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Development of a Catalytic Cuprate 1,6-Conjugate Dienone Addition Process for the
Manufacture of Fulvestrant EAS, a Key Intermediate in the Synthesis of Fulvestrant

Philip J. Hogan, Lyn Powell,* and Graham E. Robinson

Process Chemistry Department, AstraZeneca, Slk Road Business Park, Macclesfild, Cheshire SK10, United Kingdom

Abstract:

Thepaper describesthe development of a processto akey steroidal
intermediate in fulvestrant, the active pharmaceutical ingredient
of the anticancer agent Fadodex. Synthesis of the intermediate,
known within AstraZeneca as fulvestrant EAS, involves the
copper-catalysed 1,6-conjugate addition of a Grignard reagent to
a geroidal dienone. The reaction temperature and the order and
rate of addition of the reagents have a dramatic effect on the
overal yield of the desired compound. A novel aspect of the
development was the monitoring of transient colour changes
associated with the catalytic cycle as an important aid to process
optimisation.

Introduction

7a-[9-(4,4,5,5,5-Pentafluoropentyl sulfinyl)nonyl] estra-
1,3,5,(10)-triene-3,1743-diol, (fulvestrant, 6) is the active phar-
maceutical ingredient of fadodex, a steroidd anti-estrogen
targeted towards advanced breast cancer. The research synthetic
route of the active ingredient is well documented,*? as is the
manufacturing route (Scheme 1).2 The key step is the
carbon—carbon bond formation at C-7 on the steroid nucleus
to give fulvestrant EAS, (4, Scheme 1, steps a and b).
Fulvestrant 6 is then obtained after subsequent and sequential
aromatization of the steroid A-ring, hydrolytic removal of the
17-acetate and oxidation of the side-chain sulfide (Scheme 1,
steps c—e), followed by recrystalization to remove the un-
wanted 75-isomer.

The 1,4-Michagl addition of a Grignard reagent to a
conjugated enone in the presence of a copper(l) sat is well-
established methodology,* as is that of copper-mediated, 1,6-
addition to a conjugated dienone.®> Thus, in our synthetic route
to fulvestrant we chose to use this methodology to introduce
the alkyl group at the 7-position of the steroidal backbone, via
the copper-mediated, conjugate addition of fulvestrant Grignard
reagent, 3 to fulvestrant dienone, 1 (Scheme 1, steps aand b).
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Scheme 1. Synthetic route to fulvestrant 62
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In early development, fulvestrant EAS, 4, was prepared in
a‘stoichiometric’ process involving addition of dienone 1to a
dialkylcuprate reagent prepared from 1 mol equiv of copper(l)
iodide (Cul) and 2.06 mol of Grignard, 3 & —30 °C.
Subsequently, a much more efficient cataytic process was
developed, which employed low levels of copper(l) chloride
(0.08 mol equiv) and required sgnificantly less Grignard 3 (1.54
mol equiv). The development of the stoichiometric process
(during which the important by-products were identified) and
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that of the cataytic process for the formation of fulvestrant EAS,
4, is described below.

Results and Discussion

Stoichiometric Process. Addition of Grignard reagent 3 to
dienone 1 at —30 °C in tetrahydrofuran (THF) was found to
occur exclusively with 1,6-selectivity in the presence of the
Cu(l) sdt with no indication of 1,2- or 1,4-addition products.
In the absence of the Cu(l) sdt at —30 °C, mostly 1,2-addition
products are formed together with fulvestrant dienone 1
regenerated on workup, resulting from enolised dienone 7.
Similar copper-mediated 1,6-selectivity has been observed by
many other groups.> With aview to the manufacturing process,
cuprous chloride was chosen in favor of cuprous iodide as the
Cu(l) source in order to avoid the unwanted ‘purple plume
asociated with incineration of iodide-containing agueous waste
liquors.

QA
Me

BrMgO 7

During early development, inconsistent formation of the
Grignard 3 on scale-up was a serious issue. Successful and
reproducible formation of 3 was found to be highly dependent
upon the quality of the side-chain bromide. Fulvestrant bromide
2 was successfully purified using awiped film evaporator since
conventional vacuum digtillation led to its degradation. It was
also important to store the purified bromide 2 at low temperature
in order to minimise degradation.

The overdl yield of 4, the fulvestrant (7o+/3)-EAS, by the
‘stoichiometric’ process was about 89%, with an o isomer
ratio of 2.5:1, i.e.,, about 64% (as 7-o-isomer). In addition to
the desired 7o-EAS isomer and its unwanted 7/3-EAS isomer,
two magjor reaction by-products were observed (Scheme 2): the
symmetrical “Wurtz” dimer impurity 8, and the dkane 9, arising
from homocoupling and hydrolysis of the akyl group of the
organocopper reagent, (R,CuMgBr). Minor quantitities of
alcohol 10 are dlso formed by aerid oxidation of the organo-
copper reagent.

The highly crystalline 8, which accounts for about 5% of
the yield by weight, can be removed from the product ail by
crystalization from methanol during workup. Much more
troublesome, however, was impurity 9. Impurity 9 is an oil a
room temperature which in the ‘stoichiometric’ process is
theoretically formed to the extent of 1 mol equiv on workup.
Indeed, its remova necessitated the use of chromatography.
Large-scade industrial use of chromatography was unattractive
at the time (late 1980s to early 1990s), due to the large solvent
usage and the lack of in-house facilities. Furthermore there are
significant cost implications associated with the large excess
of bromide 2 required in the stoichiometric process. Attempts
based on the use of a dummy ligand,*s"%2 to reduce the usage
of 2 and hence the formation of high levels of 9 met with little
success. The implications of these problems for potentia large-

Scheme 2. Reaction by-products
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scale manufacture prompted the development of an aternative
catalytic process.

Development of a Catalytic Process. Early literature reports
described the successful use of catalytic copper(l) sdts for
coupling between simple akyl Grignard reagents and steroidal
dienone in an ‘al-in’ process a 0 °C, provided that oxygen
wasrigoroudy excluded during the quenching procedure. Yields
obtained were in the region of 68—78% on exclusion of oxygen,
compared with a variable 6—50%® otherwise. An ‘al-in’
catalytic process, however, did not work well for our system.
The active organocuprate 11 isless thermally stable than those
previousy used and has to be formed and used at temperatures
below —20 °C in order to avoid substantial degradation. At
temperatures below —20 °C the ‘al-in’ cataytic process gave
mostly 1,2-addition products and unreacted 1, an outcome
similar to that observed in the absence of Cu(l) salts. The results
pointed to the inability of the catalytic cycle to compete
effectively with unwanted enolisation and 1,2-addition reactions
under these conditions.

Br Mg’ CU\E/H\/S\/\/CFZCFs]
7 2

11

The widdly accepted reaction mechanism for the cataytic
process, based on NMR and other experimental evidence®”
involves several steps. Thefirst isthe generation of 11 through
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Scheme 3. Catalytic cycle mechanism
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This is followed by the reversible formation of a copper
m-complex, 12, between 11 and dienone 1 (eq 2), which then
transforms into a short-lived o-copper(l11) species 13 (eq 3).
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Reductive elimination to give the desired 4 and monoakylcu-
prate 14, which reacts with excess Grignard reagent 3 to reform
the active diakylcuprate 11 (egs 4 and 5), completes the

cataytic cycle.
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The overdl cataytic cycle is summarised in Scheme 3.
There are two obvious possibilities for the poor performance
of the catalytic cyclein an ‘dl-in’ process. Thefirst isthat that
at temperatures below —20 °C, enolisation of 1 by the excess
Grignard 3 isinherently faster than the rate of formation of the
o-copper(I11) species 13 and subsequent reductive elimination
of the monoalkylcuprate 14, thus disrupting the catalytic cycle.
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The second is that at catalytic levels of copper, the bulk of
Grignard 3 and dienone 1 are necessarily outside the catalytic
cycle for the mgjority of the reaction and are free to react
together in a competing ‘ copper-free’ reaction to give enolate
plus 1,2-addition. In the latter case the most likely solution
would be the controlled addition of 1 or 3 (or both) to the
reaction mixture a a rate that would prevent buildup of the
resgents and thus minimise competing enolisation and 1,2-
addition reactions. Earlier workers have reported the successful
use of controlled addition of enone or Grignard or both to
achieve moderate-to-high yielding catalytic processes >.708-11

Of the three possible controlled addition modes, we rejected
a simultaneous, doubly controlled addition of equi-molar
reagents to the catalyst reaction mixture because of anticipated
difficulties on scale-up to our manufacturing plant. Furthermore,
it was found that at low Cu (1) levels, addition of dienone (1)
to amixture of Grignard 3 and the copper sat gave substantialy
better yields than the alternative addition of 3 to the dienone 1
and copper sdt. Inthe best case, a90% yield of 4, in the former
mode was achieved, compared with 66% in the latter, although
the o3 ratio was less favorable a 3.5:1 compared with 4.6:1.
We therefore concentrated devel opment work on the controlled
addition of dienone 1 to a mixture of Grignard 3 and the copper
st

Process Optimisation. Distinctive and helpful colour
changes occur during our mode of addition. Thus, addition
of a portion of a THF solution of 1 to the stirred yellow-
green mixture of 3 and a catalytic quantity of CuCl in
THF at below —20 °C leads to the immediate formation
of abright orange-red colour. This orange-red colouration
reverts back to yellow-green in afew seconds, depending
on the rate of the dienone addition and the reaction
temperature. If the addition rate is too fast, the orange-
red colour persists, and on workup the reaction gives lower
yields of 4, together with 1,2-addition products and
recovered 1. The formation of transient colour, which
persists in the excess of reagent, has been noted by other
workers.2 At temperatures below —40 °C the solution also
remains orange-red, and the yield is lowered. With
decreasing temperature, at —60 to —78 °C, mostly 1 is
recovered from the reaction mixtures.

These colour changes may be reasonably explained with
respect to the accepted reaction mechanism and importantly we
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3083. (b) Marshall, J. A.; Andersen, N. H. iminitmisiagg. 1966, 31,
667-673. (c) O'Rellly, J. M.; Li, N.; Duax, W. L.; Brueggemeier,
R. W. ibdamisiaig 1995, 38, 2842-2850.
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were able to use them to optimise the reaction conditions. We
believe the orange-red colour to be associated with the formation
of the copper s7-complex 12, such complexes being known to
be yellow to deep orange-red in colour.®24¢ Correspondingly,
we relate the disappearance of the colour to product formation,
as have others.® Thus, if the rate of addition of dienoneis too
fast, the catalytic cycle becomes saturated with respect to
dienone, indicated by persistence of the colour, and the excess
dienone reacts with Grignard 3, leading to a poor reaction
outcome. If the addition rate istoo dow or the temperature too
high, then the solution goes black due to decomposition of the
organocuprate 11, and conjugate addition thus ceases. The
system can be reactivated with fresh CuCl, but higher levels of
impurities, remova of an increased amount of the 17-acetate
protecting group, and recovery of 1 after workup is observed.
At the extreme of low temperatures employed for the reaction
(~—40 °C), the orange-red colour again persists, in this case
because of dow turnover of the cycle and unreacted 1 remains
even after long reaction times. We note that it is important in
our case to consume dl of 1, as failure to do so results in the
formation at the subsequent aromatisation stage of 15, a A®
estradiol impurity which is difficult to remove from the final
product 6.

MeOH

15

The result of these indicative colour changes is that the
reaction in the laboratory can effectively berun asa‘titration’,
with each successive aiquot of 1 being added following the
‘end-point’ from the previous aliquot. In this way the reaction
temperature, the addition rate and the cuprous chloride charge
were optimised at —30to —35 °C, 3to 5 h and 0.08 mol equiv,
respectively, giving rise to a combined isolated yield of about
90%, with an ouf3 ratio of 2.5—3.5:1.

Although UV and NMR82de .14 spectroscopy have been
used to follow the reaction, to the best of our knowledge, this
isthefirst timethat titration by colour (or indeed visible spectra)
has been used to follow and optimise a conjugate cuprate
addition reaction. Earlier workers?de.1314 haye shown spec-
troscopicaly the disappearance of a transent intermediate
species associated with the copper z-complex; conjugate
addition can be dow below —40 °C with acid quenching of
the copper -complex at —78 °C giving only starting eneone.®

Findly, the mixture of 3 and cuprous chloride in THF was
found to be stable under a nitrogen atmospherefor at least 12 h
at —34 °C. Thismay be related to the diakyl sulfide structure
of 3.5

HPLC Analysis. Analysis of the reaction mixture by HPLC
during the addition of 1 was used to back-up the ‘titration’
method. Drown-out conditions for the reaction samples were

HO
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Olmstead, M. M.; Power, P. P. . 1990, 112, 8008—
8014. (c) Powell, L.; Mahmood, A.; Robinson, G. E. Submitted to
Org. Process Res. Dev. 2010.

Scheme 4. Product isomerisation
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found to be critical to the success of the analyses and indeed
for the workup of thefinal reaction mixture. Anaerobic sampling
and drown-out into nitrogen-degassed glacial acetic acid,
followed by further dilution with the eluent, gave reproducible
results and resulted in the direct formation of the desired
conjugated A*-3-ketone 4. Quenching with glacial acetic acid
has been employed by others®# and was also adopted in our
reaction workup procedure to prevent impurity formation. In
contrast, quenching in nitrogen-degassed water or agueous
ammonium chloride solution gave 17, the unconjugated AS-3-
ketone product through kinetic protonation of the intermediate
enolate 16, and required isomerisation to 4 with acid’” (Scheme
4).

Nature of the Copper Catalyst. Several copper compounds
have been used to catalyse the addition of Grignard reagentsto
dienones.* The following copper(l) catalysts were purchased
or prepared and investigated as aternatives to CuCl in the
catalytic process. tetrakigiodo(tri-n-butyl phosphine)copper(1)],
phenylthiocopper, cuprous bromide- dimethyl sulphide complex,
cuprous acetate, cuprous cyanide, and lithium 2-thienylcyano-
cuprate. With the exception of cuprous iodide and acetate, in
the other cases the a/f-isomer ratios were poorer than with
CuCl, and there was evidence of decompostion. Finaly,
dilithium tetrachlorocuprate gave an o/f3-isomer retio of 3.3:1
but in a disappointing 50% yield of 4.

We note aso that trimethylsilyl chloride®8s16 and tetram-
ethylenediamine (TMEDA)' have been used by other workers
to activate the conjugate addition, but in our case they offered
no advantages and resulted in lower yields.

Reaction Workup. The reaction mixture was quenched into
acetic acid under anaerobic conditions and the mixture diluted
with water. THF was removed by distillation and the required
product 4, extracted into isohexane. The product 4 is an ail
and is not readily purified at this stage, but the isohexane
solution, which aso contains by-product from the preparation
of 3, can be used satisfactorily in the next stage.

Fulvestrant Grignard (3) Manufacture. Conversion of 2
to 3 isexothermic and calculationsindicated that the heat output

(16) Sekata, H.; Kuwajima, I. . 1987, 28, 5719-5722.

(17) Grunwell, J. F.; Benson, H. D.; O'Neal Johnston, J.; Petrow, V.
Sergids 1976, 27, 759-771.

(18) Johnson, C. R.; Marren, T. N 1987, 28, 27-30.
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(270 kJ mol™1) would lead to an unacceptable adiabatic
temperature rise of 65 °C. A strategy for safe operation of the
process was developed which involved adding 2 in four portions
to a suspension of magnesium and initiator in THF at 45 °C.
After each addition, reaction was confirmed by observing a
temperature rise of 5—10 °C before addition of the next portion
of 2. Strength determination was by anaerobic titration with a
dry acohal, such as sec-butanal, in a dry nonaqueous solvent,
such as xylene, using 1,10-phenanthroline as indicator.’® The
yield was typicaly in the range 85—90%, with the main by-
product being 8, together with small amounts of 9 and 10
(Scheme 2) formed from moisture and oxygen ingress, respec-
tively. In the laboratory, the Grignard initiation was ac-
complished with iodine. On a plant-scale manufacturing cam-
paign, a smal quantity of 3 prepared separately in our Large
Scale Laboratory, using iodine asinitiator, was used to initiste
the first batch of 3. The bulk of the resulting solution of 3 was
transferred to a second reactor vessd for the conjugeate addition,
with a small residue (or hedl) being left behind to initiate the
subsequent batch. This process of using a small hee from the
previous batch as an initiator for subsequent formation of 3 has
proven extremely reliable in development and commercia
manufacture, allowing several batches to be prepared without
the need for anaytical monitoring before use in the next stage.

The heel solution of 3 could be stored for long periods under
an inert nitrogen atmosphere without detriment to its perfor-
mance as an initiator.

Process Stoichiometry. The optimum molar stoichiometry,
based on the best yields of 4 from 1 of 85—90%, was the
following:

1543:1.01:0.08 CuCl.

This may be compared to the “stoichiometric” cuprate
process, which employed the following:

2063:1.01:1.0CuCl.

Summary and Conclusions

By utilising the colour changes accompanying the catalytic
cycle in laboratory reactions, we have been able to develop a
robust and reproducible catalytic cuprate process to produce 4
in excellent yields. The catalytic procedure employs 25% less
2 and 92% less cuprous chloride than the original stoichiometric
organocuprate process, afording both economic and environ-
mental savings. This process has scaled up well and has been
employed in our commercial manufacturing unit, producing
tonne quantities of 4.

Recent Developments

Subsequent work on small-scale reactions has shown that
high yields of 4 (93%, 707 = 12.1), may be achieved by
dow addition of 3 to the dienone 1 and copper salt (CuCl) at
—20 °C, provided that higher levels of CuCl, (typicaly 0.5
equiv) are used. Full details are given esewhere.®

(19) (a) Watson, S. C.; Eastham, J. F. . 1967, 9, 165—
168. (b) Lin, H.-S.; Paquette, L. A. . 1994, 24, 2503—
2506. (c) Vogel, A. I. Vogel's Textbook of Practical Organic
Chemistry, 5th ed.; Wiley: New York, 1994; p 443.

(20) Macdonald, P. L.; Bigatti, E.; Rossetto, P. Int. Appl. WO/2006/015081,
2006.

1192 o Vol 14, No. 5, 2010 / Organic Process Research & Development

Experimental Section

Preparation of Grignard (3) Initiator. The terms relative
volume and relative weight refer to (2).

Fulvestrant bromide 2 (0.2 mol equiv) is added to magne-
sium raspings (1.15 mol equiv) and THF (2.0 relative volumes).
lodine (0.001 relative weight) is added to initiate the reaction.
The mixture is diluted with more THF (2.75 relative volumes),
and the temperature is raised to about 45 °C. Further 2 (0.8
mol equiv) is added in several portions. The mixture is cooled,
excess magnesium is alowed to settle out, and the solution of
3 is decanted prior to use in the next stage.

Preparation of Fulvestrant EAS 4. The term rédative
volume refers to the weight of 1.

To asolution of Grignard initiator 3 (about 0.05 mol equiv),
maintained under an inert nitrogen atmosphere, is added
magnesium raspings (2.19 mal equiv) and THF (8.4 relative
volumes), and the mixture is heated to about 45 °C. Fulvestrant
bromide 2 (0.247 mol equiv) is added to initiate the reaction;
then the mixture is diluted with THF (2.2 relative volumes),
and more 2 (1.54 mol equiv) is added in severd portions,
maintaining the temperature a about 45 °C. The mixture is
cooled, and excess magnesium is dlowed to settle out. To
initiate subsequent batches of 3, 17% of the solution is retained,
and the remaining 83% of the solution of 3 is decanted for use
in the next stage.

The solution of 3 (1.35 mal equiv) in THF is diluted with
more THF (2.1 relative volumes) and cooled to —34 °C, and
then cuprous chloride (0.078 mol equiv) is added. A solution
of (1) (1.00 mol equiv) in THF (4.7 relative volumes) is added
over about 3.5 h at —34 °C. The reaction is quenched with a
solution of glacia acetic acid (4.47 mol equiv) in THF (1.3
relative volumes), and the mixture iswarmed to 20 °C and then
diluted with water (7.0 relative volumes). THF is removed by
digtillation, and after the addition of more water (3.0 relative
volumes), the product is extracted into isohexane (5.0 relative
volumes). The organic phaseis separated and washed with 25%
wiv agueous potassium chloride solution (4.9 reletive volumes).
The solution of 4 in isohexane thereby obtained is suitable for
use directly in the next stage. Alternatively, the product may
be recovered as a viscous oil by removal of the isohexane
solvent under reduced pressure. The yield of 4 isin the range
90—95% with an o3 isomer ratio of 2.5:1, corresponding to a
yield of (4ay) of around 64—68%. If desired, the o and /3 isomers
may be separated by column chromatography using Merck 9385
silicagel and gradient elution with 10 to 25% v/v ethyl acetate
in isohexane. Plates may be visudized by UV a 254 nm or
via 1% w/v agueous potassium permanganate solution.

Spectral information for Fulvestrant EAS (4, Scheme 2),
([(10R,135179)-13-methyl-3-ox0-7-[9-(4,4,5,5,5-pentafl uoro-
pentylsulfanyl)nonyl]-2,6,7,8,9,10,11,12,14,15,16,17-dodecahy-
dro-1H-cyclopenta]a] phenanthren-17-yl] acetate):

o-EAS isomer:

'H NMR (600 MHz, 300 K, CDCl3;) 6 0.87 (3H, 9),
0.90—2.60 (46H, complex m), 4.63 (1H, t), 5.84 (1H, 9).

P-EAS isomer:

IH NMR (600 MHz, 300 K, CDCl;) 6 0.87 (3H, 9),
0.90—2.60 (46H, complex m), 4.58 (1H, t), 5.81 (1H, s).



MS: accurate mass M S data for both o and /3 isomers was
consigtent with a molecular formula of CgHsFsOsS as the
elementa formula for the (M + H)* ion with a measurement
eror of 1.1 mDa (2.3 ppm).
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