is inserted stereoselectively into the corresponding non-hydroxylated pyrrolidine compound by
using, as a biocatalyst, a bacterium having hydroxylation activity or an enzyme having hydroxylation activity derived
from the said bacterium.

Table 11:

Preparation of optically active N-benzyl-3-hydroxypyrrolidine, N-benzyloxycarbonyl-3-hydroxypyrrolidine, and N-
tert-butoxycarbonyl-3-hydroxy-pyrrolidine with cell extracts (CE) of HXN-200

Substrate Cells for CE1 NADH Yield (%)

(mM) (g/L) (mM) 15' 0.5h 1h 2h

A: 5 12.3 5 5 10 14 17

B: 5 12.3 5 5 6 7 7

C: 5 12.3 5 11 16 26 26
1 CE derived from a cell suspension of the indicated concentration; A: N-benzylpyrrolidine; B: N-benzyloxycarbonyl-pyrrolidine; C: N-tert-butoxycar-
bonyl-pyrrolidine.
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2. The process of claim 1, wherein the bacterium is selected from the group consisting of alkane-degrading bacteria.

3. The process of claim 2, wherein the bacterium is selected from the group consisting of bacteria degrading n-alkane
containing 4 to 20 carbon atoms.

4. The process of claim 2, wherein the bacterium is selected from the group consisting of bacteria degrading n-octane.

5. The process of claim 2, wherein the bacterium is selected from the group consisting of bacteria degrading n-hexane.

6. The process of claim 1, wherein the bacterium is selected from the group consisting of bacteria degrading mono-
alicyclic compounds containing 4 to 20 carbon atoms.

7. The process of claim 1, wherein the bacterium is selected from the group consisting of bacteria having alkane
hydroxylase(s).

8. The process of claim 1, wherein the bacterium is selected from the group of genera consisting of Pseudomonas,
Mycobacterium, Corynebacterium, Nocardia, Sphingomonas, Gordona, Rhodococcus, Bacillus, Streptomyces,
Sebekia and Methylococcus.

9. The process of claim 8, wherein the bacterium is selected from the group consisting of Pseudomonas oleovorans
strains, and Pseudomonas putida strains.

10. The process according to any one of claims 1-9, wherein the biocatalyst is a recombinant bacterium having the
gene(s) necessary for the hydroxylation.

11. The process of claim 10, wherein said gene(s) necessary for the hydroxylation comprise(s) one or more of the
alkane hydroxylase genes from an alkane degrading bacterium.

12. The process of claim 11, wherein said alkane degrading bacterium is a Pseudomonas oleovorans strain.

13. The process of claim 10, wherein the recombinant bacterium is a recombinant Escherichia coli strain.

14. The process of any one of claims 1-13, wherein resting bacterial cells, growing bacterial cells, or both, are used
as biocatalyst.

15. The process of any one of claims 1-13, wherein a crude cell extract, or a purified, or partially purified, enzyme
preparation is used as biocatalyst.

16. The process of any one of claims 1-15, wherein the biocatalyst is immobilized on or in a water insoluble carrier or
support system.

17. The process of any one of claims 1-16, wherein the biocatalytic reaction is performed in aqueous medium.

18. The process of any one of claims 1-16, wherein the biocatalytic reaction is performed in multiphase media con-
taining two or more of the following: a solid phase, an aqueous phase, an organic phase, and a gaseous phase.

19. The process of claim 18, wherein an organic phase is used which comprises one or more alkanes with 5 or more
C atoms, dialkyl ethers with 4 or more C atoms, or aromatic or heteroaromatic hydrocarbons.

20. The process of any one of claims 1-19, wherein the reaction temperature is 5-50°C, preferably 20-40°C.

21. The process of any one of claims 1-20, wherein the pH of the medium is 4-10, preferably 6-8.

22. The process of any one of claims 1-21, wherein the product is separated by column chromatography with an
inorganic, organic or synthetic adsorbent used as a support.

23. The process of any one of claims 1-21, wherein the product is separated by means of extraction, wherein the
substrate is first recovered from the reaction mixture by extraction with a less polar solvent, the remaining reaction
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mixture is adjusted to pH =10-12, and the product is extracted with a more polar solvent.

24. The process of claim 23, wherein the extraction agent used is selected from the group consisting of alkanes with
5 or more C atoms, dialkyl ethers with 4 or more C atoms, chlorine-containing alkanes with 3 or fewer C atoms,
alkyl aromatics with 7-10 C atoms, and carboxylic esters with 3 or more C atoms.

25. The process of any one of claims 1-21, wherein the product is separated by use of membrane filtration.

26. The process of any one of claims 1-25, wherein the optically active N-substituted 3-hydroxypyrrolidine is N-benzoyl-
3-hydroxypyrrolidine.

27. The process of any one of claims 1-25, wherein the optically active N-substituted 3-hydroxypyrrolidine is N-ben-
zyloxycarbonyl-3-hydroxypyrrolidine.

28. The process of any one of claims 1-25, wherein the optically active N-substituted 3-hydroxypyrrolidine is N-phe-
noxycarbonyl-3-hydroxypyrrolidine.

29. The process of any one of claims 1-25, wherein the optically active N-substituted 3-hydroxypyrrolidine is N-tert-
butoxycarbonyl-3-hydroxypyrrolidine.

30. The process of any one of claims 1-25, wherein the optically active N-substituted 3-hydroxypyrrolidine is N-benzyl-
3-hydroxypyrrolidine.

Patentansprüche

1. Verfahren zur Herstellung eines optisch aktiven 3-Hydroxypyrrolidins oder N-substituierten 3-Hydroxypyrrolidins,
worin ein Sauerstoffatom stereoselektiv in die entsprechende nicht-hydroxylierte Pyrrolidinverbindung unter Ver-
wendung eines Bakteriums mit Hydroxylierungsaktivität oder eines Enzyms mit Hydroxylierungsaktivität, das aus
diesem Bakterium abgeleitet ist, als Biokatalysator eingeführt wird.

2. Verfahren nach Anspruch 1, worin das Bakterium aus der Gruppe bestehend aus Alkan abbauenden Bakterien
ausgewählt ist.

3. Verfahren nach Anspruch 2, worin das Bakterium aus der Gruppe bestehend aus n-Alkan mit 4 bis 20 Kohlen-
stoffatomen abbauenden Bakterien ausgewählt ist.

4. Verfahren nach Anspruch 2, worin das Bakterium aus der Gruppe bestehend aus n-Octan abbauenden Bakterien
ausgewählt ist.

5. Verfahren nach Anspruch 2, worin das Bakterium aus der Gruppe bestehend aus n-Hexan abbauenden Bakterien
ausgewählt ist.

6. Verfahren nach Anspruch 1, worin das Bakterium aus der Gruppe bestehend aus monoalicyclischen Verbindungen
mit 4 bis 20 Kohlenstoffatomen abbauenden Bakterien ausgewählt ist.

7. Verfahren nach Anspruch 1, worin das Bakterium aus der Gruppe bestehend aus Bakterien mit Alkanhydroxylase
(n) ausgewählt ist.

8. Verfahren nach Anspruch 1, worin das Bakterium aus der Gruppe bestehend aus den Gattungen Pseudomonas,
Mycobakterium, Corynebakterium, Nokardia, Spingomonas, Gordona, Rhodococcus, Bacillus, Streptomyces, Se-
bekia und Methylococcus ausgewählt ist.

9. Verfahren nach Anspruch 8, worin das Bakterium aus der Gruppe bestehend aus Pseudomonas oleovorans-Stäm-
men und Pseudomonas putida-Stämmen ausgewählt ist.

10. Verfahren nach einem der Ansprüche 1 bis 9, worin der Biokatalysator ein rekombinantes Bakterium ist, das das
(die) zur Hydroxylierung notwendige(n) Gen(e) aufweist.
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11. Verfahren nach Anspruch 10, worin das(die) zur Hydroxylierung notwendige(n) Gen(e) ein oder mehr Alkanhydro-
xylasegen(e) aus einem Alkan abbauenden Bakterium umfasst(umfassen).

12. Verfahren nach Anspruch 11, worin das Alkan abbauende Bakterium ein Pseudomonas oleovorans-Stamm ist.

13. Verfahren nach Anspruch 10, worin das rekombinante Bakterium ein rekombinanter Escherichia coli-Stamm ist.

14. Verfahren nach einem der Ansprüche 1 bis 13, worin inaktive Bakterienzellen, wachsende Bakterienzellen oder
beide als Biokatalysator verwendet werden.

15. Verfahren nach einem der Ansprüche 1 bis 13, worin ein roher Zellextrakt oder eine gereinigte oder teilweise
gereinigte Enzympräparation als Biokatalysator verwendet wird.

16. Verfahren nach einem der Ansprüche 1 bis 15, worin der Biokatalysator auf oder in einem wasserunlöslichen
Carrier oder Trägersystem immobilisiert ist.

17. Verfahren nach einem der Ansprüche 1 bis 16, worin die biokatalytische Reaktion in einem wäßrigen Medium
ausgeführt wird.

18. Verfahren nach einem der Ansprüche 1 bis 16, worin die biokatalytische Reaktion in einem Multiphasen-Medium,
das zwei oder mehr der folgenden Phasen: eine feste Phase, eine wäßrige Phase, eine organische Phase und
eine gasförmige Phase enthält, ausgeführt wird.

19. Verfahren nach Anspruch 18, worin eine organische Phase verwendet wird, die ein oder mehr Alkan(e) mit 5 oder
mehr C-Atomen, Dialkylether mit 4 oder mehr C-Atomen oder aromatische oder heteroaromatische Kohlenwas-
serstoffe enthält(enthalten).

20. Verfahren nach einem der Ansprüche 1 bis 19, worin die Reaktionstemperatur 5 bis 50°C, vorzugsweise 20 bis
40°C, beträgt.

21. Verfahren nach einem der Ansprüche 1 bis 20, worin der pH des Mediums 4 bis 10, vorzugsweise 6 bis 8, ist.

22. Verfahren nach einem der Ansprüche 1 bis 21, worin das Produkt durch Säulenchromatographie mit einem anor-
ganischen, organischen oder synthetischen Absorbens als Träger abgetrennt wird.

23. Verfahren nach einem der Ansprüche 1 bis 21, worin das Produkt durch Extraktion abgetrennt wird, wobei das
Substrat zuerst aus dem Reaktionsgemisch durch Extraktion mit einem weniger polaren Lösungsmittel gewonnen,
die verbleibende Reaktionsmischung auf pH 10 bis 12 eingestellt und das Produkt mit einem höher polaren Lö-
sungsmittel extrahiert wird.

24. Verfahren nach Anspruch 23, worin das verwendete Extraktionsmittel aus der Gruppe bestehend aus Alkanen mit
5 oder mehr C-Atomen, Dialkylethern mit 4 oder mehr C-Atomen, chlorhaltigen Alkanen mit 3 oder weniger C-Ato-
men, aromatischen Alkylen mit 7 bis 10 C-Atomen und Carbonsäureestern mit 3 oder mehr C-Atomen ausgewählt
ist.

25. Verfahren nach einem der Ansprüche 1 bis 21, worin das Produkt durch Verwendung einer Membranfiltration
abgetrennt wird.

26. Verfahren nach einem der Ansprüche 1 bis 25, worin das optisch aktive N-substituierte 3-Hydroxypyrrolidin N-Ben-
zoyl-3-hydroxypyrrolidin ist.

27. Verfahren nach einem der Ansprüche 1 bis 25, worin das optisch aktive N-substituierte 3-Hydroxypyrrolidin N-Ben-
zyloxycarbonyl-3-hydroxypyrrolidin ist.

28. Verfahren nach einem der Ansprüche 1 bis 25, worin das optisch aktive N-substituierte 3-Hydroxypyrrolidin N-Phen-
oxycarbonyl-3-hydroxypyrrolidin ist.

29. Verfahren nach einem der Ansprüche 1 bis 25, worin das optisch aktive N-substituierte 3-Hydroxypyrrolidin N-tert-
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Butoxycarbonyl-3-hydroxypyrrolidin ist.

30. Verfahren nach einem der Ansprüche 1 bis 25, worin das optisch aktive N-substituierte 3-Hydroxypyrrolidin N-Ben-
zyl-3-hydroxypyrrolidin ist.

Revendications

1. Procédé pour la préparation de 3-hydroxypyrrolidine active optiquement ou de 3-hydroxypyrrolidine N-substituée,
dans laquelle un atome d'oxygène est inséré stéréosélectivement dans le composé de pyrrolidine non hydroxylaté
correspondant en utilisant, comme biocatalyseur, une bactérie ayant une activité d'hydroxylation ou une enzyme
ayant une activité d'hydroxylation dérivée de ladite bactérie.

2. Procédé selon la revendication 1, dans lequel la bactérie est choisie dans le groupe consistant en des bactéries
dégradant les alcanes.

3. Procédé selon la revendication 2, dans lequel la bactérie est choisie dans le groupe consistant en des bactéries
dégradant les n-alcanes contenant de 4 à 20 atomes de carbone.

4. Procédé selon la revendication 2, dans lequel la bactérie est choisie dans le groupe consistant en des bactéries
dégradant le n-octane.

5. Procédé selon la revendication 2, dans lequel la bactérie est choisie dans le groupe consistant en des bactéries
dégradant le n-hexane.

6. Procédé selon la revendication 1, dans lequel la bactérie est choisie dans le groupe consistant en des bactéries
dégradant les composés mono-alicyliques contenant de 4 à 20 atomes de carbone.

7. Procédé selon la revendication 1, dans lequel la bactérie est choisie dans le groupe consistant en des bactéries
ayant une ou des hydroxylases d'alcane.

8. Procédé selon la revendication 1, dans lequel la bactérie est choisie dans le groupe de genres consistant en
Pseudomonas, Mycobactérie, Corynébactérium, Nocardia, Sphingomonas, Gordona, Rhodococcus, Bacillus,
Streptomyces, Sébekia et Méthylococcus.

9. Procédé selon la revendication 8, dans lequel la bactérie est choisie dans le groupe consistant en des souches
de Pseudomonas oléovorans et des souches de Pseudomonas putida.

10. Procédé selon l'une quelconque des revendications 1 à 9, dans lequel le biocatalyseur est une bactérie recombi-
nante ayant le ou les gènes nécessaires à l'hydroxylation.

11. Procédé selon la revendication 10, dans lequel le ou lesdits gènes nécessaires à l'hydroxylation comprennent un
ou plusieurs des gènes d'hydroxylase d'alcane d'une bactérie dégradant l'alcane.

12. Procédé selon la revendication 11, dans lequel ladite bactérie dégradant les alcanes est une souche Pseudomonas
oléovorans.

13. Procédé selon la revendication 10, dans lequel la bactérie recombinante est une souche d'Escherichia coli recom-
binante.

14. Procédé selon l'une quelconque des revendications 1 à 13, dans lequel des cellules bactériennes au repos, des
cellules bactériennes croissantes, ou les deux, sont utilisées comme biocatalyseurs.

15. Procédé selon l'une quelconque des revendications 1 à 13, dans lequel un extrait cellulaire brut ou une préparation
enzymatique purifiée ou partiellement purifiée est utilisé comme biocatalyseur.

16. Procédé selon l'une quelconque des revendications 1 à 15, dans lequel le biocatalyseur est immobilisé sur ou
dans un porteur ou un système de support insoluble dans l'eau.
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17. Procédé selon l'une quelconque des revendications 1 à 16, dans lequel la réaction biocatalytique est effectuée
dans un milieu aqueux.

18. Procédé selon l'une quelconque des revendications 1 à 16, dans lequel la réaction biocatalytique est effectuée
dans un support multiphase contenant deux ou plus des éléments suivants : une phase solide, une phase aqueuse,
une phase organique et une phase gazeuse.

19. Procédé selon la revendication 18, dans lequel une phase organique est utilisée, qui comprend un ou plusieurs
alcanes avec 5 atomes de C ou plus, des éthers de dialkyle avec 4 atomes de C ou plus ou des hydrocarbures,
hétéroaromatiques ou aromatiques.

20. Procédé selon l'une quelconque des revendications 1 à 19, dans lequel la température de réaction est de 5 à 50
°C, de préférence de 20 à 40 °C.

21. Procédé selon l'une quelconque des revendications 1 à 20, dans lequel le pH du milieu est de 4 à 10, de préférence
de 6 à 8.

22. Procédé selon l'une quelconque des revendications 1 à 21, dans lequel le produit est séparé chromatographie sur
colonne avec un adsorbant inorganique, organique ou synthétique utilisé comme support.

23. Procédé selon l'une quelconque des revendications 1 à 21, dans lequel le produit est séparé au moyen d'une
extraction, dans laquelle le substrat est d'abord récupéré du milieu réactionnel par extraction avec un solvant
moins polaire, le mélange réactionnel restant est ajusté à un pH = 10 à 12 et le produit est extrait avec un solvant
plus polaire.

24. Procédé selon la revendication 23, dans lequel l'agent d'extraction utilisé est choisi dans le groupe consistant en
des alcanes avec 5 atomes de C ou plus, des éthers de dialkyle avec 4 atomes de C ou plus, des alcanes contenant
du chlore avec 3 atomes de C ou moins des alkylaromatiques avec 7 à 10 atomes de C, et des esters carboxyliques
avec 3 atomes de C ou plus.

25. Procédé selon l'une quelconque des revendications 1 à 21, dans lequel le produit est séparé par filtration sur
membrane.

26. Procédé selon l'une quelconque des revendications 1 à 25, dans lequel le 3-hydroxypyrrolidine N-substitué opti-
quement actif est le N-benzoyl-3-hydroxypyrrolidine.

27. Procédé selon l'une quelconque des revendications 1 à 25, dans lequel le 3-hydroxypyrrolidine N-substitué opti-
quement actif est le N-benzyloxycarbonyl-3-hydroxypyrrolidine.

28. Procédé selon l'une quelconque des revendications 1 à 25, dans lequel le 3-hydroxypyrrolidine N-substitué opti-
quement actif est le N-phénoxycarbonyl-3-hydroxypyrrolidine.

29. Procédé selon l'une quelconque des revendications 1 à 25, dans lequel le 3-hydroxypyrrolidine N-substitué opti-
quement actif est le N-tert-butoxycarbonyl-3-hydroxypyrrolidine.

30. Procédé selon l'une quelconque des revendications 1 à 25, dans lequel le 3-hydroxypyrrolidine N-substitué opti-
quement actif est le N-benzyl-3-hydroxypyrrolidine.
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