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PROCESS FOR THE PREPARATION OF PROSTAGLANDINS AND
ANALOGUES THEREOF

The present invention relates to a novel process for the synthesis of
prostaglandins and prostaglandin analogues. In particular, this invention

relates to the synthesis of PGF,, and analogues thereof.

Prostaglandin F,y {PGF,, - 7-[3,5-dihydroxy-2-(3-hydroxy-1-octenyl)-cyclo-

pentyl]-5-heptenoic acid]} has the structure:

HQ
; -"\\\:/\/\COOH
\ a

HO OH

This compound causes uterine contraction and is used clinically to induce and

accelerate labour, and as an abortifacient.

Prostaglandins are generally characterised by the substituents on the
cyclopentyl ring. The PGF,, prostaglandins and prostaglandin analogues
generally have two hydroxyl groups in a cis configuration relative to the
cyclopentane ring, and two side chains in a frans configuration relative to
each other, each side chain having one double bond. Analogues of PGF,,
can have a different number of double bonds in the side chains, and the
substituents along the side chains may vary. Additionally, in some PGF,,

analogues, the side chain carboxylic acid group may be esterified.

Examples of PGF,, analogues having therapeutic use are cloprostenol, which
contains a chlorophenyl ether side chain substituent, fluprostenol, which

contains a trifluoromethylphenyl ether side chain substituent, and travoprost:
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travoprost

These compounds have prostaglandin F agonist activity and are used in the

clinic for treating glaucoma and ocular hypertension.

5 Latanoprost [13,14-dihydro-15(R)-17-phenyl-18,19,20-trinor-PGF,_-isopropyl]
is an example of a PGF,, analogue having one saturated side chain and

wherein the carboxylic acid group is esterified:

HQ
7 .s\\\wCooiPr
\ Ph

HO OH

This compound is used in the clinic for the reduction of elevated intra-ocular

10 pressure in patients with open angle glaucoma and ocular hypertension.

Prostaglandin analogues based on PGF,, for use in the treatment of
glaucoma and ocular hypertension are described in, for example, European
patent number 0 364 417 B‘I.. The procedures for the synthesis of PGF,,
15 analogues described therein start from an advanced-stage intermediate,

16-phenyl-17,18,19,20-trinor PGF,,, or the tetranor homologue thereof.
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European patent number EP 0544 899 B1 describes a process for the
synthesis of 13,14-dihydro-15(R)-17-phenyl-18,19,20-trinor-PGF,, esters of

the formula:

HQ
e =" COO0R
O\/\/\/Ph '
HO u

wherein the group R represents alkyl, phenyl or benzyl. The starting material
for the process disclosed therein is the para-phenylbenzoyl (PPB)-protected

Corey lactone:

g
:- “CH,OH

PPB-O

110

In the disclosed process, the intermediate of formula:

o)
o\

PPB-O 0

is prepared by transforming the hydroxymethyl group of the protected Corey
lactone, with an oxidising agent (dicyclohexylcarbodiimide) to form the
corresponding  aldehyde. Reaction of the aldehyde with a

phenylphosphonium salt forms the above intermediate.

The intermediate is then reduced to form the corresponding hydroxy
compound, which is subjectied to a hydrogenation reaction to form the

saturated side chain intermediate of the formula:
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The lactone oxo group of the above intermediate is reduced to form the
corresponding hydroxy analogue, which is subsequently deprotected to give

the following intermediate:

OH
o\
O\'/\/\/ Ph

A subsequent Wittig reaction followed by esterification forms the desired
PGF,, product.

The process disclosed in EP 0 544 899 B1 suffers from a major drawback in
that only moderate or low yields are achieved in certain steps. In particular,
according to the examples, the yield for the first step (reaction of the
PPB-protected Corey lactone with  triphenyl-(4-phenyl-3-oxobutyl-
phosphonium iodide on a small scale was only around 49%. Even on a large

scale, the reported yield was only around 53%.

These low yields at the outset result in, at best, difficulties in purifying the
intermediates, and at worse, a loss of valuable and expensive starting
material. Additionally, the reported yield of 38% in the second step (reduction

of the side chain oxo group), is also less than satisfactory.

Furthermore, only moderate yields are achieved in subsequent reaction

steps, resulting in a dramatic reduction of the overall yield.
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In an alternative synthesis described in B. Resul et al, J. Med. Chem.
(1993), 36, pp. 243-248, a similar route was employed, with the exception that
the deprotection step was carried out before the reduction of the-oxo group of
the lactone. This process also suffers from low yields (about 58%) in the first

step, and only moderate or low yields were reported for subsequent steps.

In view of the prior art procedures and the problems associated therewith, it is
an object of the present invention to provide an alternative process for the
synthesis of PGF,, and analogues and salts thereof. Further objects of at
least specific embodiments of the invention include the provision of a

synthetic route with good yields and intermediates that can be readily purified.

Accordingly, the present invention provides a process for the preparation of

prostaglandin derivatives having the Formulae (I-A) and (I-B):

HO HO
> “\\\=/\/\COOH - -‘\\\=/\/\C OOR"
\ ~_-B \ _~__B
HO OH HO OH
@-A) a-B)
wherein:

B represents a substituent selected from the group consisting of:

(i) C, to Cq alkyl, (i) C; to C,s aralkyl, wherein the aryl group may be
unsubstituted or substituied with one to three substituents independently
selected from the group consisting of C, to C; alkyl, halo and CF; and
(iii) -(CH,),OR?, wherein n represents 1, 2 or 3 and R®represents a C; to C,,
aryl group which may be unsubstituted or substituted with one to three .
substituents independently selected from the group consisting of C,to C,

alkyl, halo or CF;; and

R” represents C,-C,, alkyl (preferably a C, to C4 alkyl group, e.g. methyl, ethyl,
propyl and iso-propyl), C; to C; cycloalkyl (e.g. cyclohexyl, cyclopropyl,
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cyclobutyl) or C, to C,, aryl (preferably phenyl). A preferred R” group is iso-
propyl. 4

It will be appreciated by a person of skill in the art that the present invention
can be applied to the synthesis of compounds of Formula (I-A) and (I-B)
wherein R” is other than an alkyl, cycloalkyl or aryl group. In fact, the group
R” can represent any group that can be introduced by reaction of an acid
intermediate of the compound of Formula (I-A) or (I-B) with a compound R”-X
(X = halo, and preferably iodo) in the presence of a base, such as DBU.
Examples of other suitable R” groups include, but are not limited to,
unsaturated C, to C,, alkyl, unsaturated C, to C, cycloalkyl, wherein the
saturated or unsaturated alkyl or cycloalkyl groups, or aryl groups can be
substituted with one or more (typically 1 to 3) substituents such as CF;, C, to
C, alkoxy, CN. Other examples of suitable R” groups include C; to C,
heterocycloalkyl (e.g. piperidinyl), C; to C,, heteroaryl (such as pyridyl) and
substituted C; to C,, aryl (including substituents such as CF; C, to C;
alkoxy, CN).

The embodiments of the process of the present invention is shown in

Schemes 1-4:

Scheme 1 illustrates one route to the synthesis of compounds of Formula
(I-A) and (I-B), starting from a protected-Corey lactone compound of
Formula (X):
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:_F (h) 3 (9)
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HO OR  (b) HO OR ()
l(l) ‘(k)

HQ HQ
O::—:(/\/\COOH O:/\j(/\/\coow
~_B B
HO & HO OH

I-4) (I-B)

(a) oxidation; (b) modified Horner-Wadsworth-Emmons reaction; (c)reduction; (d)deprotection
(e)hydrogenation; (f) silylation; (g) silylation; (h) reduction, (i) Wittig reaction,
(i) alkylation; (k) deprotection; (I) deprotection

SCHEME 1

In an alternative procedure according to the present invention, the

5 intermediate (VI-A) in Scheme 1 can be made by carrying out steps (a) and
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(b) as shown in Scheme 1, and substituting steps (c), (d), and (e) in

Scheme 1 with the steps (e'), (¢’) and (d’) as shown in the following
Scheme 2:

Ce -2 O
ANA B T ' B
AL A 3

1o
"'/% O

- B - B
HO OH A\ﬂ’
(VI-A) 0

On

OH
(X1V)

(e') hydrogenation; (¢} reduction; (d') deprotection
SCHEME 2

Scheme 3 illustrates an alternative procedure for the synthesis of compounds

of Formula (I-A) and (I-B), starting from intermediates of structure (llla) and
10 (lNb):
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OR (XD

(n) ©)

R-Q
- -“\\_—/\/\COOR"
Ho NN B
; MN—="""CO0OH R-0 OR (XI1m)
\ - B
HO AH
)
I-A)
HQ
~IN—="""COOR"
\ > B
(1-B)

(m) silylation; (n) deprotection; (o) transesterification; (p) deprotection

SCHEME 3

Scheme 4 shows an alternative procedure for the synthesis of compounds of

5 Formula (I-B) starting from the intermediates of Formula (l1a) and (I1b):
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Oi/,i/\/\coow
_~_B
< . HO
R-O O-R (IIa) R-Q N IS NS g "
AR e e N 0 - COOR'
= O\/\( coor_0 O\‘/‘\rs
= B &) -
R-Q N HO
Z R-0 ' OH
.\\\\—_/\/\COORH Q-R (XII)
"O\"/\(B (I-B)
HG - AR (IIb)

(q) silylation; (1) deprotection

SCHEME 4

In one aspect of the present invention, there is provided a process for the

production of a compound of Formula (IX):

3,

1
II,

Ix)
CHO

o=
:Q

wherein
A represents C; to C,, aryl which may be substituted with one to three
substituents independently selected from the group consisting of
(i) halo, (ii) C, to C, alkyl and (iii) unsubstituted C; to C,, aryl;

the process comprising subjecting a compound of Formula (X)
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to an oxidation reaction in the presence of a catalytic amount of a stable

organic nitroxyl radical.

The above reaction may be carried out by electrooxidation in the presence of

the organic nitroxyl radical.

Alternatively, the oxidation reaction may be carried out in the presence of a
nitroxyl. radical and at least one molar equivalent of a co-oxidant selected
from the group consisting of m-chloroperbenzoic acid, high-valent metal salts,
sodium bromite, sodium or calcium hypochlorite, N-chlorosuccinimide or
hypervalent iodine compounds such as [bis(acetoxy)iodolbenzene.

Preferably, the co-oxidant is sodium hypochlorite.

The stable organic radical preferably comprises a completely a-substituted
piperidin-1-oxy radical, such as 2,2,6,6-tetramethyl-1-piperidinyloxy, free
radical (TEMPO, free radical).

Prior art oxidation procedures for oxidising the compound of Formula (X) to
form the compound of Formula (IX) include the use of dimethylsulfoxide-
dicyclohexylcarbodiimide. However, such a method requires isolation of the
aldehyde (IX). Since the aldehyde (IX) is not particularly stable in solution, an

amount of decomposition product is usually observed during work-up.

Advantageously, in the present method of oxidation of the compbund of
Formula (IX) using a stable organic radical such as TEMPO free radical, the
aldehyde (IX) solution obtained in this step can be employed in the
subsequent step without isolation of the aldehyde, thus minimising any

decomposition.

In a further aspect of the present invention, there is provided a process for the

production of a compound of Formula (VIil):
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wherein

10

A represents C, to C,, aryl which may be unsubstituted or substituted
with one to three substituents independently selected from the group
consisting of (i) halo, (i) C, to C, alkyl and (iii) unsubstituted C, to C,,
aryl; |

B represents a substituent selected from the group consisting of: (i) C,
to C, alkyl, (i) C, to C,s aralkyl, wherein the aryl group may be
unsubstituted or substituted with one to three substituents
independently selected from the group consisting of C, to Cqalkyl, halo
and CF, and (iii) -(CH,),OR? wherein n represents 1, 2 or 3 and
R? represents a C; to C,, aryl group which may be unsubstituted or
substituted with one to three substituents independently selected from

the group consisting of C, to C; alkyl, halo or CF;,

15 the process comprising subjecting a compound of Formula (IX):

to reaction with a phosphonate compound having the structure:

Q@ 9
B—C—CH,—P—OR"
ORII'
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wherein A and B are as defined as above, and each R is the same or
different (preferably the same) and each represents a C; to.C; alkyl group
(preferably methyl), the proceés being carried out in the presence of lithium
chloride and an organic base (such as tertiary alkylamines, e.g.

di-iso-propylethylamine).

The compounds of Formula (IX) are commercially available or can be made
from commercially available starting materials. For example, the compound
of Formula (IX) may be prepared by the process described in US 3,778,450.

The phosphonate compound of formula:

2 9
B—G-CH,—P—~OR"
ORI"

may be produced by methods known in the art [see for example,
B.Resul etal, J. Med. Chem. (1993), 36, 243-248)]. As an example,
dimethyl-(2-oxo-4-phenylbutyl)phosphonate may be produced from dimethyl-

(2-oxo-propyl)phosphonate via the following reaction:

0O O O O
H3CO- 1 (i) NaH/THF HsCO i
/P . /P

H5CO CHg (ii) n-BuLi/THF HsCO \/U\/\Ph

(iii) benzyl bromide

A preferred process for producing the phosphonate compound of formula:

Q Q
B~C~CH,~P-OR"
ORI"

comprises the reaction of a dialkylmethylphosphonate of structure:

Q/OR'"

~P.
H3C \ORm
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with a strong base (e.g. "BuLi) to generate an anion, followed by reaction of
the anion with a compound of formula B-CO,R’, wherein R’ can represent any
group that can form a leaving group -ORY. Typical RY groups include C, to C;
alkyl, such as methyl, or ethyl (methyl is preferred). Thus the reaction of
dimethylmethyl phosphonate (methylphosphonic acid dimethyl ester) with a
strong base such as n-butyllithium, to general the corresponding anion,
followed by reaction of the anion with a compound of Formula B-CO,RY is

shown below:

o) o) Q Q
HsCO. U n-BuLi/THF  H3CO} B-CO,RY B—C—CH,—P—OCH
N P& @ 22¥2n 2 3

HaCO™ “CHj HgCO™ ~CHli OCH4

Dimethyl(2-oxo-4-phenyibutyl)phosphonate can be produced in good yield

from the following reaction:

HiCOLl () n-BULiTHF, <-70°C R
H,CO” “CHa (i) PACHpCHaCORY, <70°C (. co” Ph

The product from this reaction can be typically purified by distillation.
Advantageously, this reaction is usually free of side reactions compared with

the prior art process using dimethyl(2-oxopropyl)phosphonate.

The process described above for producing the compound of formula Vil is a
modified Horner-Wadsworth-Emmons reaction carried out in milder
conditions, in which the usual base used to generate the anion of the
phosphonate, sodium hydride in THF or potassium carbonate in toluene, is
replaced by a base selected from the group consisting of tertiary alkylamines,
such as triethylamine and diisopropylethylamine and DBU [1,8-
diazabicyclo(5.4.0)undec-7-ene].  Advantageously, unlike the prior art
methods which can lead to poor to moderate yields of the product (VIIl), the

use of milder reagents, i.e. lithium cations from lithium chloride, in
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combination with these tertiary alkylamines leads to cleaner reactions with

high yield of product.

The reaction is preferably carried out at temperatures in the range of -20°C to
40°C, and preferably -10°C to 30°C. Suitable solvents for this reaction
include those selected from the group consisting of benzene, toluene,

acetonitrile, dichloromethane, diethylether, and mixtures thereof.

In the compound of Formula (VIIl), the group A preferably represents an

unsubstituted C,4 to C,, aryl group (e.g. phenyl).

Other preferred substituents for the group A include those selected from Cq to
C,, aryl group being substituted with one substituent selected from halo or
phenyl. Further preferred substituents for the group A include unsubstituted
or substituted phenyl wherein the substituent is selected from halo or phenyl.

In a preferred process, the group A represents phenyl.

According to another aspect of the present invention, there is provided a

process for the production of a compound of Formula (VII):

wherein
A represents unsubstituted C, to C,, aryl;
B represents a substituent selected from the group consisting of:
(i) C, to G, alkyl, (ii) C, to C,; aralkyl, wherein the aryl group may be
unsubstituted or substituted with one to three substituents

independently selected from the group consisting of C, to C;alkyl, halo
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and CF, and (i) -(CH,),OR? wherein n represents 1, 2 or 3 and
R® represents a C; to C,, aryl group which may be unsubstituted or
substituted with one to three substituents independently selected from
the group consisting of C, to Cyalkyl, halo or CF;;

the process comprising reducing the oxo group in the side chain of a

compound of Formula (VIII):

0O
o\

g (VI

g\

A

©)
O

T
o)

Suitable reducing agents for the reduction of the side chain oxo group include

borane-dimethylsulfide complex, lithium tri-sec-butylborohydride,

{LiB[CH(CH,)CH(C,H,];H} (L-Selectride®™) and sodium borohydride. Where

the final product is desired as a racemate (such as fluprostenol), a non-
stereoselective reducing agent may be used (e.g. LiAlH,, NaBH, and other

metallic hydrides).

Where the final product is desired as a single isomer (e.g. as in latanoprost),
the reducing agent suitably comprises borane-dimethylsulfide complex in the
presence of a chiral oxazaborolidine catalyst (“Corey catalyst”) because of the
greater selectivity towards the production of a major amount of the desired
isomer. Although this reaction strongly favours the production of the desired
isomer, any undesired isomer which may be formed, may be separated by

chromatographic techniques, such as flash column chromatography.

Thus, a preferred reagent for the reduction reaction is borane-dimethylsulfide
complex in the presence of a chiral oxazaborolidine catalyst (Corey catalyst).
In this embodiment of the present invention, the group A in the compound of

Formula (VII), in addition to being unsubstituted C; to C,, aryl, can also
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represent C; to C,, aryl substituted with one to three substituents
independently selected from the group consisting of (i) halo, i.e. fluoro, chloro,

bromo or iodo, (ii) C, to C, alkyl and (jii) C, to C,, aryl, such as phenyl.

The use of borane-dimethylsulfide complex in combination with a Corey
catalyst is especially preferred because the reaction takes place with
excellent selectivity. In fact, a marked improvement in stereoselectivity is
seen compared with the reaction using L-Selectride®™. A further advantage
is that the reduction reaction using borane-dimethylsulfide complex can be
carried out at a higher temperature (typically -15°C to -18°C) compared with

L-Selectride®™, which requires a reaction temperature of less than -70°C.

The Corey catalyst comprises a chiral oxazaborolidine compound [see J. Am.
Chem. Soc., 109, 5551, (1987) and J. Am. Chem. Soc. 109, 7925, (1987) and
references cited in Lancaster Catalogue 2000-2001, page 819] such as
(R)-tetrahydro-1-methyi-3,3-diphenyl-1H,3H-pyrrole[1,2-c][1,3,2]oxazaborole,

may be prepared by reaction of the appropriate chiral prolinol [such as the

commercially available (R)-(+)-a,a-diphenylprolinol] with a trialkyl boroxine,

e.g.:

&t
0.0 A
H
[ >’ o Ve R Q,H Ph
N, ! Ten
G Ph _ _B.
Me (0]

The reaction is carried out in inert conditions in a solvent such as toluene,
diethylether or tetrahydrofuran. The oxazaborolidine catalyst is employed as

a solution in the reduction step.

According to another aspect of the present invention, there is provided a

process for the production of a compound of Formula (V):
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the dashed line forms an optional double bond;

B represents a substituent selected from the group consisting of:

5 (i) C, to Cq alkyl, (ii) C, to C,; aralkyl, wherein the aryl group may be

unsubstituted or

substituted with one to three

independently selected from the group consisting of C, to Cyalkyl, halo

and CF, and (iii) -(CH,),OR? wherein n represents 1, 2 or 3 and

R? represents a C; to C,, aryl group which may be unsubstituted or

10 substituted with one to three substituents independently selected from

the group consisting of C, to C4alkyl, halo or CF;; and

R’ represents the substituent:

wherein R, R’

and R* are the same or different and each

15 independently represents C, to C; alkyl, C; to C,, aryl or C; to Cy

aralkyl;

the process comprising the steps of:

(a) deprotecting the hydroxyl group of a compound of Formula (VI1):

O

5 (VD

substituents
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(c)
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wherein A represents C, to C,, aryl which may be unsubstituted
or substituted with one to three substituents independently
selected from the group consisting of (i) halo, (ii) C, to C; alkyl
and (iii) unsubstituted C; to C,, aryl;

to form the corresponding hydroxy-substituted compound of
Formula (VI):

110
, =~o
(2

B VD

\g

I
O

OH : and

optionally, when the dashed line of the compound of Formula
(V) represents a single bond, the double bond 6f the compound
of Formula (VI) is hydrogenated to form the compound of
Formula (VI-A):

110
O

)

_O\/\(B ‘(VI-A)

HO OH ;
subjecting a compound of Formula (VI) or (VI-A) to a reaction

with a silylating agent having the formula:

RX

1
X—Si—RY

RZ

wherein R*, RY and R? are as defined above and X represents F,
Cl, Brorl.
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The deprotection step (a) wherein the protecting group A on the hydroxyl
group of the cyclopentane ring is removed, is preferably carried out in the
presence of a base. Preferred bases for use in the deprotection reaction
includes those selected from the group consisting of K,CO,, Na,CO; and

Li,CO,, with K,CO, being particularly preferred.

Suitable solvents for the deprotection reaction include alcohols, such as

methanol, ethanol and isopropanol.

The isolation of the deprotected product from step (a) may be carried out by
standard chromatography procedures. However, it has been found that the
deprotected product can advantageously be isolated by extraction with
hexane fractions, thus avoiding the use of time consuming and expensive

chromatographic procedures.

For the production of prostaglandin derivatives having one saturated side
chain, such as latanoprost described above, it is convenient at this stage, i.e.
after the deprotection step (a), to hydrogenate the double bond in the side

chain to form the intermediate of Formula (VI-A).

The hydrogenation step can be carried out using any suitable hydrogenation
catalyst such as palladium, platinum or rhodium, which may be supported on
an inert support, such as carbon. An example of a suitable hydrogenation

catalyst is 5% palladium on carbon.

In a preferred procedure, the hydrogenation reaction is carried out in the
presence of sodium nitrite, preferably in aqueous solution. This procedure
avoids the formation of elimination products and thus resuits in improved
yields (typically greater than 95%) of the compounds of Formula (VI-A).
Suitable solvents for the hydrogenation reaction include alcohols such as
methanol and ethanol. On completion of the hydrogenation reaction, the

mixture is preferably stirred with dilute hydrochloric acid to remove the nitrite
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(by conversion to nitrous acid, which decomposes at ambient temperature).
This procedure ensures that nitrite is not carried through to the subsequent

synthetic procedures.

Without wishing to be bound by theory, the role of the sodium nitrite in the
hydrogenation reaction is to avoid the formation of elimination products, that
is, the elimination of a water molecule from the side chain of the starting
material and, as a consequence, formation of the fully saturated

deoxygenated analogue of the desired product.

In order to produce the compound of Formula (V), the compound produced in
step (a) having the Formula (V1) or the compound produced in step (b) having
the Formula (VI-A) is reacted with a silylating agent (X)Si(R*)(R*)(R*). The
groups R*, R’, and R*can be the same or different each represents a C, to C;
alkyl group or a C4 to C,, aryl group. Preferably, each of the groups R*, R’,

and R* are independently selected from methyl, ethyl, butyl, isopropyl.

" Particularly preferred silylating agents for use in step (c) are selected from the

group consisting of trimethylsilyl chloride, triethylsilyl chloride and tert-

butyldimethylsilyl chloride. Triethylsilyl chloride is particularly preferred.

The silylation step is preferably carried out in the presence of a base, for
example an organic base, such as imidazole or trialkylamines, such as

triethylamine.

Suitable solvents for use in the silylation reaction include polar aprotic
solvents such as tetrahydrofuran or dimethylsulfoxide, or chlorinated solvents
such as dichloromethane. Preferably, however, the reaction is carried out in

a solvent corriprising dimethylformamide.

The use of silyl protecting groups in accordance with the present invention is
advantageous because it generally results in cleaner reactions, with higher

yields compared with reactions wherein the hydroxyl group is not protected.
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The use of silyl protecting groups in the present process has particular
advantages compared with the prior art process employing, e.g. benzoyl- and
para-phenylbenzoyl (PPB)-protecting groups because silyl groups are stable
to the subsequent reduction reaction with e.g. DIBAL-H (di-iso-

butylaluminium).

In fact, the presence of benzoyl- and PPB-protecting groups prevents the use
of many reducing agents, including DIBAL-H, in the subsequent reduction of
the lactone ring to form the lactol, because such a reaction can result in the
reduction of the oxo moieties in the protecting groups. Thus, in prior art
procedures wherein DIBAL is employed as a reducing agent and wherein the
starting material comprises benzoyl- or PPB-protecting groups, starting
materials must be deprotected prior to the reduction step. However, the
presence of unprotected hydroxyl groups in the DIBAL-H reduction step is
undesirable because each free hydroxyl group or the starting m'aterial
coordinates with DIBAL-H. As a result, the use of additional equivalents of

DIBAL-H becomes necessary.

A second advantage of using silyl protecting groups in the subsequent Wittig
reaction [step (i) in Scheme 1], is that the formation of the desired cis isomer
is favoured. Silyl protecting groups have the further advantage in that they
generally increase the lipophilic character of the molecules, so that their
derivatives are readily soluble in organic solvents. Thus, in the Wittig
reaction, removal of the phosphine oxide by-product is facilitated because the
silyl-protected Wittig .reaction product [(Illa)/(Illb)] is soluble in hexane,
whereas the triphenylphosphine oxide is insoluble, thus allowing separation
by filtration. Subsequent purification of the product can be carried out by
silica gel filtration, rather than a full chromatographic purification.

A further advantage of employing silyl protecting groups is that these

protecting groups can be removed under mild conditions, as discussed below.
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Alternatively, the intermediate compound of Formula (V) wherein the solid

and dashed lines represent a single bond (i.e. compounds of formula (V-A):

O
D

Q
\ B
R-O O-R’
5 can be made from compounds of Formula (VIII) by a process comprising the

steps of:

(@)  hydrogenating the double bond of the compound of Formula (VIII):

0]
Q
.O\/\WB (VIID)
AL_S
\n/ O
0

to form a compound of Formula (XII1):

o\

= N
- ~

.O\/\”/ B (XIII)
A

g 0]
o

10 )

On

(b)  reducing the side chain oxo group of the compound of Formula (XIIl) to

form a compound of formula (XIV):

X1v)

?I
us)

O
o
I

A
b
0 ;

(c)  deprotecting the hydroxyl group in the compound of Formula (XIV) to

15 form a compound of formula (VI-A):
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(0]
o\
| (VI-A)

OH ; and

?
@

I
O

(d)  subjecting the compound of Formula (VI-A) to a reaction with a

silylating agent having the formula:

wherein R*, RY and R? are as defined above and X represents F, Cl, Br

orl.

Steps (a) to (c) of this process are depicted as steps (), (¢') and (d’) in
Scheme 2. Step (d) corresponds to step (f) of Scheme 1, the product of
which is a compound of Formula (V) wherein the dashed and solid line
represents a single bond. The hydrogenation, reduction, deprotection and
silylation steps in this alternative procedure are carried out as for the

immediately preceding process to form the compounds of Formula (V).

According to another aspect of the present invention, there is provided a

process for the preparation of a compound of Formula (IV):

L

i@

wherein:
the dashed line forms an optional double bond;

‘ B represents a substituent selected from the group consisting of:
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(i) C, to Cq alkyl, (ii) C, to C,, aralkyl, wherein the aryl group may be
unsubstitutéd or substituted with one to three substituents’
independently selected from the group consisting of C, to Cgalkyl, halo
and CF, and (iii) -(CH,),OR? wherein n ~represen‘[s, 1, 2 or 3 and
R? represents a C, to C,, aryl group which may be unsubstituted or
substituted with one to three substituents independently selected from
the group consisting of C, to Cgalkyl, halo or CF;; and

R’ represents the substituent:

wherein R*, R¥ and R* are the same or different and each
independently represents C, to C; alkyl, C; to C,, aryl or C; to C4
aralkyl;

the process comprising reducing the lactone oxo group of the compound of
Formula (V): \

15

A suitable reducing agent for this process is di-iso-butylaluminium hydride

DIBAL-H), and the reaction may be carried out in e.g. tetrahydrofuran.

According to a further aspect of the present invention there is provided a

20 process for the production of a compound of Formula (llla) or (llIb), or a

mixture thereof: -



WO 02/096898 PCT/GB02/02462

26
HO R'-0
" N—e—=""C0O0H MNN—"""CO0H
A AB _~_B
R-O : HO

wherein
the dashed line forms an optional double bond;
B represents a substituent selected from the group consisting of:

5 (i) C, to C; alkyl, (ii) C, to C,, aralkyl, wherein the aryl group may be
unsubstituted or substituted with one to three substituents
independently selected from the group consisting of C, to Cg alkyl, halo
and CF, and (iii)-(CH,),OR?® wherein n represents 1, 2 or 3 and
R®represents a C; to C,, aryl group which may be unsubstituted or

10 substituted with one to three substituents independently selected from
the group consisting of C, to C;alkyl, halo or CF;; and
R’ represents the substituent:

R
f-Sj—RY
R?

wherein R*, RY and R* are the same or different and each
15 independently represents C, to C; alkyl, C; to C,, aryl or C; to Cyq
aralkyl; ‘

the process comprising subjecting a compound of Formula (IV):

R-O O-R'

to a Wittig reaction with an ylide, the ylide being formed by reaction of a

20 compound of formula:
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@ . @
HO,C(CH2)4P(R™)sX

with a strong base, wherein
R" represents C, to C; alkyl or C; to C,, aryl; and

X représents fluoro, chloro, bromo or iodo.

Preferably, the group R" represents phenyl. The group X preferably

represents bromo.

Reagents of formula:
HO,C(CH2)4P(R")3X

are commercially available, or can be prepared by reaction of a phosphine,
P(R"),, with HO,C(CH,),-X’ (wherein X’ represents halide, e.g. F, CI, Br or I).
Suitable bases for the forming the ylide include those selected from the group
consisting of butyllithium, sodium amide, sodium hydride, and alkali metal
alkoxides, including sodium methoxide, sodium ethoxide, potassium ethoxide
and potassium ferf-butoxide. Potassium ferf-butoxide is a particularly

preferred base. A suitable solvent for this reaction is tetrahydrofuran.

Thus, in a preferred embodiment, the ylide may be formed by the reaction of

(4-carboxybutyl)-triphenylphosphonium bromide with potassium fert-butoxide:

® ©
Br@ t Ph3P_CH'—(CH2)3_002H
® KO'Bu
PhaP_(CH2)4‘“C02H ¢

PhaP=CH—(CH,);—CO,H

The ylide can be generated using 3 equivalents of the phosphonium halide
and 6 equivalents of base, i.e. a ratio of phosphénium halide and base of 1:2,
but is preferably generated using 2.15 equivalents of the phosphonium halide

and 4 equivalents of base.
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During the Wittig reaction, the silyl protecting groups of the hydroxyl
substituent on the cyclopentyl ring may migrate to the hydroxyl group formed
by the opening of the lactol ring, to result in a mixture of 9- and 11-silylated

isomers of Formula (llla) and (llib).

Although the mixture of compounds (llla) and (lllb) can be separated e.g. by
chromatographic procedures, separation is not necessary at this stage
because the protecting groups are removed in subsequent reaction steps.
Th“us, in the process accérding to the invention, it is preferred that such a
mixture of the 9- and 11-silylated isomers (llla) and (lllb) is used in the

subsequent reaction step without separation.

In a further aspect of the present invention there is provided a process for the

preparation of a compound of Formula (XI):

R0
~N—=""""Co0oR
AN B

R-O L.

wherein

the groups R’ are the same and each represents the substituent:

RX
~Si—RY
RZ

wherein ‘R", RY and R* are the same or different and each
independently represents C, to C, alkyl, C; to C,, aryl or C; to Cy
aralkyl;
the process comprising reacting a compound of Formula (llla) or
Formula (lllb), or a mixture thereof, to reaction with a silylating agent having

the formula:
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wherein R*, RY and R*? are as defined above and X represents F, Cl, Br or I.

This procedure is advantageously carried out where a mixture of the
compounds of Formula (llla) and Formula (llIb) are formed as the products of
the Wittig reaction. The reaction of such a mixture with at least one molar
equivalent of a silylating agent, preferably the same silylating agent as is used
to protect the hydroxyl groups of the compounds of Formula (V), enables the
mixture of compounds of Formula (Illa) and (llIb) to be “amalgamated” into a
single product of Formula (XI) for subsequent reaction steps. Preferably, in
this step, at least a molar equivalent of silylating agent to starting material is
employed. Typically, 1.1 to 2 molar equivalents are employed. The formation
of a single product allows for better control of subsequent reaction steps and

purification.

According to another aspect of the present invention, there is provided a
process for the preparation of a compound of Formula (lla) or (lib) or a

mixture thereof:

= W= " = WM =N n
¥ COOR o~ COOR
B \ ~_B
R"é . H6 ]
O-R (Ia) OR (Ib)

wherein
the dashed line represents an optional double bond;
B represents a substituent selected from the group consisting of:
(i) C, to C; alkyl, (ii) C, to C,, aralkyl, wherein the aryl group may be
unsubstituted or substituted with one to three substituents

independently selected from the group consisting of C, to Calkyl, halo
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and CF, and (iii) -(CH,),OR® wherein n represents 1, 2 or 3 and
R* }epresents a C, to C,, aryl group which may be unsubstituted or
substituted with one to three substituents independently selected from
the group consisting of C, to Cyalkyl, halo or CF;;

R’ represents the substituent:

wherein R*, RY and R* are the same or different and each
independently represents C, to C; alkyl, C; to C,, aryl or C, to Cyq
aralkyl; and
R” represents C, to C, alkyl or C, to C, cycloalkyl;
the process comprising subjecting a compound of Formula (lila) or Formula
(llb) or a mixture thereof, to reaction with an alkyl halide of formula R”-Hal,
wherein R” represents a C, to C, alkyl group (such as isopropyl) or a C; to C,
cycloalkyl group, and “Hal” represents chloro, bromo, or iodo (preferably

iodo), in the presence of DBU.

As indicated above, when the Wittig reaction results in migration of the silyl
protecting group to form a mixture of 9- and 11-silylated isomers of Formula
(Ia) and (Ilb), the mixture may be alkylated by the process indicated above,
to form a mixture of 9- and 11-silylated esters of Formula (lla) and (Ilb).
Instead of carrying out a silylation of a mixture of compounds of Formula (llla)
and (lllb), it is also possible to carry out the silylation after the alkylation step,

i.e. on the mixture of compounds of Formula (lia) and (l1b).

Accordingly, a further aspect of the present invention provides a process for

the production of a compound of Formula (XIl):
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R-O
7 .\‘\\—_:/\/\COO R"
\ i B X1)
R-0 OR

wherein

R’ represents the substituent:

wherein R*, RY and R* are the same or different and each
independently represents C, to C; alkyl, C; to C,, aryl or C; to Cyq
aralkyl; and
R” represents C, to C, alkyl or C, to C, cycloalkyl,
the process comprising subjecting a compound of Formula (lla) or Formula
(Ilb) or a mixture thereof to reaction with at least one molar equivalent of

silylating agent having the formula:

RX

|
X—Si—RY

R?

wherein R*, RY and R? are as defined above and X represents F, Cl, Br or I.

As indicated above for the silylation of the mixture of compounds of Formula
(Ilta) and (llib), this process is preferably carried out in the presence of at
least a molar equivalent of silylating agent, and even more preferably 1.1 to 2
molar equivalents of silylating agent is employed. Again, this step leads to
the “amalgamation” of the mixture of compounds of Formula (lla) and (lIb) to
form a single product [i.e. compounds of Formula (XiI)] which facilitates
control of subsequent reaction steps and purification of subsequent

intermediates.
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It has been found that in the steps wherein the mixtures of compound of
Formula (lla) and (llb) or mixtures of compounds of Formula (llla) and (llib)
are reacted with silylating agents to form single products of Formula (XII) and
Formula (XI) respectively (i.e. precursors to the target compounds of Formula
IA and IB), purification is facilitated. Advantageously, it has been found that
the compounds of Formula (XIl) and (XI) can be purified by simply by filtration
through silica gel, thus obviating the need to perform a full chromatographic
separation, which is particularly undesirable at the late stage of the synthetic
process. One reason for this is that the presence of three silyl groups in the
compounds of Formula (XIlI) and (XI) leads to highly lipophilic molecules,
which are highly soluble in heptane and thus can be easily separated from the

more polar impurities.

According to another aspect of the present invention, there is provided a

process for the preparation of a compound of Formula (XII):

R-0O

7 “\\WCOO R"

\ > B (X10)
R'_O O_R'

wherein:

R’ is the same and each represents the substituent:

wherein R, RY and R* are the same or different and each
independently represents C, to Cq alkyl, C; to C,, aryl or C, to Cy
aralkyl; and |

R” represents C, to C; alkyl or C, to C, cycloalkyl;

the process comprising subjecting a compound of Formula (XI):
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R-Q
A S="""Co0R
> >4 B XD
R-0 Sr

wherein the groups R’ are preferably the same and each represents

the substituent:

RX

|
§~Si—RY

Rz

wherein R, R’ and R* are the same or different and each
independently represents C, to C, alkyl, C; to C,, aryl or C; to Cy
aralkyl;

to a reaction with an alcohol, having the formula R”-OH, wherein R”

represents a C, to Cg alkyl group (e.g. isopropanol) or C; to C; cycloalkyl

10 (e.g. cyclohexanol).

The above process may be carried out optionally in the presence of a weak

acid catalyst, such as pyridinium p-toluenesulfonate. The reaction should be

carried out in the absence of water, to avoid deprotection of the silyl groups.

15

According to a further aspect of the present invention, there is provided a

process for the production of a compound of Formula (I-A):

RN NG
_~__B (-a)
HG

wherein

20

B represents a substituent selected from the group consisting of:
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(i) C, to C, alkyl, (ii) C, to C,, aralkyl, wherein the aryl group may be
unsubstituted or substituted with one to three substituents
independently selected from the group consisting of C, to C4 alkyl, halo
and CF, and (iii) -(CH,),OR® wherein n represents 1, 2 or 3 and
R® represents a C; to Cy, aryl group which may be unsubstituted or
substituted with one to three substituents independently selected from
the group consisting of C, to C,alkyl, halo or CF;;

the process comprising removing the silyl protecting groups, R’, from a

compound selected from the group consisting of

0] a compound of Formula (llla), Formula (lllb) or a mixture

thereof:
HO R'-Q
7 "‘\\\=/\/\COOH ; "‘\\WCOOH
\ - B \ 2 B
R-O HO

O'RI (IIIa) O"R. (IIIb)

(i)  acompound of Formula (XI):

R0
~SN—=TNCO0R!
<_:I\,/'\( B
R-O

wherein B and R’ are as defined above.

According to another aspect of the present invention, there is provided a

process for the production of a compound of Formula (I-B):
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wherein
B represents a substituent selected from the group consisting of:
(i) C, to Cq alkyl, (ii) C, to C,s aralkyl, wherein the aryl group may be
unsubstituted or substituted with one to three substituents
5 independently selected from the group consisting of C, to C;alkyl, halo
and CF, and (iii)-(CH,),OR® wherein n represents 1, 2 or 3 and
R® represents a C, to C,, aryl group which may be unsubstituted or
substituted with one to three su‘bstituents independently selected from
the group consisting of C, to C; alkyl, halo or CF;; and
10 R” represents C, to Cg alkyl or C, to C, cycloalkyl;
the process comprising removing the silyl protecting groups R’ from a
compound selected from the group consisting of:

(i) a compound of Formula (lla) or (llb) or a mixture thereof:

HO R-Q
= 8 \—_:/\/\ " F N \:/\/\ "
v COOR o~ COOR
2> B <:|\,—/'\( B
R"d R H6 ]

15 ;

and

(ii) a compound of Formula (XII):

R-Q

7 ‘\\\\‘z/\/\c OOR"

. oz B (XI1I)
R-0 SR

wherein B and R” are as defined as above.

20
The deprotection of the silyl protecting groups R’ is advantageously carried

out in mild reaction conditions. Suitable reagents for removal of the silyl
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groups from the compounds of Formula (llla), (lllb), (XI), (lla), (ilb) and (XII)
include weak acids such as acetic acid and citric acid. An especially

preferred weak acid is pyridinium p-toluenesulfonate.

The reaction may be carried out in any suitable solvent or solvent mixtures.
An especially preferred solvent for the deprotection reaction comprises

acetone and water.

in accordance with preferred embodiments of the present invention, the
compounds of Formulae (VII), (VI), (VI-A), (V), (IV), (llla), (llib), (lla), (lIb),
(I-A), (I-B), (XI), (XI) and (XIV) are single enantiomers (i.e. the wavy line in
the side chain represents —= or ). As discussed above, such
compounds can be made by using a stereoselective reducing agent [e.g.
borane-dimethylsulfide complex in the presence of a chiral oxazaborolidine

(Corey) catalyst] in step (c) of Scheme 1, or step (¢’) in Scheme 2.

In accordance with preferred embodiments of the present invention, the
group B in the compounds of Formula (XI1), (XI), (VIII), (VII), (V1), (VI-A), (V),
(IV), (l1a), (llib), (lla), (lIb), (I-A) or (I-B) is selected from the group consisting
of (i) C, to G, alkyl, (i) C, to C,saralkyl wherein the aryl group is unsubstituted
and (i) -(CH,),OR?, wherein n represents 1, 2 or 3 and R® represents a C; to
C,, aryl group which is substituted with a substituent selected from halo or
CF,.

Even more preferred are compounds of Formula (XII), (XI), (Vill), (VII), (VI),
(VI-A), (V), (IV), (llla), (IlIb), (lla), (lIb), (I-A) or (I-B) wherein B is selected from
the group consisting of (i) C, to C; straight chain alkyl, (ii) -(CH,),Ph and
(iii) -CH,OR?, wherein R® represents a phenyl group substituted with a chloro

or CF, group.
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Especially preferred are compounds of Formula (XII), (XI), (VIII), (VII), (VI),
(VI-A), (V), (IV), (llla), (llib), (lla), (1Ib), (I-A) or (I-B) wherein B represents a

substituent selected from the group consisting of:

In a further preferred embodiment -of the present invention, the solid and
dashed lines in each of Formulae (XIlI), (XI) (V), (IV), (llla), (llib), (lla), (lib),
(I-A) and (I-B) forms a single bond.

In yet another preferred embodiment, the solid and dashed lines in each of
Formulae (XII), (XI) (V), (IV), (llla), (Ilib), (lla), (lIb), (I-A) and (I-B) forms a
double bond.

For the compounds of Formulae (XIl), (XI) (V), (IV), (llla), (llib), (lla), (lIb),
(1-A) and (I-B) wherein the solid and dashed line represents a single bond, B

preferably represents -CH,CH,Ph.

For the compounds of Formulae (XII), (XI) (V), (IV), (llla), (llib), (lla), (iIb),
(I-A) and (I-B) wherein the dashed line represents a double bond, B

preferably represents a substituent selected from the group consisting of:
“{\o/@cn , "{\OO\CF;; and ™S

As will be appreciated by a person of skill in the art, the process of the
present invention is generally applicable for the synthesis of prostaglandins
and prostaglandin analogues, particularly PGF,, and analogues thereof. The
process is particularly useful for the production of a compound selected from

the group consisting of:
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SN—=co0Rr A~ SN=""cooH
\ Ph A

In a preferred embodiment, the present invention provides a process for the
synthesis of latanoprost comprising the steps of:

5 (1)  subjecting a compound of Formula (X):

By
; NCH,OH X)
5

T

O

e

A

wherein A represents a C, to C,, aryl group, preferably phenyl, which

may be substituted with one to three substituents independently

selected from the group consisting of (i) halo, (ii) C, to Cy alkyl and (jii)
10 unsubstituted C, to C,, aryl,

to an oxidation reaction with sodium hypochlorite, the oxidation

reaction being carried out in the presence of a catalytic amount of a
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stable organic nitroxyl radical (pfeferably TEMPO free-radical), to form

a compound of Formula (IX):

(2) subjecting the compound of Formula (IX) as defined above to reaction

5 with a compound having the structure:

O O

I
ph/\)]\/P—OR'

wherein each R the same or different and each represents a C, to C;

alkyl group (preferably methyl), in the presence of lithium chloride and

an organic base, to form the compound of Formula (VIIl) wherein B is
10 -CH,CH,Ph:

M/Ph

\[r O
O

On

A

(8)  reducing the side chain oxo group of the compound of Formula (V1iI)
' using borane-dimethylsulfide complex, the reduction being carried out
in the presence of a chiral oxazaborolidine catalyst, such as
15 (R)-tetrahydro-1-methyl-3,3-diphenyl-1H,3H-pyrrole[1,2c][1,3,2]oxaza-

borole, to form a compound of Formula (VII) wherein B is -CH,CH,Ph:
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4)

5
(5)
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(6)
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110
" )Qo

O\/\/\/Ph

A\[r =
O

OH

On

deprotecting the hydroxyl group of the compound of Formula (VII),
preferably using K,CO, in methanol, to form the compound of
Formula (VI) wherein B is -CH,CH,Ph:

hydrogenating the double bond of a compound of Formula (VI) in the
presence of a hydrogenation catalyst (such as palladium, platinum or
rhodium), the reaction optionally being carried out in the presence of
sodium nitrite, to form a compound of Formula (VI-A) wherein B is
-CH,CH,Ph:

110

by
O\/\/\/Ph

H(S OH

subjecting the compound of Formula (VI-A) to reaction with a silylating

agent of formula
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RX

1
X—Si—RY

RZ

wherein R*, RY and R* are as defined as above (a particularly preferred
silylating agent being triethylsilyl chloride) as defined above to form a

compound of Formula (V) wherein B is -CH,CH,Ph:

O
o\

wherein R’ represents:

reducing the side chain oxo group of the compound of Formula (V),
using a reducing agent such as DIBAL-H, to form a compound of
Formula (IV) wherein B is -CH,CH,Ph:

subjecting the compound of Formula (IV) to a Wittig reaction with an
ylide, the ylide being formed from the reaction of a compound of

formula

@ €]
HO,C(CHy)4PPhsX
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wherein X represents F, Cl, Br orl, with a strong base (such as
potassium t-butoxide), to form a compound of Formula (llla) or (llib)
wherein B is -CH,CH,Ph:

or a mixture thereof;

(9) alkylating the carboxylic acid group of the compound of Formula (llia)
or (lllb), or a mixture thereof, with isopropyl iodide in the presence of
DBU, to form the compound of Formula (lla) or (llb), wherein B

10 is -CH,CH,Ph and R” is iso-propyl:

HO R-Q

= .‘\“wCooipr j "‘\\WCOOiPF
> Ph <j\/\/\/ Ph

R-0 R HO 5R

On

or a mixture thereof; and
(10) removing the protecting groups from the compound of Formula (lla) or

(I1b), or a mixture thereof, to form latanoprost:

HO

~ TN N i
¥ COOPr
_ Ph

The above steps (1) to (10) correspond to steps (a)-(b)-(c)-(d)-(e)-(f)-(h)-(i)-()-

(k) in Scheme 1 above.

15
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In an alternative process, latanoprost can be formed by a procedure involving
carrying out steps (1) and (2) of the preceding process, replacing steps (3),
(4) and (5) with the following steps (3’), (4’) and (5°), and thereafter carrying
out steps (6-(10) as described in the preceding process. Steps (3’), (4’) and
5 (5’) are -as follows:
(3") subjecting the double bond of the compound of Formula (VIIl) to a
hydrogenation reéction in the presence of a hydrogenation catalyst
(e.g. palladium, platinum or rhodium), the reaction being carried out
optionally in the presence of sodium nitrite, to form a compound of
10 Formula (XIII) wherein B is -CH,CH,Ph:

i@
Mo

_O\/\H/\/Ph
A

\n/ O
o)

11

@)

(4’) reducing the side chain oxo group of the above compound of
Formula (XIII) using borane-dimethylsulfide complex, the reduction
being carried out in the presénce of a chiral oxazaborolidine catalyst,

15 such as (R)-tetrahydro-1-methyl-3,3-diphenyl-1H,3H-pyrrole[1,2c]-
[1,3,2]oxazaborole, to form a compound of Formula (XIV) wherein B is
-CH,CH,Ph:

(@)
s

‘O\/\}/\/Ph
A

T OH
0

On

;and

(5’) deprotecting the hydroxyl group of the compound of the above

20 compound of Formula (XIV), preferably using K,CO; in methanol, to
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form a compound of Formula (VI), wherein the dashed and solid lines

represent a single bond, and B is -CH,CH,Ph:

1o
=0

I

.OVY\/Ph
HS oH .

This procedure corresponds to steps (a)—(b)—(e’)-(c’)—(d")—(f)-(h)-(i)-(j)-(k)’

depicted in Scheme 1 and Scheme 2.

In a further preferred embodiment, there is provided a process for the
synthesis of latanoprost comprising carrying out steps (1) to (8) according to
either of the preceding procedures, to form a mixture comprising the
compounds of Formula (llla) and Formula (lllb) having the respective

structures:

é I
-U g
>
(@]
O
o}
T .
. ny
é |
Pg
Q
o]
(@]
I

A
Oy
lOll
A
T
OI/
O

and further carrying out the steps of:

(92) subjecting said mixture to reaction with at least one molar equivalent
(preferably at least a molar equivalent, and more preferably 1.1 to 2
molar equivalents) of silylating agent to form a compound of Formula

(XI) having the structure:

R-Q
2 .\‘\WCOO R
\ Ph
R-O -

wherein each R’ is as defined as above;
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(10a) subjecting the compound of Formula (XI) to a transesterification
reaction with isopropanol optionally in the presence of a weak acid
catalyst such as pyridinium p-toluenesulfonate, to form the compound

of Formula (XII) having the structure:

R-O
~TSN="""""Cco0Pr
\ Ph
5 R-0 O-R : and

(11a) removing the protecting groups R’ to form latanoprost.
These steps (9a) to (11a) correspond to stebs (m)-(0)-(p) in Scheme 2 above.

10 According to a still further embodiment of the present process, there is
provided a process for the production of latanoprost comprising carrying out
steps (1) to (9) to form a mixture comprising the compounds of Formula (lla)

and Formula (lIb) having the respective structures:

HO R-Q
\\\E/\/\Coo'pr - .o‘\:/\/\cooipr
Ph _O\/\/\/Ph
R-O 5-R HO 3R :
b
15 and carrying out the further steps of:

(10b) subjecting said mixture to reaction with at least one molar equivalent
(preferably at least 1.1 molar equivalents, and more preferably 1.15 to
2 molar equivalents) of silylating agent to form a compound of Formula

(X11) having the structure:
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R-O

-

.“\\..T_/\/\Cooipr
_ Ph |

R-O -R' ; and

on

(11b) removing the protecting groups R’ to form latanoprost.

The above steps (10b) and (11b) correspond to steps (q)-(r) shown in

5 Scheme 3 above.

According to a further aspect of the present invention, there are provided
novel intermediates for the synthesis of a compound of Formula (I-A) or (I-B)
as defined above. The novel intermediates include the following:

10

- compounds of the Formula (VI11I):

1O

i

s —"
K

\n/ O
O

O

wherein
A represents unsubstituted C; to C,, aryl; and
15 B represents a substituent selected from the group consisting
of: (i) C, to C; alkyl, (i) C, to C,, aralkyl, wherein the aryl group
may be unsubstituted or substituted with one to three
substituents independently selected from the group consisting of
C, to C, alkyl, halo and CF; and (iii) -(CH,),OR? wherein n
20 represents 1, 2 or 3 and R®represents a C; to C,, aryl group

which may be unsubstituted or substituted with one to three
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substituents independently selected from the group consisting of

C,to Cyalkyl, halo or CF,.

- compounds of the Formula (VII):

5 (VD

and single enantiomers thereof, wherein A and B are as defined

herein;

- compounds of the Formula (VI):

10 HO OH

and single enantiomers thereof wherein B is as defined herein;

- compbunds of the Formula (VI-A):

no

L

o G

HO OH

H

15 and single enantiomers thereof wherein B is as defined herein;
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compounds of the Formula (V):

10

L

B M

lie
\
s
\

R

)

O-R

and single enantiomers thereof wherein B is as defined herein and R’

represenis the substituent:

wherein R, RY and R* are the same or different and each
independently represents C, to C; alkyl, C; to C,, aryl or C, to Cy
aralkyl;

compounds of the Formula (IV):

10

L

. g @)

R-O O-R'

and single enantiomers thereof wherein B and R’ are as defined

herein;

compounds of the Formula (li1a) or (lllb):
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HO R-Q
>N ‘ > NN
SN—="""CO0H SN COOH
N~ B A~_B
R-O : HO .
OR (Illa) O-R (iIIb)

and single enantiomers, and mixtures thereof wherein B and R’ are as

defined herein;

5 - compounds of the Formula (l1a) or (l1b):
HQ ' R-Q
~ .&‘\:/\/\COOR" 7 ,‘\‘\\_—_/\\/\COOR"
\ B \ _~_B
R"G 1 HG 1]
O-R (IIa) O-R ([ib)

and single enantiomers and mixtures thereof wherein B, R’ and R” are

as defined herein;

10 - compounds of the Formula (XI1):
R-Q
2 .\‘\\z/\/\COORv
- ”’ B
R"’d O_Rl

and single enantiomers thereof wherein B and R’ are as defined

herein;
15 - -~ compounds of the Formula (XII):
R-Q
> _\\\\Z/\/\COOR“
_~_B (X1
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and single enantiomers thereof wherein B and R’ are as defined

herein;

compounds of Formula XIlI:

e}
(@)

>
=
f
w

O
o

.

(XTI)

0o
wherein A represents unsubstituted C, to C,, aryl, and B is as defined

herein; and

compounds of Formula (XIV):

(XIv)

it Bile)
/g’v%o
[ve}

@)

OH

N
(@]

and single enantiomers thereof wherein A represents unsubstituted Cg

to C,, aryland B is as defined herein.

Preferably, in any of the structures herein, the group A represents phenyl.

In accordance with preferred embodiments of the present invention, the
compounds of Formulae (VII), (VI), (VI-A), (V), (IV), (Illa), (llib), (lla), (iIb),
20 (XD), (XI1), (XIl) and (XIV) are single enantiomers (i.e. the wavy line in the

side chain represents —= or --un).

In the intermediates of Formula (VII1), (VI1I), (VI), (VI-A), (V), (IV), (llla), (Ilb),
(11a), (1ib), (X), (XI), (XI) and (XIV) the group B is selected from:
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H{\o/<)\c;| , H’\o/@c;ﬁ and "N

Preferably, for the intermediates of Formula (V), (IV), (Illa), (llib), (l1a), (lIb),
(X1) and (XI), the solid and dashed lines represent a single bond and B
represents -CH,CH,Ph.

Further preferred are intermediates of Formula (V), (1V), (llla), (llib), (lla),
(Iib), (XI) and (XII) wherein the solid and dashed lines represent a double

bond and B represents a substituent selected from the group consisting of:

H{\ojijj\cl

In the intermediates of Formula (V), (IV), (llla), (Ilib), (lla), (1Ib), (XI) and (XII),
the group R’ is preferably:

RAO/@CFg, and W

E|t
—Si-—Et
Et

In the compounds of Formula (XII), (lla), (llb) and (I-B), the group R”

preferably represents iso-propyl.

The present invention further provides the use of any novel intermediate as
defined as above in the manufacture of latanoprost and the use of any novel
intermediate as defined as above in the manufacture of cloprostenol,

fluprostenol, PGF,,, travoprost, or a PGF (preferably PGF,,) analogue.

The present invention also provides the use of a silylating reagent of formula
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wherein the group X represents F, Cl, Br or | and R, R’ and R* are as
previously defined, for protecting a hydroxyl group of an intermediate in the
synthesis of a prostaglandin or prostaglandin analogue, such as
prostaglandin or prostaglandin analogues based on PG-A, PG-B, PG-C PG-D
or PGF. The use of these silylating agents is particularly suitable in the
synthesis of prostaglandin PGF,, or prostaglandin analogues based on
PGF,,, including latanoprost, cloprostenol, fluprostenol and travoprost. Of

these, latanoprost is particularly preferred.

Preferred R*, RY and R* are methyl, ethyl and fert-butyl. A particularly

preferred silylating reagent is triethylsilylchloride.

Whilst the above processes and steps refer to PGF,, and analogues thereof,
it will also be understood by a person of skill in the art that the process and
steps could be successfully applied to the synthesis of other prostaglandin

analogues, for example,

SN N N L T S
b\f é(x t\x ?\x’ b\f

PG-A PG-B PG-C PG-D PG-E

by the provision of one or more additional reaction steps in order to modify
the functional groups on the cyclopentyl ring — for example, oxidation of the
cyclopentyl ring oxo groups in the PGF derivatives would result in either the
PGD or PGE analogues.

As used herein hatched lines attached to the cyclopentane ring indicate
bonds that are below the plane of the ring (i.e. bonds in an alpha
configuration). Solid wedges attached to the cyclopentane ring indicate
bonds that are above the plane of the ring (rings in the beta configuration). It

is to be understood that a wavy line, i.e.
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h

represents bonds in either the alpha or beta configuration, and includes single

enantiomers, i.e.:

: or

or mixtures thereof, including racemic mixtures. Thus:

0] O

A £

SO

N
N

0
o
Formula (XIV) ~ '
includes: _,O\/\{B ) :O\/\rB ,and
A\n/o OH A\H/O OH A
0

0

B .
Yoo
racemic © °
R-Q. R-Q. RO
Eormula (XII) A= CooR" TN cooR ~rSN="""co0R"
includes: O\(/’YB , O\(/,\(B ’ ,and O\,/f\,a .
~ = - ot T
RO SR R-0 oR R-0 BR
racemic
R-Q. R-Q. R-Q.
Formula(}ﬂ) A M= C00R NN ™" OOR' NN CooR'
includes: OV/’YB , O\V’\(B , and O\/’\/B .
RO r RO OR RO BR
racemic

R H

0
oA\ o\
Formula (VIT) ' | SN
includes: 3 7 B , 3 7 B , and N N B
A_O OH A__O OH A OH
T T T

0 O 0
racemic

ile}
) =0

o} (o)
o\ o\ '
Formula (VI) ~ ~ ~
includes: O\/\(B ; O\/YB ,and ‘O\/\/B :
HO OH HO OH .

racemic

xI

O
On
X
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(@]
o\

(0] 0
oA o\
Formula (VI-A) . | O\/\/
includes: O\/\/B- , 'O\/\rB ,and B ;
OH

H OH H OH

On
I
OII

On

racemic

Formula (V) B 3 B P
includes: N W YW

B
R-0 O-R' R-0 O-R' R-0 o-R

racemic

Formula (V-A) ' O\/\/
includes: :-O\/\/B , :-O\/YB , and 3 B

5 racemic

OH OH OH
o o\ o\

Formula (IV)
includes: YN B Y ~NNCB O and YNB
R-O O-R' R-0 O-R' R-O O-R'
racemic
HO HO HO
Eormula (IIIa) A S—="~"CooH P N0k ‘ IMN="""co0H
includes: Q\/f\{a , O\(/’\(B yand A8 :
RO SR R0 OR' RO OR'
racemic
10
RO R-Q. R-Q
.Fom1u1a (IIIb) - ‘\\\=/\/\COOH 7 .\\\—.—_/\/\COOH ‘\\WCOOH
includes: Q\/\,B , O\(/f\(a yand N\ B :
HO OR' HO O-R' HO\ R

racemic
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Formula (ITa) =

includes:

HQ.
‘\\WCOOR" / ‘\\WCOOR" ; ‘\\\=/\/\COOR"
__B . _~_B ,and B ;
R-Q O-R' R-O O-R'
¢ racemic

H

HO HO
WM SNTN > N bt
- COOH MN—="""cooH
Formula (I-A) G\,/,\{B O\/\(B
includes: N R
HO & " WO

racemic

mMo

H

WO

Mo
W =

HO,
WCOOR" - j
Formula (I-B) O\’//\’B
includes: W

IN— "N CooR" -
> B
& OH ' HO
5

racemic

The single and dashed lines in each of the above formulae can represent

optional double bonds. Thus, “-" represents either a single bond or a double
bond.
10

It has been found that the major impurities in latanoprost, particular when

produced by the methods of the present invention, include the following:

the 15(8)-cis isomer of latanoprost:

HQ

SIN=""c00Pr
‘ Ph
15 H

O OH

the 15(S)-trans isomer of latanoprost:

HQ SO0
C‘\/Y\/ Ph
HO OH

20

and the 15(R)-trans isomer of latanoprost:
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HO ;
= ‘\\\\/\/\/COO'PI'
C‘\/\/\/ Ph
HO 5H

In particular, it has been found that the isomers of latanoprost are particularly
difficult to remove because they have similar physical and chemical properties

to latanoprost.

The present applicant has found that it is possible to obtain a separation of
latanoprost from the 15(S)-cis-, 15(S)-frans- and 15(R)-frans isomers of
latanoprost Using an HPLC purification system with a chiral column. However
chiral columns are expensive and are not practical for large scale

separations.

These problems have’been solved by the use of a non-chiral column and a
particular eluent mixture in the HPLC purification of latanoprost. Accordingly,
the present invention further provides a process for the purification of
latanoprost by HPLC comprising the use as an eluent, of a mixture

comprising a hydrocarbon, an alcohol and, optionally, acetonitrile.

The use of such an eluent combination is a particularly preferred method of
purification of latanoprost when made by the processes of the present
invention. It has been found that the above eluent mixtures can achieve an

extremely high purity of the latanoprost.

Preferably, the eluent comprises a hydrocarbon, an alcohol and acetonitrile.
Advantageously, it has been found that the use of acetonitrile as a
component of the eluent in the HPLC purification of latanoprost resuits in an
improved separation of the impurities. In particular, the use of acetonitrile as
a component of the above eluent mixture results in a significantly improved

separation of the hitherto difficult to separate 15(S)-frans isomer of
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latanoprost. In particular, it has been found that the 15(S)-frans isomer does
not co-elute with the latanoprost, i.e. a baseline separation of latanoprost of
the 15(S)-frans isomer can be achieved. As a result, a higher yield of pure
latanoprost may be obtained using the above eluent system compared with

prior art procedures.

In particular the eluent systems in the present purification process comprises
a hydrocarbon in an amount range of 80-99 volume percent and an alcohol in
an amount range of 1-20 volume percent. Preferably, the eluent comprises a
hydrocarbon in an amount range of 85-99 volume percent and an alcohol in
an amount range of 1-15 volume percent. Even more preferred is an eluent
comprising a hydrocarbon in an amount range of 88-98 volume percent and

an alcohol in an amount range of 2-12 volume percent.

In the preferred acetonitrile-containing eluent systems of the present
purification process, the eluent comprises a hydrocarbon in an amount range
of 85-99 volume percent, an alcohol in an amount of 0.5-10 volume percent
and acetonitrile in an amount of 0.5-5 volume percent. Preferred is an eluent
comprises a hydrocarbon in an amount range of 86-98 volume percent, an
alcohol in an amount of 1-8 volume percent and acetonitrile in an amount of
1-6 volume percent. Especially preferred is an eluent comprising a
hydrocérbon in an amount range of 90-96 volume percent, an alcohol in an
amount of 2-6 volume percent and acetonitrile in an amount of 2-4 volume

percent.

In the above eluent systems it is preferred that the hydrocarbon is a C;to C,
straight chain, branched or cyclic hydrocarbon, wherein the hydrocarbon is
preferably an n-alkane. Hexane and heptane are especially preferred. The
hydrocarbon employed in the eluent may comprise a mixture of e.g. alkanes,
such as hexane fraction. It has been found that good results have been

obtained with n-heptane.
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Preferred alcohols in the above eluent systems are C, to C, straight chain,

branched or cyclic alkanols, with C, to C straight chain or branched alkanols '
being particularly preferred. Of these, methanol, ethanol, propan-1-ol,
propan-2-ol, butan-1-ol or butan-2-ol are especially useful. Good results have
been 'obtained with propan-2-ol (isopropanol) as the alcohol component. The
use of ethanol as the alcohol component has also produced good
separations. The alcohol component of the eluent can include mixtures of
one or more alkanols, e.g. combinations of two or more of isopropanol,
ethanol and methanol may be used, e.g mixtures in ratios of 1:1 to 3:1 have

been successfully employed.

A preferred eluent system comprises n-heptane : isopropanol : acetonitrile.
Preferred volume percent ranges of n-heptane : isopropanol : acetonitrile are
90-96% : 2-7% : 2-5%. Preferably, the ratios of n-heptane : isopropanol :
acetonitrile are in the ranges 92-94% : 3-5% :2-4%. Good results have been

obtained with ratios of 93% : 4% :3%.

The above HPLC procedures are preferably carried out on a silica gel
column. Examples of suitable columns include Waters™ Spherisorb,

Phenomenex®™ Luna Cyano and Phenomenex™™ Luna Silica.

By using the above separation procedures, it has been found possible to
produce latanoprost that is substantially free of the 15(S)-cis isomer, the
15(8)-trans isomer and the 15(R)-frans isomer. In particular, latanoprost
containing less than 0.3% in total of any combination of: 15(S)-cis isomer,
15(S)-trans isomer and 15(R)-frans isomer may be produced. Using the
process of the present invention, latanoprost containing less than 0.1% each

of 15(8)-cis-, 15(S)-trans- and 15(R)-frans isomers can be produced.

The above processes thus enable latanoprost having an extremely high

degree of purity can be obtained, e.g. greater than 98% pure, greater than
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99% pure, greater than 99.5% pure. Indeed, it has been found possible to

achieve latanoprost purities of greater than 99.8%.

The following abbreviations have been used:

5 HPLC = high pressure liquid chromatography
MPLC = medium pressure liquid chromatography
L-Selectride = lithium tri-sec-butylborohydride
DMS = dimethylsulfide
DIBAL-H = di-iso-butylaluminiumhydride

10 PPB = para-phenylbenzoyl
DBU = [1,8-diazabicyclo(5.4.0)undec-7-ene]
"BuL.i = n-butyllithium
TEMPO, free radical = 2,2,6,6-tetramethyl-1-piperidinyloxy, free radical
EtOAc = ethylacetate
15 DMF = dimethylformamide
TsOH = para-toluenesulphonic acid

KO'Bu = potassium tert-butoxide

1io
(@]

.,/

Benzoyl Corey lactone =

X7 VCH,0H
PhCOO

20 As used herein the term “alkyl” refers to C, to C, straight or branched carbon
chains. Particularly preferred alkyl groups for the compounds and processes
of the invention include methyl, ethyl, propyl, isopropyl, butyl, and tertiary
butyl.

25 The term “aryl” represents a carbocyclic group containing from six to fifteen
carbon atoms and having at least one aromatic ring. Particularly preferred
aryl groups for any of the compounds and methods of the present invention

include phenyl and naphthyl.
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The term “aralkyl” refers to an alkyl group as defined above wherein one or
more hydrogen atoms (preferably one) have been replaced by unsubstituted
Cs to C,, aryl groups as defined above. A preferred aralkyl group for the

compounds and methods of the invention is benzyl.

The term “halo” refers to fluoro, chloro, bromo or iodo.

The term “substantially free” of a particular impurity refers to less than 1%,
preferably less than 0.5%, more preferably, less than 0.3% and even more

preferably, less than 0.1% of the impurity.

The following examples illustraies the preparation of latanoprost in

accordance with the present invention:
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EXAMPLES

Solvents (chromatography grade) were dried over 3A molecular sieves prior

to use. Purified water was obtained from Loveridge.

5

The products obtained in the reactions were sealed under argon and stored in

a cold room at 4°C until required.

Column chromatography was carried out on Merck silica gel 60.
10

As a precaution, where indicated, reactions were carried out under argon.

Reaction progress was monitored by thin layer chromatography.

Unless indicated otherwise, final products were dried under high vacuum at a
15 pressure of about 0.01 kPa.

EXAMPLE 1: Preparation of (1 S, 5R, 6R, 7R)-7-Benzoyloxy-6-formy|-2-

oxabicyclo [3.3.0]octan-3-one ( PGX-5)

0 0
0 o)
H H CH,Cl, NaOCl H H
’
CH,0H TEMPO  KBr CHO

Phco”” Phco””

20 PGX-4 PGX-5

A 0.5M solution of potassium bromide was prepared by dissolving KBr (11.99g)

in purified water and then diluting with additional water to 200ml.
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2.1M Sodium hypochlorite solution (476ml,1M) was diluted to 1L by the

addition of purified water to give a 1M solution. The pH was then adjusted to

8.83 by the addition, with stirring, of solid sodium bicarbonate.

(-)-Benzyl Corey Lactone ( PGX-4) (200g, 0.724M, 1eq.) was dissolved in
dichloromethane (2L) under an inert atmosphere and 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) free radical (1.13g, 7.24mmol, 0.01eq.) and the
aqueous potassium bromide solution prepared above added. The mixture
was cooled to approximately 0°C with stirring and a portion of the aqueous
sodium hypochlorite solution prepared above (100ml) added at this
temperature. The reaction was allowed to warm to 10°C and an additional
quantity of the aqueous sodium hypochlorite solution (896ml) added at 10-
15°C over 40 minutes. After stirring for 20 minutes the reaction was shown to
be complete by TLC. The layers were separated, the aqueous phase
extracted with dichloromethane (200ml) and the combined organic phases
then washed with water (200ml) before drying over magnesium sulfate.
Filtration and washing of the filtercake with dichloromethane (2 x 200ml) gave
(1 S, BR, 6R, 7R)-7-benzoyloxy-6-formyl-2-oxabicyclo[3.3.0]octan-3-one -

(PGX-5) as a solution in dichloromethane.

EXAMPLE 2: Preparation of Dimethyl (2-oxo-4-phenylbutyl)-
phosphonate (PGX-3)

fe} O O

@) BuLi P
/T\CH3 ’ > Hco” ([) Ph

OCH3 ' (Ii) b /\/COZCHS
h

PGX-1 PGX-3

H3CO

Dimethyl methyl phosphonate (PGX-1) (346.2g, 2.79M, 1.95eq.) was
dissolved in tetrahydrofuran (2.4L) and the resulting solution cooled to -70°C

under an inert atmosphere. n-Butyllithium (2.5M in tetrahydrofuran, 1.0L,
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2.5M, 1.75eq.) was added over 105 minutes whilst maintaining the
temperature below -65°C. The resulting white suspension was stirred at
approximately -70°C for 20 minutes. A solution of methyl 3-phenyl propionate
(PGX-2) (234.8g, 1.43M, 1.0eq.) in tetrahydrofuran (400ml) was then added
over 30 minutes whilst maintaining the temperature below —65°C. The mixture
was left to stir at approximately —70°C for 2.5h until the reaction was complete
by TLC. After allowing to warm to approximately 0°C the reaction was
quenched by addition of water (800ml). tert-Butylmethyl ether (1.0L) was
added and the mixture allowed to separate. The organic phase was extracted
with water (5 x 500ml), and the combined aqueous phases acidified to pH 2
by the addition of 10% hydrochloric acid (ca. 110ml). The product was
extracted into tert-butylmethyl ether (2 x 800ml, then 5 x 500ml) and the
combined organics dried over magnesium sulfate. Filtration, washing the
filtercake with tert-butylmethyl ether (400ml) and evaporation gave the crude
product as an oil (240.4g). Distillation under reduced pressure (bp 152-156°C
at 8 x 10° — 1 x 10™ torr) gave dimethyl (2-oxo-4-phenylbutyl)phosphonate as

an almost colourless oil (214.1g 58%) .

EXAMPLE 3: Preparation of (1S, 5R,6R,7R)-7-Benzoyloxy-6-[3-ox0-5-
phenyl-(E)-l-pentenyl]-2-oxabicyclo[3.3.0]octan-3-one ( PGX-6)

O (¢]
I @) Licl
s P. (ii) Diisopropy! ethylamine
HacO™ | Ph -
OCHs (iti) PGX-5
PGX-3

PhCO PGX-6

The phosphonate ester ( PGX-3) (176.2g, 0.69M, 0.95eq.) was dissolved in
dry acetonitrile (1.8L) in an inert atmosphere and lithium chloride (153.4g,
3.62M, 5.0eq.) added. The mixture was cooled to approximately -15°C and
dry diisopropyl ethylamine (178.1g, 1.38M, 1.9eq.) added over 10 minutes
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whilst maintaining this temperature. After stirring for about 100 minutes a
solution of the aldehyde ( PGX-5) in dry dichloromethane (from Step 2)
(assumed 0.72M, 1.0eq.) was added over 20 minutes whilst maintaining the
temperature at ca. -15°C. The reaction was then allowed to warm to ambient
temperature with stirring until TLC showed it was complete. Water (200ml)
was added and the mixture evaporated in vacuo to remove the majority of the
acetonitrile. The residual slurry was partitioned between water (2.0L) and
ethyl acetate (2.0L). The organic phase was separated off and the aqueous
extracted with ethyl acetate (2 x 500ml). The combined organics were
washed with saturated brine (2 x 1L) and dried over magnesium sulfate. After
filtration, the solvent was evaporated off to a residual weight of ca. 540g and
hexane (1L) then added to the residue. After cooling to 4°C with stirring for 90
minutes the solid was filtered off, washed with hexane:ethyl acetate 4:1 (2 x
200ml) and dried in vacuo at ambient temperature to give (18,5R,6R,7R)-7-
benzoyloxy—G-[3-oxo-5-phenyl-(E)-I-pentenyl]-2—oxabicyc|o[3.3.0]octan-3-one-
as a white solid (225.8g, 77%).

EXAMPLE 4: Preparation of (R)-Tetrahydro-1-methyl-3,3-diphenyl-
1H,3H-pyrrolo [l, 2-c]jl,3,2]oxazaborole (Corey Catalyst)

HaCo_ O _-CHa "
H B B Ph
| | (i) Toluene
+ o) 0] —— N Ph
N Ph N (ii) Heat
’ I
Ph B
PN
HO CHs HeC o

(R)-(+), 1,1-Diphenylprolinol (15.20g, 60.0mMol) was dissolved in toluene
(600ml) under an inert atmosphere and trimethylboroxine (7.57g, 60.3mMol,
1.0eq.) added. The mixture was heated to reflux and approximately half of the
toluene was distilled off via a Dean-Stark trap. Further toluene (350ml) was
added and this was also distilled off via the Dean-Stark trap until a total of

710m| of distillate had been collected. The reaction mixture was then allowed



WO 02/096898 PCT/GB02/02462

5

10

15

20

25

65

to cool to ambient temperature to give (R)-tetrahydro-1-methyl-3,3-diphenyl-

1H,3H-pyrrolo[l,2-c][l,3,2]oxazaborole as a 0.25M solution in foluene.

EXAMPLE 5: Preparation of (1S,5R,6R,7R)-7-Benzoyloxy-6-[3(S)-3-
hydroxy-5-phenyl-l (E)-pentenyl]-2-oxabicyclo[3.3.0]octan-3-one ( PGX-7)

H ph
N Ph
ppo 1
~ THF

HsC” O

Borane-methyl sulphide complex

Ol

PhCO PGX-7

PGX-6 (225.19, 0.556M) was dissolved in dry tetrahydrofuran (3.5L) in an
inert atmosphere and 'Corey catalyst' prepared according to Example 4
(0.25M in toluene, 223ml, 0.1eq.) added. The mixture was cooled to
approximately -15°C and a solution of borane-methyl sulfide complex (10M
BH, concentration, 41.7mi, 417mMol, 0.75eq.) in dry tetrahydrofuran (450mi)
was added whilst maintaining the temperature at ca. 15°C. The mixture was
then stirred at this temperature for 2h until the reaction was shown' to be
complete by TLC. Methanol (200ml) was added over 30 minutes and the
mixture allowed to warm to approximately 0°C before acidification with 10%
aqueous hydrochloric acid (1.2L). Ethyl acetate (2.4L) was added and the
layers allowed to separate. The aqueous phase was exiracted with ethyl
acetate (1 x 0.8L, 1 x 0.4L) and the combined organic phases washed with
water (1 x 1.6L, 3 x 0.8L) and then brine (1L). Drying over magnesium sulfate,
filtration and evaporation in vacuo ga\}e the crude product (containing a
mixture of the desired 3(S)-isomer, PGX-7, and the undesired 3(R)-isomer
PGX-8) as an oil (242.7g). This was dissolved in dichloromethane : ethyl
acetate 2:1 (720ml) and chromatographed on silica gel 60 (12.8 Kg) eluting
with dichloromethane : ethyl acetate 2:1. Impure fractions containing a

mixture of PGX-7 and PGX-8 were evaporated and re-chromatographed
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under the same conditions. Fractions free from PGX-8 (by TLC) were
combined and evaporated. Drying in vacuo at ambient temperature gave the
desired product (18,5R,6R,7R)-7-benzoyloxy-6-[3(S)-3-hydroxy-5-phenyl-I(E)-
pentenyl]-2-oxa-bicyclo[3.3.0]octan-3-one as a white solid (167.99, 74.2%).

EXAMPLE 5a: Preparation of (1S,5R,6R,7R)-7-Benzoyloxy-6-[3(S)-3-
hydroxy-5-phenyi-l (E)-pentenyl]-2-oxabicyclo[3.3.0]octan-3-one (PGX 7)

PGX 6 (315.2g, 0.779M) was dissolved in dry tetrahydrofuran (5.7L) in an

.inert atmosphere and 'Corey catalyst' (0.25M in toluene, 312ml, 0.1eq.)

added. The mixture was cooled to approximately -15°C and a solution of
borane-methyl sulfide complex (10M BH, concentration, 58.5ml, 0.585M,
0.75eq.) in dry tetrahydrofuran (630ml) added whilst maintaining the
temperature at ca. 15°C. The mixture was then stirred at this temperature for
2h until the reaction was shown to be complete by TLC. Methanol (290ml)
was added over 30 minutes and the mixture allowed to warm to
approximately 0°C before acidification with 10% aqueous hydrochloric acid
(1.7L). Ethyl acetate (3L) was added and the layers allowed to separate. The
aqueous phase was extracted with ethyl acetate (1 x 1.1L, 1 x 0.55L) and the
combined organic phases washed with water (1 x 2L, 3 x 1L) and then brine
(1.5L). Drying over magnesium sulfate, filtration and evaporation in vacuo
gave the crude product (containing a mixture of PGX 7 and the undesired
isomer PGX 8) as an oil (349.3g). The oil was purified by the procedure given
in Example 5b.

NOTE: .
The chromatographic procedure described in Example 5 in which a 2:1

mixture of dichloromethane : ethylacetate is employed as an eluent for
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medium pressure chromatography (MPLC) on a silica gel column, suffers

from the disadvantage that the column must be re-packed after each

~ separation before subsequent aliquots of the epimeric product mixture can be

processed. Thus, such a procedure employs large quantities of both
stationary phase and eluent, as well as being time consuming. An improved

procedure is given below (Example 5b):

EXAMPLE 5b: Separation of (1S,5R,6R,7R)-7-Benzoyloxy-6-[3(S)-3-
hydroxy-5-phenyl-l(E)-pentenyl]-2-oxabicyclo[3.3.0]octan-3-one (PGX-7)
from (1S,5R,6R,7R)-7-Benzoyloxy-6-[3(R)-3-hydroxy-5-phenyl-I (E)-
pentenyl]-2-oxabicyclo[3.3.0]octan-3-one (PGX-8)

According to an | improved procedure, the crude mixture of epimers
PGX-7/PGX-8 (686.5g) made according to the synthetic procedure described
in Example 5a was crystallised from heptane fraction/ethyl acetate (7:3) to
give a crystalline mixture of epimers PGX-7 and PGX-8 (480.4¢g) that is free of
other impurities. The filtrates from the crystallisation were evaporated to give

an oil (150.3g) comprising mainly impure PGX-7/PGX-8.

The crystalline mixture was dissolved in dichloromethane:ethyl acetate (2:1)
mixture to give a stock solution (A). The evaporated impure PGX-7/PGX-8
mixture was dissolved in dichloromethane:ethyl acetate (2:1) mixture to give a
second stock solution (B). The isomer PGX-7 was then separated from
PGX-8 by medium pressure chromatography (MPLC) on a silica gel column
by sequential injection of aliquots of the stock solutions according to the

following protocol:

Injection 1: Injection of an aliquot of crystalline PGX-7/PGX-8 stock solution
(A) and collection of appropriate fractions containing pure
PGX-7 and impure PGX-7. The column was then flushed with

eluent to elute any remaining PGX-8.
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Injection 2: Injection of an aliquot of crystalline PGX-7/PGX-8 stock solution
(A) and collection of appropriate fractions containing pure
PGX-7 and impure PGX-7. Column flushed with methanol then
equilibration of column with eluent.

Injection 3:  Injection of an aliquot of impure PGX-7/PGX-8 stock solution (B)
and collection of appropriate fractions containing pure PGX-7
and impure PGX-7 and impure PGX-7. Discarded silica gel and

re-packed column with fresh silica gel and repeat cycle.

The above strategy increases the throughput of PGX-7 considerably and

avoids the need to re-pack the column after every injection.

The column fractions containing the impure PGX-7 are recycled o give more
pure PGX-7 utilising the above protocol, except that more than three

injections per column can be performed before re-packing the column.

Fractions free from PGX-8 (by TLC) were combined and evaporated. Drying
in vacuo at ambient temperature gave (i S,5R,6R,7R)-7-benzoyloxy-6-[3(S)-3-
hydroxy-5-phenyl-l(E)-pentenyl]-2-oxabicyclo[3.3.0]octan-3-one (PGX-7) as a
white solid (445.2g).

EXAMPLE 6: Preparation of (1S, 5R, 6R, 7R)-7-Hydroxy-6-[3(S)-3-
hydroxy-5-phenyl-l (E)-pentenyl]-2-oxabicyclo[3.3.0loctan-3-one ( PGX-9)

ow
I

Q-
X

PhCO PGX-7 PGX-9
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PGX-7 (152.0g, 0.374M, 1.0eq.) was dissolved in dry methanol (2.28L) under
an inert atmosphere and potassium carbonate (31.0g, 0.224M, 0.6eq.) added
in one portion. The mixture was stirred at ambient temperature for 3h until
TLC showed the reaction was complete. 5M Hydrochloric acid (65.5ml) was
added to adjust the apparent pH of the solution to about 6.8-7.0 and the
mixture then evaporated to dryness in vacuo. The sticky residue was treated
with water (1.5L) and the pH adjusted to 6.8-7.0 by the addition of 1M
hydrochloric acid (7ml). Heptane (0.45L) was added, the mixture agitatgd
vigorously and the precipitated solid filtered off and washed with heptane (2 x
150ml) on the filter. The solid was then triturated with a further quantity of
heptane (2 x 150ml). All the heptane washes were combined and added to
the original filtrates. The aqueous phase was separated off, washed with
heptane (2 x 150mi) and then extracted with ethyl acetate (1 x 450ml, 3 x
150ml). The previously isolated solid was added to the combined ethyl
acetate extracts and the mixture shaken until a solution formed. This was
washed with saturated brine (2 x 250ml) and dried over magnesium sulfate.
Filtration and evaporation in vacuo gave (1S,5R,6R,7R)-7-hydroxy-6-[3(S)-3-
hydroxy-5-phenyl-I(E)-pentenyl]-2-oxabicyclo[3.3.0]octan-3-one as a pale
yellow oil (112.1g, 99.1%).

EXAMPLE 7: Preparation of (1S,5R,6R,7R)-7-Hydroxy-6-[3(R)-(3-hydroxy-
5-phenyl)pentyl]-2-oxabicyclo[3.3.0]Joctan-3-one ( PGX-1 0)

Ph  H,/5% Pd on Carbon

Y

EtOH / aq. NaNO,

PGX-9 PGX-10

PGX-9 (111.5g 0.369M, 1.0eq.) was dissolved in ethanol (1.67L) and 5%

palladium on carbon (5.58g) added followed by a solution of sodium nitrite
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(8.90g, 0.129M, 0.35eq.) in water (100ml). The mixture was then
hydrogenated for 5h until shown to be complete by TLC. 1M Hydrochloric acid
(260ml) was added and the mixture stirred for 1h. The solids were removed
by filtration through celite, the filtrates then evaporated to give an oily-solid
residue which was partitioned between ethyl acetate (0.45L) and water
(0.45L). The layers were separated and the aqueous extracted with ethyl
acetate (2 x 0.33L). The combined organics were washed with brine (2 x
0.22L) and then dried over sodium sulfate containing 5% sodium hydrogen
carbonate. Filtration and evaporation gave (1S, 5R, 6R, 7R)-7-Hydroxy-6-
[3(R)-(3-hydroxy-5-phenyl)pentyl]-2-oxabicyclo[3.3.0]octan-3-one as a yellow
oil (110.4g, 98.4%)

NOTE:

It has been found to be possible to reduce the time period during which the
product PGX-10 is in the acid medium during the HCI work-up, and thus
minimise the potential of an acid-catalysed epimerisation of the side-chain
hydroxyl group of (1S,5R,6R,7R)-7-Hydroxy-6-[3(R)-(3-hydroxy-5-phenyl)-
pentyl]-2-oxabicyclo[3.3.0]octan-3-one

Thus, in the modified procedure, on completion of the reaction described in
Example 7, 1M hydrochloric acid was added and the reaction mi;(ture stirred
for 60 minutes as described in Example 7. The pH of the mixture was
adjusted to between 5 and 6 by addition of solid sodium hydrogen carbonate
prior to the filtration of the used catalyst, and evaporation of the filtrate to
dryness. The work-up is then completed as described in Example 7 by
extraction of the product into ethyl acetate. The following Example 7a

illustrates the improved procedure:
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EXAMPLE 7a: Preparation of (1S, 5R, 6R, 7R)-7-Hydroxy-6-[3(R)-(3-
hydroxy-5-phenyl)pentyl]-2-oxabicyclo[3.3.0]octan-3-one (PGX 10)

Ph  H,/5% Pd on Carbon

Y

EtOH / aq. NaNO,

PGX-9 PGX-10

PGX 9 (326.5g, 1.08M, 1.0eq.) was dissolved in ethanol (6.5L) and 5%
palladium on carbon (16.3g) added ‘followed by a solution of sodium nitrite
(26g, 0.377M, 0.35eq.) in water (200ml). The mixture was then hydrogenated
for 1.5h until shown to be complete by TLC. 1M Hydrochloric acid (750ml)
was added and the Imixture stirred for 1h. The pH was adjusted to 5-6 by the
addition of solid sodium hydrogen carbonate (55g). The solids were removed
by filtration through celite, the filtrates then evaporated to give an oily-solid
residue which was partitioned between ethyl acetate (1.3L) and water (1.3L).
The layers were separated and the aqueous extracted with ethyl acetate (2 x
0.975L). The combined organics were washed with brine (2 x 0.65L) and then
dried over sodium sulfate. Filtration and evaporation gave (1S, 5R, 6R, 7R)-
7-Hydroxy-6-[3(R)-(3-hydroxy-5-phenyl)pentyl]-2-oxabicyclo[3.3.0]octan-3-one
as a yellow oil (51 1.5g, 94.8%).
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EXAMPLE 8: Preparation of (1S, 5R, 6R, 7R)-6-[3(R)-(5-phenyl-3-triethyl

silyloxy)pentyl]-7-triethylsilyloxy-2-oxabicyclo[3.3.0]octan-3-one
(PGX-11)

Ph
Et3N/ Imidazole

Et;SiCl/ DMF

PGX-10

PGX-10 (109.7g, 0.360M, 1.0eq.) was dissolved in dry dimethyl formamide
(720ml) under an inert atmosphere. Imidazole (29.4g, 0.432M, 1.2eq.) and
triethylamine (102.9ml, 74.69g, 0.738M, 2.05eq.) were added and the mixture
then cooled to approximately 0°C. Triethylchlorosilane (111.2g, 0.738M,
2.05eq.) was added over 15 minutes at less than 10°C. The mixture was
allowed to warm to room temperature and stirred for 2h until TLC showed the
reaction was complete. After re-cooling to 10°C, hexane (0.55L) and water
(1L) were added and the layers separated. The aqueous phase was extracted
with hexane (1 x 0.2L, 1 x 0.1L) and the combined organics then washed with
water (2 x 0.5L) and brine (2 x 0.5L). Drying over magnesium sulfate, filtration
and evaporation in vacuo gave (1S, 5R, 6R, 7R)-6-[3(R)-(5-phenyl-3-
triethylsilyloxy)pentyl]-7-triethylsilyloxy-2-oxabicyclo[3.3.0] octan-3-one as a
yellow oil (187.4g, 97.6%).
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EXAMPLE 9: Preparation of (1S, 3RS, 5R, 6R, 7R)-6-[3(R)-(5-phenyl-3-
triethylsilyloxy)pentyl]-7-triethylsilyloxy-2-oxabicyclo[3.3.0]octan-3-01

(PGX-12)

Ph DIBAL-H / Toluene

THF

\

OsiEts

Ol

SiEtg
PGX-11

PGX-11 (186.8g, 0.3505M, 1.0eq.) was dissolved in dry tetrahydrofuran
(1.86L) under an inert atmosphere and the solution cooled to less than —70°C.
Diisobutylaluminium hydride (1.1M in toluene solution, 701ml, 0.7711M,
2.2eq.) was added to the reaction whilst maintaining the temperature below -
70°C. The mixture was then stirred at this temperature for 2h until the reaction
was shown to be complete by TLC. Methanol (132ml) was added and the
mixture allowed to warm to -5°C before addition of water (2L) followed by
acidification to pH 3 with 2M aqueous sodium hydrogen sulphate solution
(1.54L, 8.8eq.). Ethyl acetate (0.66L) was adqed and the layers allowed to
separate. The aqueous phase was exiracted with ethyl acetate (1 x 0.26L, 1 x
0.13L) and the combined organics then washed with water (2 x 1.3L) and
brine (2 x 1.3L). Drying over magnesium sulfate and evaporation in vacuo
gave (1S,3RS,5R,6R,7R)-6-[3(R)-(5-phenyl-3-triethylsilyloxy)pentyl]-7-triethyl-

silyloxy-2-oxabicyclo[3.3.0]octan-3-01 as an almost colourless oil (182.5g).
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EXAMPLE 10: Preparation of (Z)-7-{(1R, 2R, 3R, 5S)-5-Hydroxy-2-[3(R)-(5-
phenyl-3-triethylsilyloxy)pentyl]-3-(triethylsilyloxy)cyclopentyl}-5-hept-
enoic acid ( PGX-13) and (Z)-7-{(I R, 2R, 3R, 5S)-3-Hydroxy-2-[3(R)-(5-
phenyl-3-triethyl-silyloxy) pentyl}-5-(triethylsilyloxy)cyclopentyl}-5-hept-
enoic acid ( PGX-14)

% -‘“‘\\\\\E/\/\COOH
EtsSi0 H PGX-13
Ph PhsP(CH;),COHBr OSiEts
KO'Bu/ THF +
EtaSIQ
3 \W—
o COOH
_ Ph
HS H PGX-14
OSiEts

_(4-Carboxybutyl)-triphenylphosphonium bromide (459.0g, 1.0353M, 3.0eq.)

was suspended in dry tetrahydrofuran (1.84L) under an inert atmosphere and
the mixture cooled to 0°C. 1.07M Potassium tert-butoxide in tetrahydrofuran
solution (1.806L, 1.93M, 5.6eq.) was then added over 60 minutes at 0°C.
After the addition was complete the reaction was allowed to warm to
approximately 20°C and stirred for 1 hour before re-cooling to 0°C. A solution
of PGX-12 (184.6g, 0.3451M, 1.0eq.) in tetrahydrofuran (0.27L) was then
added at this temperature. The mixture was allowed to warm to room
temperature and stirred for 75 minutes until TLC showed the reaction was
complete. After re-cooling to 0°C the mixture was quenched by the addition of
water (3L) and then acidified to pH 5 with 5% aqueous citric acid solution
(1.6L). The product was extracted into ethyl acetate (1 x 1.0L, 2 x 0.4L) and
the combined organics then washed with brine (2 x 0.7L). Drying over
magnesium sulfate, filtration and evaporation in vacuo gave a mixture of (Z)-
7-{(1R, 2R, 3R, 5S)-5-hydroxy-2-[3(R)-(5-phenyl-3-triethylsilyloxy)pentyl]-3-
(triethylsilyloxy) cyclo-pentyl}-5-heptenoic acid and (Z)-7-{( R, 2R, 3R, 5S)-3-
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hydroxy-2-[3(R)-(5-phenyl-3-triethyl-silyloxy)  pentyl]-5-(triethylsilyloxy)cyclo-
pentyl}-5-heptenoic acid as a yellow oil (461.7g). This crude product
containing triphenylphosphine oxide by-product was used without purification

in the next step of the synthesis.

NOTE:

The amount of (4-carboxybutyl)triphenylphosphonium bromide used in the
above reaction is 3.0 equivalents with respect to the amount of starting
material PGX-12 used. In order to generate the ylide and the carboxylate
salt, it is treated with 5.6 equivalents of potassium fert-butoxide. The slight
deficit in the amount of potassium fert-butoxide used with respect to (4-
carboxybutyl)triphenylphosphonium bromide (2.0 equivalents required; 1.87
equivalents used) is deliberate to ensure that all of the potassium fert-

butoxide is consumed and is not present during the reaction with the lactol.

However, the present applicant has found that 2.15 equivalents of
(4-carboxybutyl)triphenylphosphonium bromide and 4.0 equivalents of
potassium fert-butoxide with respect‘to the amount of the lactol starting
material PGX-12 can be used. Advantageously, this leads to a better
conversion of PGX-12 to PGX-13/PGX-14. This is illustrated in Example 10a:
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EXAMPLE 10a: Preparation of (Z)-7-{(1R, 2R, 3R, 5S)-5-Hydroxy-2-[3(R)-
(5-phenyl-3-triethylsilyloxy)pentyl]-3-(triethylsilyloxy)cyclopentyl}-5-
hept-enoic acid ( PGX-13) and (Z)-7-{(I R, 2R, 3R, 5S)-3-Hydroxy-2-[3(R)-
(5-phenyl-3-triethyl-silyioxy) pentyl]-5-(triethy|silyloxy)éyclopéntyl}-5-
hept-enoic acid ( PGX-14)

HQ
2 \W\
S e COOH
\ Ph
Et;Si0 H PGX-13
Ph PhsP(CH»),COHBr OSiEts
KO'Bu/ THF *+
R Et3SiQ,
H OSiEts Z N
g 5 \\\\\\\__/\/\——-—
OSiEt; COOH
PGX-12
. Ph
HO H PGX-14
OSiEt,

(4-Carboxybutyl)-triphenylphosphonium bromide (965.5g, 2.18M, 2.15eq.)
was suspended in dry tetrahydrofuran (4.4L) under an inert atmosphere and
the mixture cooled to 0°C. 0.98M Potassium tert-butoxide in tetrahydrofuran
solution (4.135L, 4.05M, 4.0eq.) was then added over 60 minutes at 0°C.
After the addition was complete the reaction was allowed to warm to
approximately 20°C and stirred for 1 hour before re-cooling to 0°C. A solution
of PGX-12 (542.3g, 1.013M, 1.0eq.) in tetrahydrofuran (1L) was then added
at this temperature. The mixture was allowed to warm to room temperature
and stirred for 60 minutes until TLC showed the reaction was complete. After
ré-cooling to 0°C the mixture was quenched by the addition of water (8.6L)
and then acidified to pH 5 with 5% aqueous citric acid solution (4.5L). The
product was extracted into ethyl acetate (1 x 3L, 2 x 1.2L) and the combined
organics then washed with brine (2 x 2L). Drying over magnesium sulfate,
filtration and evaporation in vacuo gave a mixture of (Z)-7-{(1R, 2R, 3R, 5S)-
5-hydroxy—2-[3(R)—(5-phenyl-3-triethylsilyloxy)pentyl]-3-(triethylsiIyloxy) cyclo-
pentyl}-5-heptenoic acid and (2)-7-{( R, 2R, 3R, 58)-3-hydroxy-2-[3(R)-
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(5-phenyl-3-triethyl-silyloxy) pentyl]-5-(triethylsilyloxy)cyclo-pentyl}-5-
heptenoic acid as a yellow oil (1095.6g). This crude product containing
triphenylphosphine oxide by-product was used without purification in the next

step of the synthesis.

EXAMPLE 11: Preparation of Isopropyl (Z)-7-{(1R, 2R, 3R, 5S8)-5-Hydroxy-
2-[3(R)-(5-phenyl-3-triethylsilyloxy)pentyl]-3-(triethylsilyloxy)-cyclo-
pentyl}5-heptenoate ( PGX-15) and Isopropyl (Z)-7-{(1R, 2R, 3R, 5S)-3-
Hydroxy-2-[3(R)-(5-phenyl-3-triethylsilyloxy)pentyl]-5-(triethylsilyl-

oxy)cyclopentyl}-5-heptenoate ( PGX-16)

Ho H
2 \W % \w\ i
O\\\\/\/\/ - O;\\/\/\/ -
EtsSIO H PGX-13 EtsSi0 H PGX-15
OSiEts DBU / Acetone OSiEty
B —— e
+ 2-Todopropane *
EtsSIQ EtsSIQ ‘
K] W % e N g S
o COOH S coolpr
HO H PGX-14 HO £ PGX-16
GSiEtg OSIEt3

The PGX-13/14 mixture (461.1g, assumed to contain 0.3446M, 1.0eq.) was
dissolved in acetone (2.13L) under an inert atmosphere and dry 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) (290.1ml, 1.94M, 5:63eq.) added at
ambient temperature. After stirring for approximately 15 minutes, 2-
iodopropane (329.7g, 1.94M, 5.63eq.) was added and the mixture then stirred
for 16h at ambient temperature. TLC showed that the reaction was
incomplete. An additional quantity of DBU (19.1ml, 0.1275M, 0.37eq.) was
added followed, after 20 minutes, by 2-iodopropane (21.7g, 0.1275M,
0.37eq.). After stirring for 4.5h at ambient temperature the reaction was
shown to be complete by TLC. The bulk of the acetone (ca. 1.72L) was

evaporated in vacuo and the residue partitioned between ethyl acetate
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(0.67L) and 3% aqueous citric acid solution (1.6L). The organic layer was
separated off and the aqueous layer acidified to pH 6 with an additional
quantity of 3% aqueous citric acid solution (0.72L) and then re-extracted with
ethyl acetate (2 x 0.33L). The combined organic phases were washed with
3% aqueous citric acid solution (2 x 0.8L), 5% sodium hydrogen carbonate
solution (2 x 0.8L) and saturated brine (2 x 1.6L). After drying over
magnesium sulfate followed by filtration the solvent was evaporatéd off and
heptane (1.0L) and ethyl acetate (80ml) added to the residue. The mixture
was cooled to —20°C and agitated vigorously. After 30 minutes at —20°C the
precipitated solid was filtered off and washed on the filter with heptane : ethyl
acetate 9:1 (6 x 200ml). Evaporation of the filtrates in vacuo gave a yellow oil.
Heptane (600ml) was added and the solution cooled to —20°C. After 30
minutes the precipitate was filtered off and washed on the filter with heptane
(3 x 100ml). The filtrate was evaporated in vacuo to give a mixture of
isopropyl (Z2)-7-{(1R,2R,3R,58)-5-hydroxy-2-[3(R)-(5-phenyl-3-triethyisilyloxy)
pentyl]-3-(tri-ethylsilyloxy)cyclopentyl}-5-heptenoate  and isopropyl (Z)-7-
{(1R,2R,3R,58)-3-hydroxy-2-[3(R)~(5-phenyl-3-triethylsilyloxy)pentyl]-5-(tri-
ethylsilyloxy)cyclo-pentyl}-5-heptenoate as a yellow oil (238.4g).
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EXAMPLE 12: Preparation of Isopropyl (2)-7-{(1R, 2R, 3R, 58)-3,5-
bis(triethylsilyloxy)-2-[3(R)-(5-phenyl-3-triethylsilyloxy)pentyll-cyclo-
pentyl}-5-heptenoate (PGX-17)

H

..-\\\\\O

\\“\\\

. — coO'Pr
O\/\/’\/Ph
H . EtgSIQ

PGX-15

OsiEts ~
Et3N/ Imidazole . .
+ Etz8iC1/ DMF Ph
EtgsiO‘ $

The PGX-15/16 mixture (237.79g, assumed to contain 0.344M) was dissolved
in dry dimethylformamide (700ml) under an inert atmosphere. Imidazole
(14.04g, 0.206M, 0.6eq.) and triethylamine (50.3ml, 0.361M, 1.05eq.) were
added and the mixture cooled to approximately 0°C. Triethylchlorosilane
(60.6ml, 54.4g, 0.361M, 1.05eq.) was then added and the mixture allowed to
warm to ambient temperature. Stirring was continued for 2h until the reaction
was shown to be complete by TLC. The reaction mixture was then partitioned
between heptane (1.07L) and water (2.67L). After separation, the aqueous
phase was further extracted with heptane (2 x 0.27L). The combined organics
were washed with water (2 x 1.3L) and then saturated brine (2 x 1.3L). After
drying over magnesium sulfate followed by filtration the solvent was
evaporated in vacuo to give the crude product (235.0g) as a thick yellow oil.
This was dissolved in heptane (90ml) and purified by column chromatography
on silica gel (352.5g) eluting with heptane and then heptane : ethyl acetate
95:5. The relevant fractions were combined and the solvent evaporated in
vacuo to give isopropyl (Z)-7-{(1R,2R,3R,5S)-3,5-bis(triethylsilyloxy)-2-[3(R)-
(5-phenyl-3-triethylsilyloxy) pentyl]cyclopentyl}-5-heptenoate as a pale yellow
oil (210.5g).
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EXAMPLE 13: Preparation of Isopropyl (Z)-7-{(1R, 2R, 3R, 58)-3,5-

dihydroxy-2-[3(R)~(3-hydroxy-5-phenyl)pentyl]cyclopentyl}-5-heptenoate

(Latanoprost)
Et38iQ HQ,
K S PN 3 S N
o coolpr o~ coo'pr
Pyridinium-p-toluene- _
Ph sulphonate ” Ph
EtsSi0 H : WS i
8 OSiEts FGX-17 oH

PGX-17 (0.504 g, 0.65 mmol) was weighed into a 50 ml round bottom flask
equipped with a magnetic follower. Acetone (6.5 ml) was added and the
resulting colourless solution stored at room temperature under a gentle

stream of argon.

A solution of pyridinium-p-toluenesulfonate (Aldrich, 13 mg) in water (0.9 ml)
was prepared and added to the reaction solution. The resulting white cloudy
suspension was stored at room temperature under a stream of argon. The
mixture cleared after about 20 min to give a colourless solution. TLC after 3hr
indicated complete conversion to the required product. The stirring was then
stopped and the reaction mixture concentrated under reduced pressure to
remove the acetone. The residue was partitioned between ethylacetate
(10 ml) and saturated NaCl (15 ml). The organic phase was separated and
the aqueous layer extracted with more ethylacetate (2x7.5ml). The
combined organic extracts were washed with saturated NaCl (2 x 10 ml),
dried over MgSO, (0.5 g) and evaporated to dryness under reduced pressure.

The crude product was obtained as a colourless oil.

The crude product was purified by flash column chromatography. A flash
column was prepared using silica gel 60 (6 g) and hexane fraction/EtOAc
(1:1) as the eluent. The crude product (7 mg was removed as retention
sample) was dissolved in the eluent (2 ml) and loaded onto the column. The

column was then eluted with hexane fraction/EtOAc mixtures as follows:
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Hexane fraction/EtOAc  1:1 50 ml

1:2 150 ml

1:3  80ml
The fractions containing the pure product were combined and evaporated to
dryness under reduced pressure. The pure product was obtained as a
colourless viscous oil which was dried under high vacuum (0.01 kPa) to
constant weight (0.251 g, vield 89.3%).

EXAMPLE 13a: Preparation of Isopropyl (Z)-7-{(1R, 2R, 3R, 5§)-3,5-
dihydroxy-2-[3(R)-(3-hydroxy-5-phenyl)pentyl]cyclopentyl}-5-heptenoate
(Latanoprost, R23)

EtySIQ, “ HQ
3 S PN 3 S TN 00
o coolpr - o coopr
Pyridinjum-p-toluene-
Ph sulphonate - Ph
Et: SiOs é - H6= é
® Osiet PGX-17 - GH k23

PGX-17 (170.0g, 0.219M) was dissolved in acetone (1.9L) under an ninert
atmosphere and a solution of pyridinium-p-toluenesulphonate (4.52g,
18.0mMol, 0.08eq.) in water (0.3L) added. The resulting mixture was stirred at
ambient temperature for 3h until TLC showed the reaction to be complete.
After evaporation of the organic volatiles the residue was added to a mixture
of ethyl acetate (2.1L) and brine (2L). The layers were separated and the
aqueous phase further extracted with ethyl acetate (1L). The organ‘icﬁs were
combined and washed with brine (0.5L). Evaporation in vacuo gave a pale
yellow oil (166.4g). This was dissolved in hexane : ethyl acetate 1:1 (0.25L)
and purified by chromatography on silica gel (1.87Kg) eluting with hexane :
ethyl acetate (1:1 then 1.2 then 1:3). The relevant fractions were combined
and evaporated to give an almost colourless oil (78.0g). This was further
purified by isocratic preparative HPLC on a silica column eluting with heptane
(88-95%) : methanol/isopropanol (1/2) (5-12%). Evaporation of the relevant
combined cuts gave isopropyl (Z)-7-{(1R,2R,3R,5S)-3,5-dihydroxy-2-[3(R)-(3-
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hydroxy-5-phenyl)pentyljcyclopentyl}-5-heptenoate (latanoprost) as an almost
colourless oil (50.2g, 53.0%).

EXAMPLE 13b: HPLC Purification of latanoprost

HPLC purification of latanoprost was carried out using a Waters®™ Spherisorb
silica gel column. The isocratic eluent system comprised a hydrocarbon and
an alcohol in volume percent ranges of 88-98% and 2-12% respectively. The
hydrocarbons used were n-hexane, hexane fraction, n-heptane or heptane
fraction. The alcohols used were isopropanol, ethanol or methanol, either

singly or in combination in ratios of 1:1 to 3:1.

The results of typical HPLC runs using the above eluent system are shown

below:
Amount
Product

Run 1 Run 2
Latanoprost 99.89% 99.83%
15(8)-cis isomer 0.08% 0.09%
15(8S)-trans isomer 0.03% 0.07%
15(R)-trans isomer not detected not detected

Thus, it can be seen that the above solvent system achieves a latanoprost
purity of greater than 99.8% and the amounts of the undesired isomers are all

less than 0.1%.
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EXAMPLE 13c: HPLC Separation of Iatanbprost and isomers

HPLC separations of latanoprost were carried out using a Waters®™™

Spherisorb silica gel column. The isocratic eluent system comprised
hydrocarbon : alcohol : acetonitriie in volume percent ratios of
90-96% : 2-6% : 2-4%. The hydrocarbons used were n-hexane, hexane
fraction, n-heptane or heptane fraction. The alcohols_used were either

isopropanol or ethanol.

The following results are shown for a HPLC separation of latanoprost using
as eluent, a mixture of heptane : isopropanol : acetonitrile in the volume
percent ratios of 93% : 4% : 3%. The relative retention times of latanoprost,

and the 15(S)-cis, 15(S)-trans and 15(R)-trans isomers are shown below:

Product Relative Retention Time
Latanoprost 1.00
15(8)-cis isomer 0.95
15(S)-trans isomer 1.13
15(R)-trans isomer 1.23

The above results indicate that an excellent degree of separation of
latanoprost from the undesired isomers thereof can be achieved using an
eluent system comprising acetonitrile. Similar results were achieved with
Phenomenex®™ Luna Cyano and Phenomenex™™ Luna Silica columns.
Using this procedure, it is possible to achieve latanoprost that is substantially

pure, or is completely free, of the hitherto difficult to remove isomers.
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CLAIMS

1. A process for the production of a compound of Formula (IX):

A0
T
o

wherein
A represents C, to C,, aryl which may be unsubstituted or
substituted with one to three substituents independently selected from
the group consisting of (i) halo, (ii) C, to C4 alkyl and (iii) unsubstituted
10 Csto C,p aryl,

comprising subjecting a compound of Formula (X):

to an oxidation reaction in the presence of a catalytic amount of a
stable organic nitroxyl radical.
15
2. A process according to Claim 1 wherein the oxidation reaction is

carried out by electrooxidation.

3. A process according to Claim 1 wherein the oxidation reaction is

20 carried out in the presence of at least one mole of co-oxidant selected
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from the group consisting of m-chloroperbenzoic acid, high valent
metal salts, sodium bromite, sodium or calcium hypochlorite, N-chloro-
succinimide or  hypervalent iodine compounds such as

[bis(acetoxy)iodo]lbenzene.

A process according to Claim 3 wherein the co-oxidant is sodium

hypochlorite.
A process according to any preceding claim wherein the nitroxy! radical
is a completely a-substituted piperidin-1-oxy radical, such as TEMPO

free radical.

A process for the production of a compound of Formula (VII1):

no
=0

(V)

>
g\

o
O

T

0O

wherein

A represents C, to C,, aryl which may be unsubstituted or
substituted with one to three substituents independently selected from
the group consisting of (i) halo, (ii) C, to C; alkyl and (jii) unsubstituted
Cs to Cyy aryl;

B represents a substituent selected from the group consisting
of:
(i) C, to Gy alkyl, (ii) C, to C,, aralkyl, wherein the aryl group may be
unsubstituted or substituted with one to three substituents
independently selected from the group consisting of C, to Cgalkyl, halo .
and CF; and (jii) -(CH,),OR? wherein n represents 1, 2 or 3 and

R®represents a C, to C,, aryl group which may be unsubstituted or
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substituted with one to three substituents independently selected from

the group consisting of C, to Csalkyl, halo or CF,

the process comprising subjecting a compound of Formula (IX):

(@)
o\
O\ 1x)
CHO

A >

T

5 o)

On

to reaction with a compound having the structure:

2 %
B~G-CH,—P-OR"
OR"'

wherein A and B are as defined as above and each R™ is the same or
different and each represents a C,to C, alkyl group (preferably
10 methyl), the process being carried out in the presence of lithium

chloride and an organic base.

7. A process according to Claim 6 wherein the compound of Formula:
Q@ &
B—C~CH,—P-OR™
ORI"
15 is produced from the reaction of a phosphonate of structure:
(lpl)/OR"'
HSC \ORIII

with a strong base such as "Buli, to generate an anion, followed by
reaction of the anion with a compound of formula B-CO,R’, wherein R’
represents any group that can form a leaving group —OR’ (e.g. methyl

20 or ethyl).
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8. A process according to Claim 6 wherein the organic base is selected

from the group consisting of tertiary alkylamines.

9. A process according to any of Claims 6 to 8 wherein the reaction is
5 : carried out in a solvent selected from the group consisting of benzene,
toluene, acetonitrile, dichloromethane, diethylether, and mixtures

thereof.

10 A process according to any preceding claim wherein A represents

10 unsubstituted C, to C,, aryl.

11. A process according to any of Claims 6 to 9 wherein A is selected from
a C, to C,, aryl group being substituted with one substituent selected

from halo or phenyl.

15
12. A process according to any of Claims 6 to 9 wherein A represents
unsubstituted or substituted phenyl wherein the substituent is selected
from halo or phenyl.
20 13. A process according to Claim 12 wherein A represents phenyl.

14. A process for the production of a compound of Formula (VII):

_~_B (ViD

wherein

25 A represents unsubstituted C4 to C,, aryl,
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B represents a substituent selected from the group consisting
of:
(i) C, to Cs alkyl, (ii) C, to C,, aralkyl, wherein the aryl group may be
unsubstituted or substituted with one to three substituents
independently selected from the group consisting of C, to C, alkyl, halo
and CF, and (iii) -(CH,),OR? wherein n represents 1, 2 or 3 and
R®represents a C; to C,, aryl group which may be unsubstituted or
substituted with one to three substituents independently selected from

the group consisting of C, to Calkyl, halo or CF;,.

comprising reducing the side chain oxo group in the compound of
Formula (VIII):

110

/[z

(VI

>
;\

O
O

T

o)

A process according to Claim 14 wherein the reducing agent is
selected from the group consisting of borane-dimethylsulfide complex,

lithium tri-sec-butylborohydride and sodium borohydride.

A process according to Claim 14 or Claim 15 wherein the reduction
reaction is carried out in a solvent comprising tetrahydrofuran, or
diethylether.

A process according to any of Claims 14 to 16 wherein the reaction is

carried out in the presence of a borane-dimethylsulfide complex.
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A process according to Claim 17, wherein the reaction is carried out in
the presence of a chiral oxazaborolidine catalyst (Corey catalyst) to

form a single enantiomer of the compound of Formula (VI1).

A process according to Claim 18 wherein the chiral oxazaborolidine
catalyst is (R)-tetrahydro-1-methyl-3,3-diphenyl-1H,3H-pyrrole-

[1,2-c][1,3,2]-oxazaborole.

A process according to any of Claims 14 to 19, wherein the group A in
the compound of Formula (VII), represents: C, to C,, aryl which may be
substituted with one to three substituents independently selected from
the group consisting of (i) halo, i.e. fluoro, chloro, bromo or iodo, (ii) C,

to C; alkyl and (iii) unsubstituted C, to C,, aryl.

A process for the production of a compound of Formula (V):

wherein

the dashed line forms an optional double bond;

B represents a substituent selected from the group consisting
of:
(i) C, to Cq alkyl, (ii) C, to C,, aralkyl, wherein the aryl group may be
unsubstituted or substituted with one to three substituents
independently selected from the group consisting of C, to C,alkyl, halo
and CF, and (iii) -(CH,),OR? wherein n represents 1, 2 or 3 and
R® represents a C, to C,, aryl group which may be unsubstituted or
substituted with one to three substituents independently selected from

the group consisting of C, to Csalkyl, halo or CF;; and
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R’ represents the substituent:
RX

t-S|—RY
RZ

wherein R*, RY and R* are the same or different and each

independently represents C, to C; alkyl, C; to C,, aryl or C; to Cy,

5 aralkyl;

the process comprising the steps of:

(a)

10

16

(b)

20

deprotecting hydroxyl group of a compound of Formula (VII):

wherein A represents C; to C,, aryl which may be unsubstituted
or substituted with one to three substituents independently
selected from the group consisting of (i) halo, (ii) C, to C; alkyl

and (iii) unsubstituted C, to C,, arvl,

to form the corresponding hydroxy-substituted compound of
Formula (VI):

.
o
OWB VD

-

" H6 OH

optionally when the dashed line of the compound of Formula (V)

represents a single bond, the double bond of the compound of
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Formula (V1) is hydrogenated to form the compound of Formula
(VI-A):

(c) subjecting a compound of Formula (VI) or (VI-A) to a reaction
5 with a silylating agent having the formula:

wherein R*, RY and R* are as defined in Claim 21 and X
represents F, Cl, Bror I.

10 22.  Aprocess for the production of a compound of Formula (V-A):

comprising the steps of:
(a)

hydrogenating the double bond of the compound of Formula
(VHI):

. \n/o O
15 o
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to form a compound of Formula (XII):

O\/\WB (XII)
A

yo o
O

(b)  reducing the side chain oxo group of the compound of Formula (XIII) to

form a compound of formula (XIV):

_OWB (XIV)
AL G

(c)  deprotecting the hydroxyl group in the compound of Formula (XIV) to

’

form a compound of formula (VI-A):

(o]
o\

_O\/\‘/ B (VI-A)

HO OH : and

(d)  subjecting the compound of Formula (VI-A) to a reaction with a

10 silylating agent having the formula:

wherein R*, RY and R? are as defined in Claim 21 and X represents F,
Cl, Brorl.

15
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A process according to Claim 21 or 22 wherein the hydroxyl

deprotection step is carried out in the presence of a base.

A process according to Claim 23 wherein the base is selected from the

group consisting of K,CO,, Na,CO, and Li,CO,.
A process according fo Claim 24 wherein the base is K,CO;.

A process according to any of Claims 21 to 25 wherein the hydroxyl

deprotection step is carried out in a solvent comprising an alcohol.

A process according to any of Claims 21 to 26 wherein hydrogenation
reaction is carried out by catalytic hydrogenation in the presence of a

catalyst comprising palladium, platinum or rhodium.

A process according to Claim 27 wherein the catalytic hydrogenation is

carried out in the presence of sodium nitrite.

A process according to any of Claims 21 to 28 wherein the silylating
agent is selected from the group consisting of trimethyisilyl chloride,

triethylsilyl chloride and tert-butyldimethylsilyl chloride.

A process according to any of Claims 21 to 29 wherein the silylation
step is carried out in the presence of an organic base selected from the

group consisting of imidazole or trialkylamines.
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31. A process for the preparation of a compound of Formula (IV):

OH

wherein:
the dashed line forms an optional double bond;
5 B represents a substituent selected from the group consisting
of:
(i) C, to C, alkyl, (ii) C, to C,s aralkyl, wherein the aryl group may be
unsubstituted or substituted with one to three substituents .
independently selected from the group consisting of'C1 to Cqalkyl, halo
10 and CF, and (iii) -(CH,),OR? wherein n represents 1, 2 or 3 and
R? represents a C; to C,; aryl group which may be unsubstituted or
substituted with one to three substituents independently selected from
the group consisting of C, to Calkyl, halo or CF;; and

R’ represents the substituent:

15 R*

wherein R*, R’ and R* are the same or different and each
independently represents C, to C, alkyl, C; to C,, aryl or C, to C4
aralkyt;

the process comprising feducing the side chain oxo group of the

20 compound of Formula (V):



WO 02/096898

32.

10

15

20

PCT/GB02/02462
95
0
o
B \2
R-O O-R'

A process according to Claim 31 wherein the reducing agent is di-iso-

butylaluminium hydride.

A process for the production of a compound of Formula (llla) or (llIb) or

a mixture thereof:

HO . RO
SSN—">""cooH SN CO0H
A ~__B A ~__B
R-O . HO :
OR (lIa) OR (LIb)
wherein

the dashed line forms an optional double bond;

B represents a substituent selected from the group consisting
of:
(i) C, to Cg alkyl, (ii) C, to C,s aralkyl, wherein the aryl group may be
unsubstituted or substituted with one to three substituents
independently selected from the group consisting of C, to Cg4alkyl, halo
and CF, and (iii) -(CH,),OR? wherein n represents 1, 2 or 3 and
R? represents a C, to C,, aryl group which may be unsubstituted or
substituted with one to three substituents independently selected from
the group consisting of C, to Cyalkyl, halo or CF;; and

R’ represents the substituent:

RX
$—sj—RY
Rz



WO 02/096898 PCT/GB02/02462
96

wherein R, RY and R* are the same or different and each
independently represents C, to C; alkyl, C; to C,, aryl or C, to C,
aralkyl;

5 the process comprising subjecting a compound of Formula (IV):

1@

OH
\
_O.\,/'\/B av)

R'- -R

On
o

to a Wittig reaction with an ylide, the ylide being formed by reaction of
a compound of formula:
@ Q
HO,C(CHa)4P(RY)sX

10 with a strong base, wherein
R" represents C, to C, alkyl or C, to C,, aryl; and

X represents F, Cl, Bror I

34. A process according to Claim 33 wherein X represents Br.

15
35. A process according to Claim 33 or Claim 34 wherein R" represents
phenyl.
36. A process according to any of Claims 32 to 35 wherein the base is
20 selected from the group consisting of butyllithium, sodium amide,

sodium hydride, sodium methoxide, sodium ethoxide, potassium

ethoxide and potassium ferf-butoxide.

37. A process according to any of Claims 32 to 36 wherein the base

25 comprises potassium tert-butoxide.
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A process for the preparation of a compound of Formula (XI):

R-O
; “\\WCO OR'
» - B (XI)
R-0

O-R

wherein the groups R’ are the same and each represents the

substituent:

wherein R*, R¥ and R* are the same or different and each
independently represents C, to C, alkyl, C; to C,, aryl or G, to C,4
aralkyl;

the process comprising reacting a compound of Formula (llla) or
Formula (lllb), or a mixture thereof, to reaction with at least a molar

equivalent of silylating agent having the formula:

wherein R*, RY and R? are as defined above and X represents F, Cl, Br

orl.

A process for the preparation of a compound of Formula (lia) or (lib) or

a mixture thereof:
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HQ R-Q
~ "‘\\\:—/\/\COOR" ; "‘\\\z/\/\COOR"
\ 22 B G\//'\( B
R-O : HO .
O-R (Ila) O-R (ITb)

wherein

the dashed line forms an optional double bond,

B represents a substituent selected from the group consisting
of:
(i) C, to C; alkyl, (ii) C, to C,s aralkyl, wherein the aryl group may be
unsubstituted or substituted with one to three substituents
independently selected from the group consisting of C,to Cgalkyl, halo
and CF, and (iii) -(CH,),OR® wherein n represents 1, 2 or 3 and
R? represents a C, to C,, aryl group which may be unsubstituted or
substituted with one to three substituents independently selected from
the group consisting of C, to C, alkyl, halo or CF;

R’ represents the substituent:

wherein R*, R and R* are the same or different and each
independently represents C, to C,; alkyl, C; to C,, aryl or C, to Cyq
aralkyl; and

R” represents C, to C; alkyl or C; to C, cycloalkyl;

the process comprising subjecting a compound of Formula (llia) or
Formula (lllb) or a mixture thereof, to reaction with an alkyl halide of
formula R”-Hal, wherein R” represents a C, to C, alkyl group or a C, to
C, cycloalkyl group, and “Hal” represents chloro, bromo or iodo, in the

presence of DBU [1,8diazabicyclo(5.4.0)undec-7-ene].
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40. A process for the production of a compound of Formula (XII):

R-Q

7 “\\WCOO R"

\ L B (X1I)
R-O

O-R'

wherein

each R’ is preferably the same and each represents the substituent:

RX
|
§=Si—RY
5 : R

wherein

R*, RY and R* are the same or different and each independently

represents C, to C; alkyl, C, to C,,aryl or C, to C,; aralkyl; and
R” represents C, to C, alkyl or C, to C; cycloalkyl

10
the process comprising subjecting a compound of Formula (lla) or
Formula (lIb), or a mixture thereof, to reaction with at least one molar
equivalent of silylating agent having the formula:
RX
X—Si—RY
RZ
15 wherein R*, R¥ and R?* are as defined above and the group X

represents F, Cl, Bror I.
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A process for the preparation of a compound of Formula (XIl):

R-Q

S SN=—=""""COO0R"

\ ~__B (x1)
R-0 .

wherein:
each R’ is preferably the same and each represents the

substituent:

wherein R*, RY and R* are the same or different and each
independently represents C, to Cy alkyl, C; to C,, aryl or C; to Cy
aralkyl; and

R” represents C, to C; alkyl or C, to C, cycloalkyl;

the process comprising subjecting a compound of Formula (XI):

R-Q
~ S N="""""COO0R’
<:]\v¢\§,3

R-O

O-R'

wherein the groups R’ are preferably the same and each represents

the substituent:
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wherein R*, R¥ and R®* are the same or different and each
independently represents C, to C; alkyl, Cs to C,; aryl or C, to Cyg4
aralkyl;

to a transesterification reaction with an alcohol having the formula

R”-OH, wherein R” represents C, to C, alkyl or C, to C4 cycloalkyl.
A process according to Claim 41 wherein the transesterification
reaction is optionally carried out in the presence of a weak acid

catalyst such as pyridinium p-toluenesulfonate.

A process for the production of a cofnpound of Formula (I-A):

HO
7 "\\WCOOH
B I-A)
HO

OH

wherein

B represents a substituent selected from the group consisting
of:
(i) C, to C; alkyl, (ii) C, to C,, aralkyl, wherein the aryl group may be
unsubstituted or ‘substituted with one to three substituents
independently selected from the group consisting of C, to C; alkyl, halo
and CF; and (iii) -(CH,),OR? wherein n represents 1, 2 or 3 and
R® represents a C; to C,, aryl group which may be unsubstituted or
substituted with one to three substituents independently selected from
the group consisting of C, to Cyalkyl, halo or CFg;
the process comprising removing the silyl protecting groups, R’, from a
compound selected from the group consisting of
0] a compound of Formula (llla), Formula (lllb) or a mixture

thereof:
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HO R-Q
-~ ‘\\—:/\/\COOH 7 .\“\\:/\/\COOH
\ B \ ~_B
R-O AR HO

(Ila) OR (1IIb)

(i)  acompound of Formula (XI):

R-Q
I~ N="""CO0R'
N % o B (XI)
RO Sre

wherein B and R’ are as defined in any preceding claim.

A process for the production of a compound of Formula (1-B):

HQ

% .\‘\WCOOR"

\ o B (I-B)
HO |

wherein

_, B represents a substituent selected from the group consisting
of:
(i) C, to G, alkyl, (i) C, to C,4 aralkyl, wherein the aryl group may be
unsubstituted or substituted with one to three substituents
independently selected from the group consisting of C, to C,alkyl, halo
and CF, and (jii) -(CH,),OR? wherein n represents 1, 2 or 3 and
R?® represents a C; to C,, aryl group which may be unsubstituted or
substituted with one to three substituents independently selected from
the group consisting of C, to Calkyl, halo or CF;; and

R” represents, C, to C; alkyl or C, to C; cycloalkyl;

the process comprising removing the silyl protecting groups R’ from a

compound selected from the group consisting of:
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0] a compound of Formula (l1a) or (lib) or a mixture thereof:

HO R-O
~ \\\E/\/\COOR" ; “\\\\=/\/\COOR"
B A ~_B
R-O HO ,
OR (1a) O-R (Ib)

and

(i)  acompound of Formula (XII):

wherein B and R” are as defined as above.

45, A process according to Claim 43 or Claim 44 wherein the deprotection
reaction is carried out using a weak acid selected from the group

10 consisting of acetic acid, citric acid or pyridinium p-toluene sulfonate.

46. A process according to any of Claims 42 to 45 wherein the reaction is

carried out in the presence of a solvent comprising acetone and water.

15 47. A process according to any of Claims 42 to 46 wherein the group R”

represents isopropyl.

48. A process according to any preceding claim wherein B is selected from

the group consisting of (i) C, to C; alkyl, (ii) C, to C,saralkyl wherein the

20 aryl group is unsubstituted and (jii) ~(CH,),OR?®, wherein n represents 1,
2 or 3 and R® represents a C, to C,, aryl group which is substituted with

a substituent selected from halo or CF..
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49. A process according Claim 48 wherein B is selected from the group
consisting of (i) C, to Cg straight chain alkyl, (i) -(CH,),Ph and
(iii) -CH,OR?, wherein R® represents a phenyl group substituted with a

chloro or CF, group.

50. A process according to Claim 49 wherein B represents a substituent

selected from the group consisting of:

\.LL‘/\/Ph’ EAAO/@\CI ’ ‘“M/\OQCF;; and NN

10 51. A process according to any preceding claim wherein the wavy line in
side chain of compounds of any of Formulae (VIl), (VI), (VI-A), (Vj, (1Vv),
(llla), (lib), (lla), (lb), (XI), (XII) or (XIV) represents a single

enantiomer.

15 52. A process according to any preceding claim wherein the solid and
dashed line in the compounds of any of Formulae (V), (IV), (llla), (lllb),
(1a), (lib), (X1), (X1}, (1A) or (I1B) forms a single bond.

53. A process according to any preceding claim wherein the solid and
20 dashed line in the compounds of any of Formulae (V), (IV), (llla), (llib),
(a), (lib), (X, (X1, (IA) or (IB) forms a double bond.

54. A process according to any of Claims 47-50 wherein the solid and
dashed line represents a single bond and B represents -CH,CH,Ph.
25
55. A process according to any of Claims 47-50 wherein the solid and
dashed line represents a double bond and B represents a substituent

selected from the group consisting of:
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%f\o’[::L01 , %f\oj[::LoF3 and N

A process according to any preceding claim in the synthesis of a

compound selected from the group consisting of:

I
Rl®)

HQ

~ TN TN i ~ TN — TN T
¥ cooPr ¥ COOH
_ Ph N

A process for the synthesis of latanoprost comprising the steps of:

(1)  subjecting a compound of Formula (X):

i

N S

7 YCH,0H
b

O
o)

j@]

A

wherein A represents a C; to C,, aryl group, which may be

substituted with one to three substituents independently
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selected from the group consisting of (i) halo, (ii) C, to C; alkyl
and (iii) unsubstituted C; to C,, aryl,

to an oxidation reaction with sodium hypochlorite, the oxidation
reaction being carried out in the presence of a catalytic amount
of a stable organic nitroxyl radical, such as TEMPO free-radical,

to form a compound of Formula (IX) having the structure:

A @
CHO

subjecting a compound of Formula (IX) as defined above to

reaction with a compound having the structure:

O O

ph/\/u\/ I%_OR"'
(6]

Rlll

wherein R represents a C, to C, alkyl group (preferably methyl)
in the presence of lithium chloride and an organic base, to form

the compound of Formula (V1) having the structure:

1nQ

L

O\/\(\/Ph
A\[ré o

o)

reducing the side chain oxo group of the compound of Formula
(VIIT) using borane-dimethylsulfide complex, the reduction being
carried out in the presence of a chiral oxazaborolidine catalyst

to form a compound of Formula (V1) having the structure:
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(4)  deprotecting the hydroxyl group of the compound of Formula

(VII) to form the compound of Formula (V1) having the structure:

O
o\

O\/\/\/Ph

(6)  hydrogenating the double bond of a compound of Formula (VI)
in the presence of a hydrogenation catalyst, optionally in the
presence of sodium nitrite, to form a compound of Formula

(VI-A) having the structure:

0
o\

HO OH

(6)  subjecting the compound of Formula (VI-A) to reaction with a

silylating agent of formula
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wherein R*, RY and R* are the same or different and each
independently represents C, to Cy alkyl, C, to C,, aryl or C, to

C,s aralkyl, to form a compound of Formula (V) having the

structure:
O
oA
O\/\/\/ Ph
5 R-O O-R'

(7)  reducing the side chain oxo group of the compound of Formula
(V), using a reducing agent such as DIBAL-H, to form a

10 compound of Formula (V) wherein B represents -CH,CH,Ph:

OH
o\
O\/\/\/Ph

(8)  subjecting the compound of Formula (IV) to a Wittig reaction
with an ylide, the ylide being formed from the reaction of a

compound of formula:

©] ©
/5 HO,C(CHa)4PPhgX
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wherein X represents F, Cl, Br or |, with a strong base, to form a
compound of Formula (llla) or (lllb) wherein B represents
-CH,CH,Ph: A

Hq . R"Q
~ \\__/V\ et
R-O z 3 Y
5-R HO SR

or a mixture thereof;

alkylating the carboxylic acid group of the compound of Formula
(Iha) or (llib), or a mixture thereof, with isopropyl iodide in the
presence of DBU, to form the compound of Formula (l1a) or (lIb),

having the respective structures:

HQ R-Q

- ~“‘\WCOOiPr Y -“\\WCOOIPF
\ Ph O\/\/\/ Ph
R'-O (:)_Rl HG 6_Rl

or a mixture thereof; and
removing the protecting groups from the compound of Formula

(l1a) or (lIb), or a mixture thereof, to form latanoprost:

- \\W H
SN— COO'Pr
\ Ph

T
WO

A process for the synthesis of latanoprost according to Claim 57, the

process comprising carrying out steps (1) and (2) as defined in

Claim 57, carrying out the following steps (3°), (4’) and (5°):
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(3") subjecting the double bond of the compound of Formula (VIil) to a
hydrogenation reaction in the presence of a hydrogenation catalyst, the
reaction being carried out optionally in the presence of sodium nitrite,

to form a compound of Formula (XIll) wherein B is -CH,CH,Ph:

e
) )*o

A

\[r O
0o

11

o

(4) reducing the side chain oxo group of the compound of Formula (XIII)
using borane-dimethylsulfide complex, the reduction being carried out
in the presence of a chiral oxazaborolidine catalyst, such as
(R)-tetrahydro-1-methyl-3,3-diphenyl-1H,3H-pyrrole[1,2¢]-[1,3,2]oxaza-

10 borole, to form a compound of Formula (XIV) wherein B is -CH,CH,Ph:

A_d =
\[r OH
0 ; and

(5') deprotecting the hydroxyl group of the compound of the above

compound of Formula (XIV), preferably using K,CO, in methanol, to
form a compound of Formula (VI), wherein the dashed and solid lines

15 represent a single bond, and B is -CH,CH,Ph:
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subjecting the above compound of Formula (VI) to reaction steps (6),
(7), (8), (9) and (10) as defined in Claim 56.

59. A process for the synthesis of latanoprost comprising carrying out
5 steps (1) to (8) as defined in Claim 57 or Claim 58, to form a mixture
comprising the compounds of Formula (llla) and Formula (lllb) wherein

B represents —CH,CH,Ph:

=\ R-Q
O;/:v/i/\COOH A S="""cooH
& Y Ph .O\/\/\/Ph
R-0 o-R HO AR
and further carrying out the steps of:
10 (9a) subjecting said mixiure to reaction with at least one molar

equivalent of silylating agent to form a compound of Formula
(XI) wherein B represents —CH,CH,Ph:

R-Q
7 ‘\\\WCOO R'
\ Ph

R'-O 6_R'

wherein each R’ is as defined as above;

15 (10a) subjecting the compound of Formula (XI) to a transesterification
reaction with isopropanol, optionally in the presence of a weak
acid catalyst, such as pyridinium p-toluenesulfonate, to form the

compound of Formula (XII) wherein B represents -CH,CH,Ph:

R-O
7 .\‘\WCOOiPr
\ Ph
R-O O-R' - and
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(11a) removing the protecting groups R’ to form latanoprost.

A process for the production of latanoprost comprising carrying out
steps (1) to (9) as defined in Claim 57 or Claim 58, to form a mixture
comprising the compounds of Formula (lla) and Formula (lIb) wherein
B represents -CH,CH,Ph:

HO R-Q
; .\\\WCOOR" 7 “\\WCOOR"
\ Ph \ Ph
R“O 6_R' Hd 6_R|

and further carrying out the steps of:
(10b) subjecting said mixture to reaction with at least one molar
equivalent of silylating agent to form a compound of

Formula (XIl) wherein B represents —CH,CH,Ph:

R-Q
; NN i
* COO'Pr
\ Ph
R-O G_Rl : and

(11b) removing the protecting groups R’ to form latanoprost.

A compound of Formula (VIII):'

0
o\

(Vi)

>
\g

o~
O
O

wherein
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A represents unsubstituted C, to C,, aryl; and

B is as defined in any preceding claim.

62. A compound of Formula (VII):
B (VID)

or a single enantiomer thereof,
wherein
A represents unsubstituted C, to C,, aryl; and
B is as defined in any preceding claim.
10

63. A compound of Formula (VI):

O
o\

B (VD

g\

T
O

OH

or a single enantiomer thereof,
wherein B is as defined in any preceding claim.
15
64. A compound of Formula (VI-A):
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or a single enantiomer thereof, wherein B is as defined in any preceding
claim.

5 65. A compound of Formula (V):

or a single enantiomer thereof,

wherein B and R’ are as defined in any preceding claim.

10 66. A compound of Formula (IV):
OH
2%
_ B avy
R-O O-R'

or a single enantiomer thereof,

wherein B and R’ are as defined in any preceding claim.

15 67. A compound of Formula (llla) or (llb):
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HO R-Q
\‘\\:/\/\COOH ."‘\\=/\/\COOH
_~__B _~__B
R-O HO
or single enantiomers thereof
wherein B and R’ are as defined in any preceding claim.
68. A compound of Formula (lla) or (lIb):
HQ R-Q
~ \‘\WCOOR' v "\\\\:/\/\COORI 1
_~_B _ B
R-0 : HO
OR (I1a) O-R Ib)

or a single enantiomer thereof,

wherein B and R’ are as defined in any preceding claim.

69. A compound of Formula (XI):

R-Q
A~ Co0R!
O\/\( 5 X
R-O »

O-R'

or a single enantiomer thereof,

wherein B and R’ are as defined in any preceding claim.

70. A compound of Formula (XI1):
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or a single enantiomer thereof,

wherein B and R’ are as defined in any preceding claim.

A compound of Formula (XII1):

ile]
" J=~o

_O\/\'r B (XIID)
A -

\n/ 0]
0

On

whereih A represents unsubstituted C; to C,, aryl, and B is as defined

in any preceding claim.

A compound of Formula (XIV):

(XIV)

@)

IR QO
"'I% o
us]

A OH

T
0

or a single enantiomer thereof, wherein A represents unsubstituted

C, to C,, aryl and B is as defined in any preceding claim.

Use of an intermediate as defined in any preceding claim in the

manufacture of latanoprost.

Use of an intermediaie as defined in any preceding claim in the
manufacture of cloprostenol, fluprostenol, travoprost, PGF,,, or other

PGF analogue.
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75. Use of a silylating reagent of formula

RX
X—Si—RY
i

wherein the groups R*, RY, and R* can be the same or different each
represents a C, to Cy alkyl group or a C; to C,, aryl group, and X
5 represents F, Cl, Br or |, for protecting a hydroxyl group of an
intermediate in the synthesis of a prostaglandin or prostaglandin

analogue.

76. Use according to Claim 75 wherein the prostaglandin or prostaglandin
10 analogue is based on PG-A, PG-B, PG-C PG-D or PGF.

77. Use according to Claim 76 wherein the prostaglandin or prostaglandin

analogue is based on PGF,,.

15 78. Use according to Claim 76 or Claim 77 wherein the prostaglandin

analogue is latanoprost, cloprostenol, fluprostenol and travoprost.

79. A process for the purification of latanoprost by HPLC comprising the
use as an eluent, of a mixture comprising one or more hydrocarbons,

20 one or more alcohols and, optionally, acetonitrile.

80. A process according to Claim 79 wherein the eluent comprises at least

one hydrocarbon, at least one alcohol and acetonitrile.

25 81. A process according to Claim 79 wherein the eluent comprises a
hydrocarbon or a mixture of hydrocarbons in an amount range of 80-99
volume percent and an alcohol or a mixture of alcohols in an amount

range of 1-20 volume percent.
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A process according to Claim 81 wherein the eluent comprises a
hydrocarbon or a mixture of hydrocarbons in an amount range of 85-99
volume percent and an alcohol or a mixture of alcohols in an amount

range of 1-15 volume percent.

A process according to Claim 82 wherein the eluent comprises a
hydrocarbon or a mixture of hydrocarbons in an amount range of 88-98
volume percent and an alcohol or a mixture of alcohols in an amount

range of 2-12 volume percent.

A process according to Claim 83 wherein the eluent comprises a
hydrocarbon or a mixture of hydrocarbons in an amount range of 85-99
volume percent, an alcohol or a mixture of alcohols in an amount of
0.5-10 volume percent and acetonitrile in an a\mount of 0.5-5 volume

percent.

A process according to Claim 84 wherein the eluent comprises a
hydrocarbon or a mixture of hydrocarbons in an amount range of 86-98
volume percent, an alcohol or a mixture of alcohols in an amount of 1-8

volume percent and acetonitrile in an amount of 1-6 volume percent.

A process according to Claim 85 wherein the eluent cdmprises a
hydrocarbon or a mixture of hydrocarbons in an amount range of 90-96
volume percent, an alcohol or a mixture of alcohols in an amount of 2-6

volume percent and acetonitrile in an amount of 2-4 volume percent.

A process according to any of Claims 79 to 86 wherein the
hydrocarbon component comprises at least one Cgto C, straight chain,

branched or cyclic hydrocarbon.

A process according to any of Claims 79 or Claim 87 wherein the

hydrocarbon component comprises an n-alkane.
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A process according to any of Claims 79-88 wherein the hydrocarbon

is hexane or heptane.

A process according to any of Claims 79-89 wherein the alcohol
component comprises at least one C, to C, straight chain, branched or

cyclic alkanol.

A process according to any of Claims 79-90 wherein the alcohol
component comprises at least one C, to C; straight chain or branched

alkanol.
A process according to any of Claims 79-91 wherein the alcohol
component comprises at least one of methanol, ethanol, propan-1-ol,

propan-2-ol, butan-1-ol or butan-2-ol.

A process according to any of Claims 79-92 wherein the alcohol

comprises propan-2-ol.

Latanoprost substantially free of the 15(S)-cis isomer, the 15(S)-frans

isomer and the 15(R)-frans isomer.
Latanoprost according to Claim 94 containing less than 0.3% in total of
any combination of: 15(S)-cis isomer, 15(S)-frans isomer and

15(R)-trans isomer.

Latanoprost according to Claim 95 containing less than 0.1% each of

15(S)-cis isomer, 15(S)-trans isomer and 15(R)-frans isomer.
Latanoprost having a purity of greater than 98%.

Latanoprost according to Claim 97 having a purity of greater than 99%.
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99. Laténoprost according to Claim 85 having a purity of greater than
99.5%.

100. Latanoprost according to Claim 86 having a purity of greater than
5 99.8%.

101. Latanoprost according to any of Claims 94 to 100 when made by a

process according to any of Claims 80 to 93.

10
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