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ENZYMATIC PROCESSES FOR THE RESOLUTION
OF ENANTIOMERIC MIXTURES OF COMPOUNDS USEFUL
,

The present invention relates to enzymétic
processes for the resolution of enantiomeric
mixtures of compounds useful as intermediates in
the preparation of taxanes, particularly for the
preparation of taxanes bearing a C-13 sidechain
containing a heterocyclic or cycloalkyl group.

Taxanes are diterpene compounds which find
utility in the pharmaceutical field. For example,
taxol analogues containing heterocyclic or
cycloalkyl groups on the C-13 sidechain find
utility as anticancer agents. Such taxol analogues
may be prepared through semi-synthetic routes,
particularly by the coupling of f-lactam or open
chain intermediates to the taxane core to form a
sidechain at C-13. As the stereochemistry of these
analogues may affect their pharmaceutical activity,
methods allowing efficient stereospecific
preparation of the intermediate P-lactam and open
chain compounds, as well as the final taxane
products, are sought in the art.
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The present invention provides effiéient
methods for the resolution of enantiomeric
mixtures, preferably racemic mixtures, of compounds
useful as intermediates in the preparation of

5 taxanes bearing a C-13 sidechain containing a
heterocyclic or cycloalkyl group, and thus for the
stereospecific preparation of these compounds.

Specifically, the present invention provides
a method for the resolution of a mixture I

10 comprising the enantiomers Ia and Ib, where R1 is
in the cis position relative to R® in both Ia and
Ib, or where R> is in the trans position relative

to R% in both Ia and Ib:
R! R2
and
040 N
RS O
15 (Ia) (Ib)

where

R1 is hydroxyl; halo; or -0-C(0)-R°, where

r? is alkyl, alkenyl, alkynyl, aryl,
cycloalkyl, cycloalkenyl or heterécyclo;
20 =R is heterocyclo or cycloalkyl; and
R3 is hydrogen; R4; -C(O)-OR4; or -C(O)-R4.
where R4 is independently selected from
those groups recited for R4 above;
comprising the step of contacting said mixture I
25 with an enzyme or microorganism capable of
catalyzing the stereoselective conversion of one of
said compounds.Ia-or Ib to a non-enantiomeric form,
and effecting said conversion. '

4

THIS SHEET HAS BEEN
REPLACED

o st ||||||| - (WA




10

15

20

25

LDS55

The present invention also provides a-
process for the resolution of a mixture IV
comprising the enantiomers IVa and IVb:

2 a2 6

R™-T"-C(0) -OR
and
r2-r°-c(0) -0R®
where
™ ig w R! -
| —CH—CH—
and TP is :
W R!
| | |
= CH—CH —
T2 is
Rl W
I
-CH-—CH —
and
Tb is
Rl \i’
—CH—CH-—

1

(Iva)

(IVb)

; Or

where R™ is in the erythro position relative to the

group W in both IVa and IVD, or where R
threo position relative to the group W in both IVa

and IVb;
W is -NHR3 or -N
1 _

3 ;

1 js in the

R™ is hydroxyl; halo; or -O-C(O)-R4. where

'R4 is alkyl, alkenyl, alkynyl, aryl,
'cycloalkyl. cycloalkenyl or heterocyclo:

R2 is heterocyelo-or cycloalkyl:;

R3 is hydrogen; R4:

where R4

4

4

-C(0)-OR"; or -C(O)-R",
is independently selected from

This Sheet Has Been Reﬂla
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those groups recited for R4 above; and

is hydrogen; or RY, where R? is independently
selected from those groups recited for R4
above; '

comprising the step of contacting said mixture IV'

with an enzyme or microorganism capable of cataly-

zing the stereoselective conversion of one of said

compounds IVa or IVb to a non-enantiomeric form,

and effecting said conversion.

' Exemplary embodiments for the aforementioned
stereoselective conversions include stereoselective
hydrolysis, stereoselective esterification,
stereoselective transesterification and stereo-
selective“dehalogenation, particularly stereo-
selective hydrolysis or esterification.

Groups, such as hydroxyl groups, on the
compounds of formulae I or 1IV may optionally be
protected for use in the resolution methods of the
present invention; such groups may optionally be
subsequently deprotected.

r®

- The methods of the present invention are
described further as follows.

cis E . |

The following pair of cis enantiomers may be
separated by the enzymatic methods of the instant
invention:
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IU% QR? R! R?
and
(féiz_ F%R§ cfé: Nkjﬁi
(a(1)) (Ib(1))
that is, enantiomers Ia and Ib where Rl is in the

cis position relative to Rz in both Ia and 1Ib.

It is preferred to resolve a mixture of cis
enantiomers as described above according to the
methods of the instant invention.

Irxans Enantiomers

The following pair of trans enantiomers may
be separated by the enzymatic methods of the
instant invention:

R! R? "R, R2
o~ : “o,' _
and
4J3 hgh? dfp N\R?
(1a(2)) (Ib(2)

that is, enantiomers Ia and Ib where Rl is in the
2':i.n both Ia and Ib.

Exrvthro Enantiomers

The following pairs of erythro enantiomers
may be separated by the enzymatic methods of the
instant invention:

W R -

R2— CH —CH—C(0)-0R¢ V&)
and
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R2— CH —CH—C(0)-OR®

i Or

Rl w

. R2— CH —CH—C(O)-OR®

and

v Y
R2~ CH —CH—C(0)-OR®

that is, enantiomers IVa and IVb where R

LD55

ave(w)

(IVa(2))

Ivb(2))

1 is in the

erythro position relative to the group W in both

IVa and IVb.

Threo Epnantiomers

The following pairs of threo enantiomers may

instant invention:

w R!
5 Y
R2— CH —CH—C(0}-OR®
and
W R!
R2— CH —CH—C(0)-OR®
s Or )
R! W
Y z

R2—~ CH —CH TCLO)-OR"'
and

'be separated by the enzymatic methods of the

aVa(3)
avs(3)

(IVa4))
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R W
R2— CH —CH—C(0)-OR¢  TV°4)

that is, enantiomers IVa and IVb where Rl is iﬁ the
threo position relative to the group W in both IVa
5 and IVb. '

Mixture I, comprising an enantiomeric
mixture of B-lactams Ia and Ib, is preferably
10 resolved by stereoselective hydrolysis,
esterification or dehalogenation. A particularly
preferred method for the resolution of a mixture I
comprising the enantiomers Ia(l) and Ib(1l):

Rl‘"'oo .~"R2 R! R?
and
O¢C N\ //C N\ .
. R3 0] R
15 (a(1)) (Ib(1))

to form a mixture II comprising the ¢ompounds
ITa(l) and IIb(1l):

Rla'.‘ ‘Rz . Rlb R2
and
N
040_ \ //C N, .
R® o) R
(Ha(1)) QIb(1)
20 where .
R2 is heterocyclo or cycloalkyl; and

R> is hydrogen; R%; -c(0)-0r%; or -c(o)-r?,

where RY is alkyl, alkenyl, alkynyl, aryl,
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cycloalkyl, cycloalkenyl or heterocyclo;
comprises one of the following steps (i), (ii), or
(1ii) |

(i) where

R1 is -0-C(O)-R4, where R4 is independently

selected from those groups recited for R4
above; and one of Rla or Rlb is the same as
1 la 1b

R™ and the other of R°° or R is hydroxyl;

~ the step of contacting said mixture I, in the’

presence of water and/or an organic alcohol, with
an enzyme or microorganism capable of catalyzing
the stereoselective hydrolysis of mixture I to
provide said mixture II; or

(ii) where
Rl is hyd:oxyl: and
one of Rla or Rlb is hydroxyl and the other of Rla

is R4-c(0)-0-, where R? is

independently selected from those groups
recited for R* above;
the step of contacting said mixture I, in the
presence pf a compound III:

Ré-cto)-L  (xmm |
. . 1la 1b
is as defined above for R or R and L
is a leaving group, with an enzyme or_microorganism
capable of catalyzing the stereoselective
esterification of mixture I to provide said mixture

II; or

4

(iii) where

is a halogen atom; and

R
one of R or RP is halogen and the other of R

or Rlb is hydroxyl;
the step of contacting said mixture I, in the

presence of a hydroxide ion donor, with an enzyme

1l
ila
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or microorganism capabie of catalyzing the stereo-
selective dehalogenation of mixture I to provide
said mixture II. |

The above methods may be employed in the
resolution of other enantiomeric mixtures of the
instant invention, although resolution of the above
cis enantiomers Ia(l) and Ib{(l) is preferred.

pPref 3 Methods £ the F luti £ M v

Mixture IV is preferably resolved by
stereoselective hydrolysis, esterification,
dehalogenation or transesterification. A
partiéularly preferred method for the resolution of
a mixture IV comprising the enantiamers IVa(l) and
IVb(1):

RSHN Rl
R2—CH—CH—C(0)}-0R®  (IVa(l))
' and
RBHN R!

‘ | _
R2—CH~—CH —C(0)-OR® (IVb(1))
to form a mixture V comprising'compounds va(l) and
Vb(l):

RPHN R™ |
R2—CH—CH—C(0)-OR®  (Va(l))

and
R®HN R
Rz—éH'-—(':H—C(O)-ORs (Vb(1))

where

R2 is heterocyclo or cycloalkyl;
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k3 is hydrogen; R4; -C(0)-OR"; or -C(O)-R4,

where R® is alkyl, alkenyl, alkynyl, aryl,
cycloalkyl, cycloalkenyl or heterocyclo{ and
Rslis hydrogen; or'R4,'where R4 is independently
selected from those groups recited for R4
above; |

comprises one of the following steps (i), (ii), or-
(iii): '

4

{i) where

R1 is -0-C(O)-R4.-where R4 is independently

selected from those groups recited for R4
above; and one of r12 or RIP is the same as
1l la 1b

R- and the other of R or R is hydroxyl;
the step of contacting said mixture IV, in the
presence of water and/or an organic alcohol, with
an enzyme or microorganism capable of catalyzing
the stereoselective hydrolysis of mixture IV to
provide said mixture V; or

(ii) where

Rl is hydroxyl; and _
la 1b . la
one of R or R is hydroxyl and the other of R
1b 4

or RIP is rY-c(0)-0-, where R? is
independently selected from those groups
recited for R4 above;

the step of contacting said mixture IV, in the

presence of a compound III:

ré-cio)-L (III)

4 la 1b

is as defined above for R™° or R™~ and L
is a leaving gfoup, with an enzyme or microorganism
capable of catd&lyZing the stereoselective esteri-
fication of mixture IV to provide said mixture V;
or

where R
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(iii) where

Rl is a halogen atom; and
one of Rla or Rlb is halogen and the other of Rla
or Rlb is hydroxyl:

the step of contacting said mixture IV, in the
presence of a hydroxide ion donor, with an enzyme
or microorganism capable of catalyzing the stereo-
selective dehalogenation of mixture IV to provide
said mixture V. _ T

A further particulafly preferred method for
the resolution of a mixture IV comprising the
enantiomers IVa(l) and IVb(l):

RHN R

R2—CH—CH —C{(0)-OR® (tva(1))
~and

RSHN R!

R2—CH—CH —C{0)-OR® (Ivb(1))

to form a mixture VI comprising compounds VIa(l)
and VIb(l):

RHN R
RP—CH—CH~C(0)}-OR®  (Via(1))
and
3 R!
RHY
R*—CH—CH—C(0)-OR®  (VIb(1))
where -~ '
Rl is hydroxyl; halo; or -O—C(O)-R4. where R4 is

alkyl, alkenyl, alkynyl, aryl,
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cycloalkyl, cyloalkenyl or heteroéyclo;
R2 is heterocyclo or cycloalkyl; and
R3 is hydrogen; R4: -C(O)-OR4; or -C(O)-R4.
where R4 is independently selected from

those groups recited for R4 above;

comprises one of the following éceps (i), (ii), or
(iii): '
(i) where
R6 is hydrogen; and
6a 6b . 6a
one of R or R is hydrogen and the other of R
or Rsb is R4. where R4 is independently

selected from those groups recited for R4

above;
the step of contacting said mixture IV, in
the presence of an organic alcochol of the formula
VII: '

ré-on (vI)

4 6a 6b

is as defined above for R~ or R, with

an enzyme or microorganism capable of catalyzing

the stereoselective esterification of mixture IV to

provide said mixture VI; or
(ii) where

where R

Re'is R4, where R4 is independently selected frpm
those groups recited for R4 above; and
one of 363 or R®® is the same as R® and the other

of R6a or Rsb is hydrogen:

the step of contacting said mixture IV, in the

presence of water, with an enzyme or microorganism

capable of catalyzing the stereoselective
hydrolyéis of mixture IV to provide said mixture
VI; or

{(iii) where
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R6 is R4, where R4 is independently selected from

those groups_recited for R4

_ above; and
one of R®@ or R®P is the same as R

and the other
of R6a or RGb is ﬁ7. where R7 is alkyl,
alkenyl, alkynyl, aryl, cycloalkyl,
cycloalkenyl or heterocyclo, except that
R.7 is not the same as Rs;

the step of contacting said mixture IV, in the

6

- presence of an organic alcohol of the formula VIII:

R'-OH  (VIII)

where R’ is as defined above, with an enzyme or
microorganism capable of catalyzing the stereo-
selective transesterification of mixture IV to
provide said mixture VI.

The above methods may be employed in the
resolution of other enantiomeric mixtures of the
instant invention, although resolution of the above
enantiomers Iva(l) and IVb(l) is preferred.

The compound pairs so prepared, such as
IIa(l) and IIb(l), are non-enantiomeric and may
subsequently be separated to yield optically
active, preferably optically pure, compounds. An
optical purity gréater than 99%, particularly
99.5%, is preferred. _

The instant invention also provides a
compound of the mixture I or IV substantially free
of other isomeré; which compound may be prepared by
the methods of the invention.

- =+ pefiniti
The term “stereoselective conversion®, as
used herein, refers to the preferential reaction of
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one enantiomer relative to another, that is,
asymmetric, enantioseieétive. reaction. Likewise,
the terms “stereoselective hydrolysis®, "stereo-
selective esterification®, stereoselective dehalo-
genation* and "stereoselective transesterification®
refer to the preferential hydrolysis,
esterification, dehalogenation and transesteri-
fication, respectively, of one enantiomer relative
to another. .

The term *mixture®, as said term is used
herein in relation to enantiomeric compounds,
denotes mixtures having eﬁual (racemic) or non-
equal amounts of enantiomers.

The term *resolution" as used herein denotes

'partial. as well as, preferably, complete resolu-

tion.

The term *non-enantiomeric form* as used
herein denotes the structure of a compound, orig-
inally one of an enantiomeric pair, in which at
least one group has been modified so that said
compound is no longer the mirror image of the other
compound of the original enantiomeric pair.

The terms "enzymatic process" or “"enzymatic
method* as used herein denote a process or method
of the present invention employing an enzyme or
microorganism.

The terms "alkyl®, *alkan* or “alk® as
employed herein alone or as part of another group
denote both straight and branched chain, optionally
substituted hydrocarbons groups containing 1 to 15
carbons in the normal chain, preferably 1 to 6
carbons, such as methyl, ethyl, propyl, isopropyl,
butyl, t-butyl, isobutyl, pentyl, hexyl, isohexyl,
heptyl, 4,4-dimethylpentyl, octyl, 2.2,4ftrimethy1-
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pentyl, nonyl, decyl, undecyl, dodecyl, the various
branched chain isomers thereof, and the like. |
Exemplary substituents include one or more groups
selected from the following:'halo (especiélly
chloro), trihalomethyl, alkoxy (for example, where
two alkoxy substituents form an acetal), aryl such
as unsubstituted aryl, alkyl-aryl or haloaryl,
cycloalkyl such as unsubstituted cycloalkyl or
alkyl-cycloalkyl, hydroxy or protected hydroxy,
carboxyl, alkyloxycarbonyl, alkylamino,
alkylcarbonylamino, amino, arylcarbonylamlno,
nitro, cyano, thiol or alkylthio.

The term 'alkenyl' as employed herein alone
or as part of another group denotes such optionally
substituted groups as described above for alkyl,
further containing at least one carbon to carbon
double bond. Exemplsry substituents include one or
more alkyl groups as described above, and/or one or
more groups described above as alkyl substituents.

' The term “alkynyl* as employed herein alone
or as part of another group denotes such optionally
substituted groups described above for alkyl, |
further containing at least one carbon to carbon
triple bond. Exemplary substituents include one or
more alkyl groups as described above, and/or one or
more groups described above as alkyl substituents.

The term "cycloalkyl" as employed herein
alone or as part of another group denotes
optionally substituted saturated cyclic hydrocarbon
groups' containing one to three rings and 3 to 12
ring carbons, preférably 3 to 8 ring carbons, such
as cyclopropyl. cyclobutyl, cyclopentyl,
cyclohexyl, cycloheptyl, cyclooctyl, cyclodecyl,
cyclododecyl, and adamantyl. Exemplary sub-
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stituents include one or more alkyl groups as
described above, and/or one or more groups

‘described above as alkyl substituents.

The term “cycloalkenyl* as employed herein
alone or as part of another group denotes such
optionally substituted groups as described above
for cycloalkyl, further containing at least one
carbon to carbon double bond in the ring system.
Exemplary substituents include one or more alkyl
groups as described above, and/or one or more
groups described above as alkyl substituents.

The terms "aryl®" or "ar* as employed herein
alone or as part of another group denote optionally
substituted homocyclic aromatic groups, preferably
monocyclic ot bicyclic groups containing from 6 to
12 carbons in the ring portion, such as
phenyl} biphenyl, naphthyl, substituted phenyl,
substituted biphenyl or substituted naphthyl.
Exemplary substituents (preferably three or fewer)
include one or more of the following groups: alkyl
such as unsubstituted alkyi,-haloalkyl, or
cycloalkyl-alkyl, halogen, alkoxy such as
unsubstituted alkoxy or haloalkoxy. hydroxy,
aryloxy such as phenoxy, R4-carbonyloxy, where R4
is as defined above, allyl, cycloalkyl, alkylamino,
dialkylamino, amido such as alkylcarbonylamino or
arylcarbonylamino, amino, nitro, cyano, élkenyl.
thiol, R4-carbonyl, where R4 is as defined above,
or methylenedioxy where the methylene group may be
substituted by 1 or 2 lower alkyl groups, 1 or
2 arylalkenyl groups, and/or 1 or 2 alkylthio
groups. Particularly preferred aryl groups are
phenyl and substituted phenyl, especially phenyl
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substituted by one or more hydroxyl, alkyl and/or
alkoxy groups.

The terms *halogen* or *halo" as used herein
alone_or as part of another group refer to
chlorine, bromine, fluorine, and iodine.

The terms *"heterocyclo* or “heterocyclic* as
used herein alone or as part of another group -
denote optionally substituted fully saturated or
unsaturated, monocyclic or bicyclic, aromatic or
nonaromatic hydrocarbon groups having at least one
hetercatom in at least one ring, and preferably 5
or 6 atoms in each ring. The heterocyclo group
preferably has 1 or 2 oxygen atoms, 1 or 2 sulfur
atoms, and/or 1 to 4 nitrogen atoms in the ring,
and may be bonded to the remainder of the molecule
through a carbon or héteroatom.. Exemplary
substituents include one or more of the following
groups: halogen, alkoky, hydroxy, aryl such as
phenyl or halophenyl, alkanoyloxy, arylcarbonyloxy
such as benzoyloxy, alkyl such as araikyl.
alkylamiﬁo. alkanoylamino, arylcarbonylamino,
amino, nitro, cyano, and thiol. Exemplary -
heterocyclo groups include thienyl, furyl,
pyrrolyl, pyridyl, imidazolyl, pyrrolidinyl,
piperidinyl, azepinyl, indolyl, isoindolyl,
quinolinyl, isoquinolinyl, benzothiazolyl,
benzoxazolyl, benzimidazolyl, benzoxadiazolyl, and

- benzofurazanyl.

The term "hydroxyl protecting group"* as used
herein denotes a group capable of protecting a free
hydroxyl group (“protectﬁéd hydroxyl®) which,
subsequent to the.reaction for which protection is
employed, may be removed without disturbing the
remainder 6f the molecule. A variety of protecting
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groups for the hydroxyl group and  the synthesis
thereof may be found in *“Protective Groups in
Organic Synthesis* by T. W. Greene, John Wiley and
Sons, 1981, or Fiser & Fiser. Exemplary hydroxyl
protecting groups include methoxymethyl, 1-
ethoxyethyl, benzyloxymethyl, (B-trimethylsilyl-
ethoxy)methyl, tetrahydropyranyl, 2,2,2-trichlorq-
ethoxycarbonyl, t-butyl(diphenyll)silyl, trialkyl-
silyl, trichloromethoxycarbonyl and 2.2,2-
trichloroethoxymethyl.

. erial

The starting materials for the present
resolution methods may be obtained as described in
the Examples herein, or by methods analogous to
those described in European Patent Application No.
93300241.2 (EP-A-552041).

The starting mixtures I or IV may contain,
for example, the diastereomers of the compounds Ia
and Ib or IVa and IVb, although it is preferred
that such_qompounds are separated prior to
conductiné the enzymatic resolution methods of the
present invention. '

Preferred Compounds
Cis compounds of the formula I have a
stereoisomeric configuration which is preferred in
compounds employed as intermediates in the prepa-
ration of C-13 sidechain-bearing taxanes.

Compounds of the mixtures I and II having the same

. absolute stereoconfiguration corresponding to that

of a compound Ia where rY is acetyloxy, R%. is furyl

and R> is hydrogen in the 3R.,4S configuration are

particularly preferred.

THIS SHEET HAS BEEN

REPLACED
il ———-
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Erythro compounds of the formula IV have a
stereoisomeric-cqnfiguration which is preferred in
compounds- employed as intermediates in the prepa-
ration of C-13 sidechain-bearing taxanes.

Compounds of the mixtures IV, V and VI having the .
same absolute stereoconfiguration corresponding to
that of a compound Iva(l) whez_'e'R1 is hydroxyl, Rz-
is furyl, W is -NHR3 and R3 is hydrogen, and R6 is
hydrogen in the 2R,3S configuration are preferred.

In mixture IV, ™ =

RBHN R
—CH —CH —
aﬂd Tb =
RHN R!
. | 1
-—CH —CH ~—
is preferred. _ .
Resolution of Bflactams of the formula I is
preferred.
In the compounds of the present invention,

'Rl is preferably alkanoyloxy, such as unsubstituted

alkanoyloxy (e.g., acetyloxy), or hydroxy:; R2 is

preferably furyl or thienyl; and R3 is preferably
hYdrogen, phenyl, substituted phenyl,
phenylcarbonyl, substituted phenylcarbonyl,
alkylcarbonyl, alkenylcarbonyl or alkoxycarbonyl
such as t-butoxycarbonyl. R® is preferably

hydrogen or a C1-¢ alkyl such as methyl.

E 1 Mi .

The enzyme or microorganism employed in the
methods of the-present invention may be any enzyme
or microorganism having the ability to catalyze the
stereoselective conversions as desc;ibed herein.
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‘Various enzymes, such as esterases, lipases and

proteases, regardless of origin or purity, are
suitable for use in the present invention. The
enzyme may, for example, be in the fofm of animal
or plant enzymes or mixtures thereof, cells of
microorganisms, crushed cells, extracts of cells,
or of synthetic origin. '

with respect to the use of microorganisms,
the methods of the present invention may be carried
out using any microbial cellular material having
the ability to catalyze the stereoselective
conversions as desdfibed_herein. The cells may be
used in the form of intact wet cells or dried cells
such lyophilized, spray-dried or heat-dried cells.
Cells may also be used in the form of treated cell
material such as ruptured cells or cell extract.

- The énzyme or microbial materials may be
employed in the free state dr immobilized on a

‘support (for example, a polymeric resin) such as by

physical adsorption or entrapment.

Exemplary genera of microorganiéms suitable
as sources of catalyzing enzymes include Mucor,
Escherichia, Staphylococcus, Agrobacterium. Acine-
tobacter, Rhizopus, Aspergilius; Nocardia, Strepto-
myces, Trichoderma, Candida, Rhodotorula,
Torulopsis, Proteus, aacillus, Alcaligenes,
Pseudomonas, Rhodococcus, Brevibacterium,

- Geotrichum, Enterobacter, Chromobacterium,

Arthrobacter, Microbacterium, Mycobacterium,
Saccharomyces, Penicillium, Methanobacterium,
Botrytis, Chaecamium; Ophiobolus, Cladosporium and
the like. The .use. of genetically engineered host

cells is also contemplated.
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Specific microorganisms suitable for use in
the present processes inc;ude Chromobacterium'
viscosum, Pseudomonas aeuriginosa such as ATCC
25619, Pseudomonas fluorescens, Pseudomonas putida
such as ATCC 31303, Pseudomonas ovalis, Escherichia
coli, Staphylococcus aureus, Alcaligenes faecalis,
Streptomyces griseus, Pseudomonas cepacia, Candida
rugosa such as ATCC 14830, Geotrichum candidum such
as ATCC 32345} Streptomyces clavuligerus, Nocardia
erthropolis, Nocardia asteraides, Mycobacterium
pbhlei, Agrobacterium radiobacter, Aspergillus
niger, Rhizopus oryzae and the like. Two or more,
as well as a single, species of microorganism may
be employed when carrying out the instant
processes.

The term *ATCC* as used herein refers to the
accession number of the American Type Culture
Collection, 12301 Parklawn Dfive, Rockville,
Maryland 20852, the depository for the organism
referred to.

The resolution methods of the instant
invention may be carried out subsequent to the
growth of the microorganism(s) employed, or

. concurrently therewith that 'is, in the latter case,

by in situ fermentation and resolution. The growth
of microorganisms may be achieved by one of ' .
ordiné:y skill in the art, for example, by the use
of an appropriate medium containing nutrients such
as carbon and nitrogen sources and trace elements.
Exemplary, commercially available enzymes
suitable for use in the present invention include
lipases such as Amanoc PS-30 { Pseudomonas cepacia),
Amano GC-20 (Geotrichum candidum), Amano APF
(Aspergillué niger), Amano AK (Pseudomonas sp.),
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pseudomonas fluorescens lipase (Biocatalyst Ltd.),
Amano Lipase P-30 (Pseudomonas sp.), Amano P
(Pseudomonas fluorescens), Amano AY-30 (Candida
qylin&racea). Amano N (Rhizopus niveus), Amano R
(Penicillium sp.), Amano FAP (Rhizopus oryzae),
Amano'AP-lz (Aspergillus niger), Amano MAP (Mucor
meihei), Amano GC-4 (Geotrichum candidum), Sigma L-
0382 and L-3126 (porcine pancrease), Lipase OF
(Sepracor), Esterase 30,000 (Gist-Brocarde), KID
Lipase (Gist-Brocarde), Lipase R (Rhizopus sp..
Amano), Sigma L-3001 (Wheat germ), Sigma L-1754
(Candida cylindracea)., Sigma L-0763
(Chromobacterium viscosum) and Amano K-30
(Aspergillus niger). Additionally, exemplary
enzymes derived from animal tissue include esterase
from pig liver, a-chymotrypsin and pancreatin from

pancreas such as Porcine Pancreatic Lipase (Sigma).

" Two or more, as well as a single, enzyme may be
" employed when carrying out the instant processes.

The preferred embodiments of the instant
invention are described further in the following

‘Reaction Schemes. While, for clarity, these

Reaction Schemes illustrate the resolution of
certain cis enantiomeric mixtures, it is understood
that the embodiments as described apply to the

~ resolution of the other enantiomeric mixtures of

the preéent invention as well.
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Mixtures I and IV may be'stereoselectively
esterified as illustrated in the above Reaction
Scheme I, and mixture IV may be stereoselectively .
transesterified as illustrated in the above
Reaction Scheme II. '

(A) Acvlation

Mixture I may be selectively esterified to
form mixture II, and mixture IV may be selectively
esterified to form mixture V by use of an acylating
agent of the formula III:

ri-cto0)-L (ITI).

In formula III, g4 may be an alkyl, alkenyl,
alkynyl, arvyl, cycioalkyl. cycloalkenyl or
heterocyclb group. Preferred R4 groups in formula
III are alkyl groups such as C1-5'alkyl groups,
especially methyl. L is a leaving group which may
be displaced to form an ester group. Exemplary L
gréups include halogen atoms, hydroxyl, alkoxy, or
alkenyloxy groups. Preferred L groups are
alkenylbxy groups. most preferably Ci1-¢ alkenyloxy
groups such as CH2=CH-O- and CH2=C(CH3)-0-. Any
acylation agent of formula III which effects
esterification may be employed, with isopropenyl
acetate and vinyl acetate being particularly
preferred.

(B) Esterification with alcohol

Mixture IV may be selectively esterified to
form mixture VI by use of an organic alcohol of the
formula VII:

- —

R4-OH (VII).
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In formula VII, r4 may be an alkyl, alkenyl,
alkynyl, aryl, cycloalkyl, cycloalkenyl or
heterocyclo group. Alkyl groups.'pafticularly Ci-6
alkyl groups, are preferred as R4.

(C) Transesterification with alcohol
Mixture IV may be selectively trans-
esterified to form mixture VI by use of an alcohol

of the formula VIII:

R’ -0H (VIII).

In formula VIII, R7 may be an alkyl, alkenyl,
alkYnyl,'aryl, cycloalkyl, cycloalkenyl or
heterocyclo group, except that R7 is not the same
as R®. 1t is preferred that the group R’ be as
distinct as possible from the group R® to facili-
tate subsequent separation of the compound bearing
the group R7-0-C(0)- from the compound bearing the
group RG—O-C(O)-. Thus, it is preferred to employ
an alcohol of the formula VIII in which the R’
group differs with respect to the group R6 in terms
of molecular weight, or otherwise imparts dis-
tinctive physical or chemical properties to the
transesterified ester. _

The esterification (acylation) procedure
(A), and the esterification and transesterification
procedures (B) and (C), are preferably carried out
in an organic solvent. Exemplary solvents suitable
for use in these processes include 1,1,2-trichloro-
1,2,2-trifluorocethane, toluene, cyclohexane,
benzene, hexane, heptane, isooctane, octane, methyl
ethyl ketone, methyl isobutyl ketone and the like.
Water is preferably added to the reaction mixture
in small amounts. When present, the concentration
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of water in the reaction mixture is preferably from
about 0.01% to about 1% based on the weight of '
solvent, or present in a concentration less than or
equal to that where the organic solvent is
saturated. Water is most preferably present in an
amount of about 0.05% to about 0.5% based on the
weight of solvent. The reaction solution
preferably contains between about 5 to about 250 mg
of the enantiomeric starting compounds per ml of
solvent. _ ' .

To carry out these processes, a compound
III, VII or VIII is added to the reaction medium.
Preferred molar ratios of the compound III: com-
pounds of mixture I or IV are from about 1:1 to
about 4:1; preférred molar ratios of the compound
VII: compounds of mixture IV are from about 1l:1 to
about 4:1; and preferred molar ratios of the
compound VIII: compounds of mixture IV are from
about 1:1 to about 4:1.

The enzymes or microorganisms employed in

these procedures are-preferably lipases or

esterases or microorganisms capable of producing
these eniymes. Enzymes or microorganisms
particularly preferred in these processes are
Lipase P$-30 from Pseudomonas sp., Lipase P-30 from
Pseudomonas sp., Lipase R from Penicillium sp..
Lipase OF, Lipase N from Rhizopus niveus, Lipase
APF from Aspergillus niger, Lipase GC-20 from
Geotrichum candidum, Lipase AK from Pseudomonas
sp., Lipase AY-30 from Candida sp., and Pseudomonas
fluorescens Lipase.

' An enzyme may, for example, -be used in its
free state or in immobilized form. A preferred
embodiment of the invention is that where an enzyme
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is adsorbed onto a suitable carrier, e.g., diato-

‘maceous earth (porous Celite Hyflo Subercel).

microporous polypropylene'(Enka Accurel® poly-
propylene pow@er){ or a nonionic polymeric
adsorbent such as Amberlite® XAD-2 (polystyrene) or
XAD-7 (polyacrylate) from Rohm and Haas Co. When
employed to immobilize an enzymé. a carrier méy
control the enzyme particle size and prevent ,
aggregation of the enzyme particles when used in an
organic solvent. Immobilization can be
accomplished, for example, by precipitating an
aqueous solu;ion of the enzyme with cold acetone in
the presence of the Celite Hyflo Supercel followed
by vacuum drying, or in the case of a nonionic
polymeric adsorbent, incubating enzyme solutions
with adsorbent on a shaker, removing excess
solution and drying enzyme-adsorbent resins under
vacuum. The enzyme is preferably added to the
reaction solution to achieve concentrations ranging
from about 5 to about 200 mg of enzyme per ml of
solvent. While it is desirable to use the least
amount of enzyme possible, the amount of enzyme
required will vary depending upon the specific
activity of the enzyme used.

These processes may also be carried out
using microbial cells containing an enzyme having
the ability to catalyze the stereoselective con-
versions. When using a microorganism to perform
the resolution, these procedures are conveniently
carried out by édding the cells and the
enantiomeric mixture starting material to the
desired reacticn medium. Cells may be used in the
form of intact cells, dried cells such as
lyophilized, spray-dried or heat-dried cells,
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immobilized cells, or cells treated with organic
solvents such as acetone or toluene. Cells may
also be used in the form of treated cell material

- such as ruptured cells or cell extract. Cell

extracts immobilized on Celite® or Accurel®
polypropylene as described earlier may also be

" employed.

Incubation of the reaction medium is prefer-
ably at a temperature between about 4 aﬁd about
60°C and is most preferably between about 30 to
50°C. The reaé;ion time can be'appropriately
varied depending upon the amount of enzyme used and
its specific activity. Reaction times may be
reduced by increasing the reaction temperature
and/or increasing the amount of enzyme added to the
reaction solution.



LD55

- 30 -
Reaction sScheme III
Enanﬁomeric Mixture Products
4
R -\c //0
\0, ng Rla"o \‘Rz
% K .'l'-_]‘~
C—-N H-O and/or //C_N\ '
\C R? : organic alcohol Rlb R?
V. |" |
o/ g .
| C=—=N
//C N‘ . O/ \R3
0 R o

: i '
oneof R1* or RI® = Ré4-C Q== ; the other= OH

R3HN O-C(O)-R4 = RSHN Rh
— CH=CH —C —OR$ | R2— CH—CH —C —OR®
H,0 and/or 5
———
™ _ organic alcohol
R3HN -R4
?-C(O) R 6 R3HI;1 o
2 CH—CH -C =OR ]
Il — | R2=CH—CH -C -ORS
o 0 !
one of R' or R!®= R4=C —O— ; the other = OH
- L] - L 6
CH—CH ~C ~OR H,0 R?— CH—CH =C —ORS
—
av) | oD
R3HN Rn -
, ! - RBHN pj1
R2=C H-CH.—C —ORS® | ¥ v
I __ R2— CH—CH -C ~OR®
o]
one of R or R6® = RS ; the other=H 0
THIS snes'r HAS BEEN
EPLACED

HIIIIII e

llllllll Ll IIII



10

15

20

25

30

LD55
- 31 -

As can be seen from Reaction Scheme III

- above, mixtures I and IV may be stereoselectively

hydrolyzed to form mixtures II and V, respectively,
by use of water and/or an organic alcohol, and

mixture IV may be stereoselectively hydrolyzed to

form mixture VI by use of water. The gfoups R4,
forming part of Rl, and R6 in the starting
enantiomeric compounds are preferably alkyl, most
preferably C1-¢ alkyl such as methyl.

A compound of the formula IX:

rR®-om (Ix)

may be employed as the organic alcohol, where R8 is
an alkyl, alkenyl, alkynyl, aryl, cycloalkyl,
cycloalkenyl or heterocyclo group, and is
preferably alkyl such as methyl. Use of the
organic alcohol IX may result in the formation of
the by-product ester R4-C(O)-OR8. Use of water as
the hydrolysis agent may fesult in the formation of
the by-product acid R4-C(O)-OH. ‘To maintain a
steady pH as these acidic by-products are
generated, a base such as an alkali metal hydroxide
may be added. When an organic alcohol IX is
employed, an amount providing a molar ratio of
compound IX: compounds of mixtures I or IV of from
about 1:1 to about 4:1 is preferably added.

These processes preferably employ water-
soluble enzymes capable of catalyzing stereoselec-
tive hydrolysis. Especially suitable for use with
these processes are lipases and esterases,. as well
as pancreatin and a-chymotrypsin. Either the crude

or purified forms of these enzymes, in free form or
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1mmoblllzed on a support {for example, on a resin
such as XAD-7, XAD-2 or Accurel@>reszns). may be
employed Particularly preferred in these

processes are Lipase PS-30 from Pseudomonas sp.

(Pseudomonas cepacia) (Amano Int'l), Lipase P-30
(Amano) from Pseudomonas sp., Lipase GC-20
Geotrichum candidum (Amano Int'l), Lipase N
Rhizopus niveus (Amano Int‘'l), Lipase APF
Aspergillus niger (Amano Int'l), Lipase AY-30
Candida sp. (Amano), Lipase AK Pseudomonas sp.
(Amano -Int'l), Pseudomonas fluorescens Lipase
(Biocatalyst Ltd.), Esterase 30,000 (Gist-

Brocarde), Lipase OF (Sepracor), KID Lipase (Gist-

Brocarde), Lipase R (Rhizopus sp., amano Int.) -and

__Porcine Pancreatic Lipase (Sigma Chem).

The above hydrolyses are preferably
conducted in an aqueous, such as a buffered aqueous
(e.g., phosphate buffer), medium or in an aqueous

. medium containing a miscible or immiscible organic

solvent. For example, the reaction may be
conducted in a biphasic solvent system comprising
an organic phase, immiscible in water, and an
agqueous phase. Use of a two phase solvent system
may enhance the efficiency of such processes where
the substrate material is insoluble in water.
Solvents for the organic phase of a biphasic
solvent system may be any organic solvent immisci-
ble in water, such as toluene, cyclohexane, xylene,
trichlorotrifluoroethane and the like. The agueous
phase is conveniently of water, preferably
deionized water, or a suitable aqueous buffer
solution, especially a phosphate buffer solution.
The biphasic solvent system preferably comprises
between about 10 to 90 percent by volume of organic
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phase and between about 90 to 10 percent by volume
of agqueous phase. _ |

An amount of enantiomeric mixture starting'
material of from about 0.1 to about 100 mg per ml
of reaction solution, and one or more enzymes in an
amount of,from'about 0.1 to about 100 mg enzyme per
mg of starting material to be hydrolyzed, is
preferred. '

The reaction mixture is preferably adjusted
to and maintained at about pH 7.0, preferably with
an aqueous alkali metal hydroxide, carbonate or
bicarbonate.

The reaction time may be selected based on
the enzyme, thé temperature and the enzyme
concentration. Temperatures of from about 4°C to
about 60°C are preferably employed.
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As can be seen from Reaction Scheme IV
above, mixtures I and IV may be Selectively dehalo-
genated to form mixtures'II'and V, respectively,
wherein X denotes a halogen atom.

Any compound capable of effecting these
reactions may be employed as the hydroxide ion
donor. Exemplary such compounds are selected from

~ water, alkali or alkaline earth metal hydroxides

such as sodium and potassium hydroxide, and
ammonium hydroxides such as quaternary'ammonium
hydroxides, for example, those of the formula
(R9) 4NOH where Rg is hydrogen or alkyl,
particularly potassium hydroxide and water.
Amounts of the hydroxide ion donor added are
preferably thqse providing a molar ratio of hydrox-
ide ion donor: mixture I or IV enantiomeric
starting material of from about 1:1 to about 4:1.

A reaction medium containing water and an
organic solvent such as toluene or hexane is
preferably employed. The enantiomeric starting
materials are preferably employed in an amount of
from about 1 mg to about 100 mg per ml of solvent.

Enzymes or microorganisms employed in the
dehalogenation reaction are preferably selected
from the genera Pseudomonas, Trichoderma,
Acinetobacter, Alcaligenes, Nocardia, Myco-
bacterium, Rhodococcus, Methanobacterium, Proteus,
or enzymes derived therefrom, and are preferably
emploYed in amounts of from about 0.1 mg to about
10 mg enzyme per mg of starting material to be
dehalogenated. ' '

Temperatures of from about 4°C to about 50°C

are preferably employed.
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Separation

The products of the stereoselective
conversions may be isolated and purified by
methodologies such as extraction, distillation,
crystallization, column chromatography, and the
like. o

A preferred'method for separating the
product mixtures formed by the methods of the
present invention is by liquid-liquid extraction.

114 |
Taxanes are diterpene compounds containing
the taxane carbon skeleton: -

ICﬂis

which skeleton may contain ethylenic unsaturation
in the ring system thereof. Of particular interest
are taxanes having the above carbon skeleton
wherein the 11,12-positions are bonded through an
ethylenic linkage, and the 13-position contains a
side chain. Pharmaéologicélly active taxanes, such
as taxol analogues, may be used as antitumor agents
to treat patients suffering from cancers such as
ovarian cancer, melanoma, breast, colon or lung
cancer, and leukemia. . )

The resolved compdunds obtained by thé
methods of the present invention are particularly
useful as inte;meéiates in forming the afore-
mentioned C-13 side chain on the taxane skeleton.
The addition of such a side chain, in and of
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itself, may impart an increased or more desirable
pharmacological activity to the taxane product, or
may form a taxane product which is more readily
converted to a taxane having an increased or more
desirable pharmacological activity than the '
starting compound. :

The compounds resolved according to the =~ -
methods of the present invention may be modified
prior to use in side chain formation. For example,
resolved compounds containing an azide group N3 as
the group W may be treated by a reducing agent to
form an amine group which may be substituted.

Exemplary methods for side chain formation,
and taxane products which may be formed employing
such methods, include those described in European
Patent Application No. 534,708; U.S. Patent
Application Serial No. 08/080,704, filed June 28,
1993; U.s. Patent Application Serial No.
08/029,819, filed March 11, 1993; U.S. Patent
Application Serial No. 07/996,455, filed December
24, 1992; U.S. Patent Application Serial No.
08/062,687, filed May 20, 1993; U.S. Patent
Application Serial No. 07/981,151, filed November
24, 1992; and U.S. Patent Application Serial No.
07/995,443, filed December 23, 1992; all of which
aforementioned documents are incorporated herein by reference.
See also EP-A-590267, EP-A-577082, EP-A-577083 and EP-A-558959.

Salts or solvates of reactants or products
may be employed or prepared as appropriate or
desired in the methods of the present invention.

The methods of the present invention are
furcther described by the following examples. These
examples are illustrative only, and are in no way
intended to limit the scope of the instant claims.

REPLACED EEN

(WA

".This Sheet Has Been Re| ﬂ
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To a 3 L 2-necked round bottom flask
equipped with a thermometer and mechanical stirrer
was added 2-furaldehyde (furfural, 311 ml, 3.75
mol, Aldrich) and 2-propanol (IPA, 0.75 L, reagent
grade). With stirring, 1.5 L of concentrated NH40H
(ag., ~30%) (22.2 mol) was added in one portion.

An exotherm (~35°C) was noted in the first two
hours. The resulting beige powder was isoclated by
filtration (Whatman No. 1), washed with water (1.5
L) and dried overnight in vacuo at 30°C. This gave
255.3 g (76.1% yield) of the title hydrofuramide
as a beige powder (melting point (mp) = 116 - _
117°C). The Rg¢ of the title hydrofuramide was 0.5
(ethyl'acetate'(EEPAc)/Hexane, 1:1; ov
visualization). '

(B) ! t)-cig-3- =4-=(2' -
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(i) Staudinger Reaction

SN

;fj%“vm

*ac* denotes acetyl (CH3-C(O)-)

* (%) * denotes, with respect to the 3-and 4-
position substituents on the azetidine ring, a
racemate of the cis enantiomers.

To a 2 L 3-necked round bottom flask
equipped with a thermométer. pressure equalizing
dropping funnel and mechanical stirrer was added
the hydrofuramide'title product of step (A) above
(80.48 g, 0.300 mol) and ethyl acetate (1.0 L,
reagent grade). This mixture was cooled under
argon to 4°C at which point triethylamine (S0.2 ml,
0.360 mol, Aldrich) was added in one portion. The
dropping funnel was charged with acetoxyacetyl
chloride (37.0 ml, 0.341 mol, Aldrich) and ethyl
acetate (0.50 L, reagent grade) and this sglution'
was added dropwise over a period of 1 hour. After
an additional 2 hours, the stirring was
discontinued and the reaction vessel sealed
(Parafilm "M*®) and moved to the cold room (4°C)
for a further 15 ﬁBurs. The heterogeneous-reaccion_
mixture was allowed to warm to 22°C (~1 hour) with
stirring and transferred to a 4.0 L separatory
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funnel and washed with aqueous NH4Cl (sat) (500
ml). Both layers were filtered through glass
microfibre filter paper (Whatman) to remove a fine,
black suspension. Removal of the particulate
material aided in phase separation. The filter
cake was rinsed with ethyl acetate (So'ml) and the
filtrate transferred back to the separatory funnel '
and the aqueous layer (pH = 6.3) removed. The
organic layer'was then washed with another portion
of aqueous NH4Cl (sat) (250 ml; pH = 5.9), aqueous
NaHCO3 (sat) (400 ml; pH = 8.6) and agueous NaCl
(sat) (400 ml; pH = 7.0). The organic layer was
filtered through glass microfibre filter paper
(Whatman) and divided into 2 equal portions (750 ml
each). These ;olﬁtibns were used directly in the
next step. '

(ii) nenrg.t.e_qr.mn

To two 2.0 L Parr flasks each containing 10%
palladium on activated carbon (2 x 6.00 g, Aldrich)
was added, under a stream of argon, the organic
layers from above (2 x 750 ml; Step (B)(i)). This
mixture was treated with hydrogen (4 atm) for 1 day
at ambient temperature. The catalyst was removed
by filtration through a pad of Celite® and the
filter cake rinsed with ethyl acetate (100 ml).

The filtrate was transferred to a 4.0 L separatory
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funnel and washed twice with 1IN HC1l (500 ml, 250

ml; pH = 0.76). The aqueous washings were combined

and re-extracted with ethyl aceﬁate (S00 ml) and
the organic layers were combined and washed with
aqueous NaHCO3 (sat) (400 ml; pH = 8.34) and
aqueous NaCl (sat) (400 ml; pH = 7.5). The organic
layer was dried over MgSO4 (~100 g) and treated

- with activated decolorizing charcoal (30 g, BDH).
~ after 15 minutes, the mixture was filtered through

a pad of Celite® and concentrated in vacuoc to 160
ml, cooled overnight (4°C) and the precipitéted
solid isolated by filtration through filter paper
(Wwhatman No. 1). The filter cake was rinsed with
diethyl ether and hexane (100 ml of each) to
provide, after drying in vacuo, 35.98 g (61.4%
yield from the above hydrofuramide) of the title
product (+)-cis-3-acetoxy-4-(2'-furanyl)azetidin-2-
one as white needles (mp 118 - 119°C). HPLC
quantitative analysis demdnstraced 8.10 g of the
title product in the mother liquor. The activity
yield, from the above hydrofuramide, was therefore
75.3%. )

The substrate employed in this Example was
the racemate:
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ACQ\\'

(£)-

prepared as the title product of Example 1. The
products of the stereoselective hydrolysis of this
Example were the compounds:

5 .
(+)-cis-3-Acetoxy-4-(2'-furanyl)azetidin-2-one:
IIa
\: :
AcQy,, So and
poee NH
d&
10 Chiral acetate (3R)
(-)-cis-3-Hydroxy-4-(2'-furanyl)azetidin-2-one:
IIb
HO 0
4--NH
15 ©

Chiral alcohol (3S)

The stereoselective hydrolysis was_cohducted
“as follows. A-re;Etion mixture in 1 L of 25 mM
20 potassium phosphate buffer pH 7.0 was prepared
containing 10 grams of substrate and 100 grams of
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. lipase PS-30 from Pseudombnas sp. (Amano

International Co.). The reaction was carried out
at 30°C, 150 revolutions-per-minute (RPM)
agitation. During the reaction, the pH of the
reaction mixture was maintained at 7.0 with 5N NaOH
using a pH stat. The hydrolysis reaction was
monitored by high pressure liquid chromatography
(HPLC). Periodically, samples (1 ml) were taken
and extracted with 10 ml of ethyl acetate. The
ethyl acetate layer was separated and evaporated to

-dryness and analyzed by HPLC (as described

following) for the substrate and product
concentrations and the optical pufity of the
product. The'results obtained are as shown in the
following Table 1. '
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Yield (%
(% Product Broduct IIa)
& ¢ -)
18 82
34 66
46 54
51 49

LD55

Optical Purity

of Product
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In process Chiral HRLC Assavs

Periodically, during the reaction as
described above, a 1 ml sample was taken and
extracted with 10 ml of ethyl acetate contained in
a 50 ml screw-dap tube. The ethyl acetate layer (5
ml) was removed, evaporated under a gentle stream
of nitfogen. The residue was dissolved in 2 ml of
mobile phase (hexane:absolute ethanol, 95:5). The
mobile phase was passed through 0.2 um Lydex filter
and about 1 ml of the filtrate was transferred to a
crimp vial for HPLC analysis.

HPLC conditions:

Hewlett Packard 1090 chromatogram.

‘Column: Chiralcal AD _ |

Mobile Phase: hexane:absolute ethanol, 95:5

Column Temperature: Ambient

Flow Rate: 1 ml/min

Detection: 210 nm.

The retention times for the two enantiomers
of racemic acetate were 23.2 min and 28.9 min,
respectively. The retention times for the two
enantiomers of racemic alcohol were 63.9 min and
74.8 min, respectively.

The substrate employed, and the products
obtained, were.thase of Example 2 above.

Immobilizati ¢
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Three different carriers -- XAD-7 (Amberlite
XAD-7 nonionic polymeric adsorbent, 20 - 60 mesh
polyacrylate resin), XAD-2 (Amberlite XAD-nonionic

po;ymeric adsorbent, ZQ - 60 mesh polystyrene

resin) and Accurel PP (polypropylene resin 200 -
400 microns) -- were used for the immobilization
procedures. |

Crude Amano P5-30 lipase (10 g) was
dissolved in 25 ml of distilled water and
centrifuged at 10,000 RPM for 10 minutes to obtain
clear supernatant. The cafrier (1,3 g) in a 25 ml

vial was washed 5 times with methanol and added to

enzyme solution in a flask and gently agitated on a
gyrotory shaker at room temperature. Adsorption of
enzyme to the carrier was checked periodically by
lipase assay (Sigma olive oil emulsion as
substrate) and by protein remaining in filtrate.
About 68%, 71% and 98% adsorption efficiencies were
obtained using XAD-7, XAD-2 and Accurel resins,
respectively. After complete immobilization (20 to
24 hours), the carrier-enzyme slurry was filtered
through a Millipore filter and the carrier was
washed with about 300 ml of distilled water.
Subsequently, the carrier containing the
immobilized lipase was dried in a vacuum oven at
room temperature.

Immobilized enzyme was employed for the
enzymatic hydrolysis reaction described in Example
2. Reaction mixtures were prepared which contained
30 ml of 25 mM.potassium phosphate buffer pH 7.0
containing 300 mg of substrate as described in
Example 2, and 300 mg of the aboy@%prepared
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immobilized Lipase PS-30. 'The reactions were

conducted as described in Example 2. The results

obtained are shown in the following Table 2.
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Table 2

Immobilized Reaction Conversion Yield (% Optical

—SupRoTt Iime (Hours) (% Product Product Purity of
-—IIbl __  __Ila) Procduct IIa

&
XAD-2 3 53 47 99.0
XAD-7 3 54 46 99.3

Accurel PP 3 | 51 49 99.5
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5 The substrate employed, and products

obtained, were those of Example 2 above. 1In this
' Example, a number of reactions were run in which
lipases from different sources were empléyed.
In each reaction, the reaction mixture, in

10 20 ml of 25 mM phosphate buffer, pH 7.0 contained 1
gram of crude lipase and 200 mg of substrate. The
reactions were conducted at 25°C in a pH stat at pH
7.0. The results obtained are shown in the

. following Table 3.

15
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‘Table 3
Enzyvme - SQUIge Reaction Time
| _(Hours)
Lipase PS-30 Pseudo- Amano Int. 16
monas sp.
Lipase A!-30. Amano Int. ' 8
Candida sp.
Lipase AK Pseude- Amano Int. 16
monas sp. ' ] |
Pseudomonas Biocatalyst Ltd. 16
fluorescens
' Porcine pancreatic Sigma 19
Lipase
Esterase 30,000 Gist-Brocarde 24
Lipase OF - Sepracor 8
KID Lipase ' Gist-Brocarde 48
Lipase R. Rhizopus sp. Amano Int. ’ - 24
Conversion (% . Yield (% Optical Pur-
Broduct IIb) Broduct IIa) ity of Prod-
nct Ila (%)
52 48 >99.5
55 45 99.0
53 | 47 99.3
55 45 98.8
52 48 99.8
51 49 95
56 44 99.5
52 48 95

56 44 99.0
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The substrate'eﬁployed in this Example was
the racemate: '

4——-NH

prepared by chemical hydrolysis (using Na2C03) of
the corresponding racemic acetate. The products of

the stereoselective acetylation of this Example
were the compounds:

(+)-cis~3-hydroxy-4-(2'-furanyl)azetidin-2-one:

I 1
H%% ;§. 0 and
dﬁ_-NH

IIa

(-)-cis-3-acetoxy-4-(2'-furanyl)azetidin-2-one:

IIb
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In this Example, a number of-reactions were
run in which lipases from different sources were
employed to achieve stereoselective acetylation.

In each reaction, the reaction mixture, in 25 ml of
toluene, contained 1 gram of crude lipase and 100
mg of substrate, 800 mg of isopropenyl acetate, and

- 0.05% water. The reactions were conducted at 30°C

and 100 RPM on a shaker. The products and
substrate were analyzed by HPLC. The results which
were obtained are shown in the following Table 4.
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Table 4 |
Enzyme | Source Conversion Yield (% Optical
(¢ Product Product Purity of
o) . IIal ___  Product
Ila (3}
Lipase Ps-30 Amano Int. 52 48 99.5
Lipase AY-30 Amano Int. 55 45 99.0
Lipase R Amano Int. 51 49 96.8
Pseudomonas Biocatalyst Inc. 54 46 - 98.8
. fluorescens
Lipase OF Sepracor : 52 48 99.0
Porcine Pan- Sigma : 54 46 98.0
creatic Lipase
THIS SHEET HAS BEEN
REPLACED

RO AR 0 0
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: Example 6 .
St 1 . Hydrolvsis:

The substrate employed, and products
obtained, were those of Example 2 above. . For each
stereoselective hydrolysis reaction, a reaction
mixture in 20 ml of 25 mM potassium phosphate
buffer pH 7.0 was prepared containing 200 mg of
substrate and 1 gram of enzyme (see Table 5 for
enzyme). The reaction was carried out at 30°C, 150
revolutions-per-minute (RPM) agitation. During the
reaction, the pH of the reaction mixture was
maintained at 7.0 with 1N NaOH using a pH stat.

The hydrolysis reaction waé monitored by high -
pressure liquid chromatography} Periodically,
samples (1 ml) were taken and extracted with 4 ml
of ethyl acetate. The ethyl acetate layer was _
separated and evaporated to dryness and analyzed by
HPLC for the substrate and product concentrations
and the optical purity of the product. The results
obtained are shown in the following Table 5.
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Table 5

Enzvme Source Reaction Time Yield (% Optical Pur-
—{Houxs) _ Product ity of Pro-
IIa) _____  duct IIa

- {3)
Lipase PS-30 Amano Int. .16 48 >99.5
Lipase AY-30 Amano Int. ‘_ 8 : 46 >99
Lipase AK " Amano Int. 16 47 >99
Pseudomonas Biocatalysts 16 | 45 . >99
fluorescens Ltd.
Lipase
Porcina Pan- Sigma 19 47 98.8
cieat:ic Lipase .
Esterase Gist/Brocarde = 24 35 99
30 , 000
Lipase OF Sepracor 8 B 44 99
KID Lipase Gist/Brocarde 48 cT- 3 95

Lipase R Amano Int. 24 44 99
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ﬁxamn.le.l

The substrate employed, and products
obtained, were the same as those of Example 2
above.

A reaction mixture in 8.5 L of 25 mM
potassium phosphate buffer pH 7.0 was prepared
containing 85 grams of substrate, and 85 grams of
Lipase PS-30 from Pseudomonas sp. (Amano Inter-
national Co.). Lipase PS-30 was immobilized on

‘Accural polypropylene and used in the reaction

mixture. The reaction was carried out at 30°C, 150

' revolutions-per-minute (RPM) agitation. During the

reaction, the pH of the reaction mixture was
maintained at 7.0 with 5N NaOH using a pH stat.
The hydrolysis reaction was monitored by high
pfesure liquid chromatography. Periodically,

.samples (1 ml) were taken and extracted with 4 ml

of ethyl acetate. The ethyl acetate layer was
separated and evaporated to dryness and analyzed by
HPLC for the substrate and product concentrations
and the optical purity of the product. The resulté
which were obtained are shown in the following
Table 6.
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Iable 6
Reaction Time A-Acetaté B-Acetate A-Alcohol
—lHours) _  Amgsml) . Mmg/ml) . Ama/ml)
0 6.2 5.2 0
1 2.1 5.2 2.9
2 0.65 5.2 . 4.1
3 0.19 5.1 4.3
4 0.1 S . 4.9
5 trace ' 4.95 4.9
6

trace 4.9% 4.9

Reaction Time B-Alcohol = Optical Purity Optical Purity
(Hours) dog/nl) B-Acstate (%) AzAlcohol (%)

0 0 50 >99
1 0 72 " >99’

2 o : 89.6 >99
3 trace -98.5 >99
4 trace ’ 98.5 >99
5 0.13 >99 97
6 0.15 >99 97

5- "A-Acetate" had the following structure:

||
AcCh~\ 0

4--Nm
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"B-Acetate" had the following structure:

*B-aAlcohol® had the following structure:

O
&

¢ NH
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In this Example, the substrate employed, and

-proudcts obtained, were the same as those of

Example 5. A reaction mixture in 10 ml of methyl
ethyl ketone (MEK) was prepared containing 20 grams
of substrate, 1 gram of enzyme (see Table 7) and
0.4 ml isopropenyl acetate as acyl donor. The
reaction was carried out at 30°C, 150
revolutions-per-minute (RPM) agitation. The
esterification reaction was monitored by high
pressure liquid chromatogréphy (described
following) to determine substrate and product
concentrations and the optical purity of the .
prdduct. The results obtained are as shown in the
following Table 7.



Lipase PS-30
Lipase AY-30
Lipase AK
Lipase OF '

Enzyme

Lipase PS-30
Lipase AY-30
Lipase AK
Lipase OF

- 60 -

LDSS

Yield of

Chiral ace-

Squrce Reaction Time
—lHours) ___
Amano Int. 96
Amanc Int. 120
Amanc Int. - 120
Sepracor 96
Source Optical Pu-
rity of ace-
tate (%)
Amano Int. 99.5
Amano Int. 89
Amano Int. 99.5
Sepracor 99.4
Sheet Has Been Replaced .

O

Late (%)
© s0.5
51
49
49.5
Yield of Optical Pu-
Chiral alco- rity of al-
bhol (%) cohol (%)
49.5 99
49 99
51 99.
50.5 99
THIS SHEET HAS BEEN
REPLACED .
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HPLC Method

The substrate and'products were analyzed in
the above Example by HPLC. A Nova Pak Cl8 reverse
phase-column (3.9 x 150 mm) column was used. The
mobile phase was 15% acetonitrile in water and the
flow rate was 1 ml/min. The detection wavelength
was 227 nm. The retentioh_times for alcohol and
acetate were 2.7 min and 14.9 min, respectively.

The optical purity of chiral acetate was
determined by chiral HPLC. A Chiralpak AS column
was used. The mobile phase consisted of
hexane:ethanol (96:4) which was used at 1 ml/min at
ambient temperature. The detection wavelength was
210 nm. The retention times for the two
enantiomers of racemic acetate were 23.7 min and
20.9 min, respectively. The retention times for
the two enantiomers of racemic alcohol were 63.9
min and 74.8 min, respectively.
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1. A method for the resolution of a mixture
I comprising the enantiomers Ia and Ib, where Rl is
2 in both Ia and

Ib, or where R1 is in the trans position relative
2

in the cis position relative to R

to R® in both Ia and Ib: : - r.
Rl. ‘Rz Rl . R2
“s ,
and
C N C N
< \ Y
o R3 0/ \R3
(fa) (Ib)
where

R! is hydroxyl; halo; or -0-C(0)-R®, where

R4 is alkyl, alkenyl, alkynyl, aryl,

cycloalkyl, cycloalkenyl or heterocyclo;
R2 is heterocyclo or cycloalkyl;
R is hydrogen; R%; -c(0)-0R?; or -c(0)-R?,

wheré R4 is independently selected

from those groups recited for R4 above;
comprising the step of contacting said mixture I
with an enzyme or microorganism capable of
catalyzing the stereoéelective conversion of one of
said compounds la or Ib to a non-enantiomeric form,
and effecting said conversion.

2. The method of claim 1, wherein said
stereoselective conversion is selected from
stereoselective hydrolysis and stereoselective
esterification. .

THIS SHEET HAS B

R gy
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3. The method of claim 1, wherein a mixture
I comprising the enantiomers Ia(l) and Ib(l) is’
resolved:

Rlo“"' | . “.Rz : Rl R ’ R2
and
o40 N\R" | 5 K~ N, \
(Ta(1) - (Ib(1))

to form a mixture Il compriéing the compounds
IIa(l) and IIb(l):

R™., S RIS R?
and
C N ,
o? Vs T g
(Ma(1)) (UIb(1))

comprising one of the following steps (i), (ii), or
(iii): '
(i) where .

R1 is —0-C(0)-R4, and R® is independently selected
from those groups recited for R4 above; and
one of R1a or Rlb
other of R'3 is hydroxyl;

the step of contacting said mixture I, in the

presence of water and/or an organic alcohol, with

4

is the same as Rl and the

or Rlb

an enzyme or microorganism capable of catalyzing
the stereoselective hydrolysis of mixture I to
provide said mixture II; or

(ii) where-
R1 is hydroxyl; and
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one of R1a or Rlb is hydroxyl and the other

of R1a or Rlb is R4-C(O)-O-, and R4 is
independently selected from those groups
recited for R* above;
the step of contacting said mixture I, in the
‘presence of a compound III:

Ré-c(o)-L  (1ID)

where R? is as defined above for R} or R™® and L

is a leaving group, with an enzyme or microorganism
capable of catalyzing the stereoselective
esterification of mixture I to prbvide said mixture
II; or

(iii) where
Rl is a halogen atom; and :

one of R'® or R'P is halogen and the other
of R* or R is hydroxyl; | )
the step of contacting said mixture I, in the
presence of a hydroxide ion donor, with an enzyme
or microorganism capable of catalyzing the stereo-
selective dehalogenation of mixture I to provide
said mixture II.

4.  The method of claim 3, wherein a mixture
I is employed which comprises Ia(l) and Ib(l):

2
Rk%‘ SJ{
and
44:- - ER 3 : Cf’
aaq) K | (Ib(1))

where
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is alkanoyloxy or hydroxy;
R® is furyl or thienyl; and |
is hydrogen, phenyl or substituted phenyl.

S. The method of claim 4, wherein a lipase
is employed.

6. The method of any preceding claim, wherein,
further, the non-enantiomeric compounds obtained are
separated by a separation step.

7. The method of claim 6, wherein said
separation step is an extraction, distillation,
crystallization, or column chromatography step.

8. The method of any preceding claim, wherein,
further, a product of said method is employed in the
preparation of a taxane bearing a C-13 sidechain.

9. A method for the resolution of a mixture
IV comprising the enantiomers IVa and IVb:

R2-T®-c(0) -0R®

(Iva)
and
R%-T°-c (0) -0R® (IVb)
where
T is w R!
~CH—CH—
and T ig
“W™ RI
) | '
-— CH—CH — ;: or

THIS SHEET HAS BEEN
REPLACED
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Ta is :
Rl W
—CH—CH—
and
Tb is
R! _VV
-CH—CH ~—

where R1 is in the erythro position relative to the
group W in both IVa and IVb, or Rl is in the threo
position relative to the group W in both IVa and
IVb;

W is -NHR3 or -
1l

73!
is hydroxyl; halo; or -0-C(0)-R* where
R* is alkyl, alkenyl, alkynyl, aryl,
cycloalkyl, cycloalkenyl or heterocyclo;
Rz-is_heterocyclo-or'cycloalkyl; '
R® is hydrogen; R*; -c(0)-0r?; or -c(0)-r?
where R4 is independently selected
from those groups recited for R4 above;
R6 is hydrogen; or R4, where R4 is independently
selected from those groups recited for
R4 above;
cqﬁprising the step of contacting said mixture IV
with an enzyme or microorganism capable of cataly-
zing the stereoselective conversion of one of said
compounds IVa or IVb to a non-enantiomeric form,

and effecting said conversion.

R

10. The method of claim 9, wherein a mixture -
IV comprising the enantiamers IVa(l) and IVb(l) is
resolved: '



R O O T

LD55
- 67 -

R°PHN R

R'—CH—CH=~C(0}-OR®  (IVa(l))

and

R3Hl'\l R!
R?— CH— CH~ C(0)-OR® (IVb(1))

to form-a mixture V comprising compounds Va(l) and
Vb(l):

oay w
R*—CH—CH—C(0)-OR®  (Va(1))

and

R*—CH—CH=C(0)-OR®  (Vb(1))

comprising one of the following steps (i), (ii), or

(iii):

. (i) where

is -O-C(O)-R4,-where R™ is independently
selected from those groups recited for

1 4

R

r? above; and one of R12 or R!P is the
same as Rl and the other of Rla or Rlb is
hydroxyl;

the step of contacting said mixture IV, in the
presence of water and/or an organic alcohol, with
an eniYme or microorganism capable of catalyzing
the stereoselective hydrolysis of mixture IV to
provide said mixture V; or

(ii) where
R™ is hydroxyl; and

one of Rla or R;b is hydroxyl and the other of R

1
la
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or Rlb is R4-C(O)-O-, where R4 is

‘independently selected from those groups
recited for R4 above; |
the step of contacting said mixture IV, in the
presence of a compound III:

rRé-c(0)-L (III)

4 la 1b

is as defined above for R°2 or R*° and L
is a leaving group, with an enzyme or micrbprganism
~ capable of catalyzing the stereoselective esteri-

fication of mixture IV to provide said mixture V;
or

where R

(iii) where
rR! is a halogen atom; and .
one of RI® or Rlb is halogen and Ehe other
of Rla or Rlb is hydroxyl; |
the step of contacting said mixture'IV, in the
presence of a hydroxide ion donor, with an enzyme
or microorganism capable of catalyzing the stereo-
selective dehalogenation of mixture IV to provide
said mixture V.

11. The method of claim 9, wherein a mixture
IV comprising the enantiomers IVa(l) and IVb(l) is
resolved: '

R°HN R |
R’—EH—EH—C(O)-ORG_ (IVa(1))

and

R3HI'\I R'
- R*—CH—CH—C(0)-0R®  (IVb(1))



* c Lt M S *

LD55
- 69 -

to form a mixture VI comprising compounds VIa(l)
and VIb(l):

RHN R!

R2—CH—CH—C(0)-OR®*  (VIa(1))
and

RSHN ?’
Y : .
R2—CH~—CH —C(0)-ORS® (VIb(1))

comprising one of the following steps (i), (ii), or
(iii): '
(i) where
'R6 is hydrogen; and
6a 6b . _ . . 6a
one of R™™ or R* is hydrogen and the other of R
or R6b is R4,-where g4 is independently

selected from those groups recited for R4

above;
the step of contacting said mixture IV, in the
presence of an organic alcohol of the formula VII:

rRé-oH (vII)

4 6a 6b

where R™ is as defined above for R°® or R°®, with
‘an enzyme or microorganism capable of catalyzing
the stereoselective esterification of mixture IV to
provide'said mixture VI; or
(ii) where
R6 is R4, where R4 is independently selected from
those groups recited for R4 above; and
one of R%2 or RSP is the same as R® and the other
 of R6a ar Esb_is hydrogen; -
the step of contacting said mixture IV, in the
préSence of water, with an enzyme or microorganism
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capéble of catalyzing the stereoselective
hydrolysis of mixture IV to provide said mixture
VvI; or
(iii) where
R6 is R4, where 84 is independently selected from
those groups recited for R4 above; and -
one of Rsa or RSb is the same as R6 and the other
of RSa or Rsb is R . where R7 is alkyl,
alkenyl, alkynyl, aryl, cycloalkyl, _
cycloalkenyl or heterocyclo, except that
R7 is not the same as RG;
the step of contacting said mixture IV, in the
presence of an organic alcohol of the formula VIII:

R’ -OH  (VIII)

where R7 is as defined above, with an enzyme or
microorganism capable of catalyzing the stereo-
selective transesterification of mixture IV to
provide said mixture VI.

12. The method of claim 9, 10 or 11, wherein,
further, the non-enantiomeric compounds obtained
are separated by a separation step.

13. The method of claim 12, wherein said
separation step is an extraction, distillation,
crystallization, or column chromatography step.

14. The method of any one of claims 9-13, wherein,
further, a product of said method is employed in
the prepération of a taxane bearing a C-13
sidechain.
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