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An efficient synthesis of 21-acetoxypregna-1,4,9(11),16-tetraene-3,20-dione, a key intermediate in the syn-
thesis of highly active fluorinated corticosteroids from phytosterols, was developed. The method consisted of
an original sequence of chemical and microbiological reactions and could be used to synthesize betametha-
sone, sinaflan, triamcinolone, and other fluorinated corticoids.

Keywords: dexamethasone, fluorinated corticosteroids, 9a-hydroxylation, 1,2-dehydrogenation, cyanohyd-

rin synthesis.

Syntheses of new steroidal compounds with high antial-
lergic and anti-inflammatory activity and simplification of
preparation methods for known drugs of this class are critical
problems and a promising direction in an area combining mi-
crobiological and chemical transformations of steroids. The
goal of the present work was to develop an efficient synthetic
method for dexamethasone from a phytosterol through the
key intermediate 9a-hydroxyandrostenedione (9a-OH-AD,
I), which was obtained by us earlier [1]. The path to prepar-
ing fluorinated steroid analogs from sterols was shortest and
simplest if I was used because its 9a-OH group was easily
dehydrated and allowed labor-intensive and uneconomical
microbiological 11-hydroxylation to be avoided. Fluorinated
corticosteroids were synthesized from I using a series of
chemical and microbiological transformations that intro-
duced the required modification into the steroid (Scheme 1).
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According to the literature, the sequence of these processes
could differ greatly. However, namely it and the selected
methods for introducing the given functions determined the
success of creating an economically efficient production
technology. The reaction sequence was selected using meth-
ods for constructing pregnane and corticoid structures from
androstenedione (AD) that were previously developed by us
[2, 3]. The steroid functionalization sequence proposed by us
included five steps, i.e., 1) dehydration of the 9a-OH to form
a C9—C11 double bond; 2) construction of the pregnane side
chain using the cyanohydrin version developed previously
by us [2]; 3) addition of a dihydroxyacetone motif by se-
quential iodination and acetoxylation [3] to construct the
corticosteroid structure; 4) introduction of the ring A C1-C2
double bond using an original culture of Pimelobacter sim-
plex VKPM Ac-1632 [4]; and 5) introduction of the ring D
16,17-double bond via dehydration of the 17a-OH to pro-
duce the given tetraene structure.
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Methods for dehydrating a 90-OH group are rather
widely described in the literature [5 — 8]. Mineral and or-
ganic acids and anhydrides and chlorides of mineral and or-
ganic acids are used as the dehydrating agents. The solvents
are aromatic or chlorinated hydrocarbons, cyclic ethers, and
organic bases. In several instances, the excess of water is re-
moved to intensify the dehydration using azeotropic distilla-
tion with a Dean—Stark trap [9]. We used a variation of this
method [5]. The reagents, reaction conditions, and a simple
isolation method were carefully selected to achieve a stable
high yield (>97% of theoretical) of 9(11)-dehydro derivative
II and avoid formation of the undesired isomer andro-
sta-4,8(9)-diene-3,17-dione, which was proven using PMR
spectra. Possible undesired reactions involving tertiary
C-9-OH could be avoided by performing the dehydration in
the first synthetic step. The cyanohydrin method used to con-
struct the pregnane chain was thoroughly elaborated by us
for AD [2]. The method consisted essentially of the reaction
of 17-ketosteroids with acetone cyanohydrin (ACCH) in the
presence of a basic catalyst in lower aqueous alcohols at
35 —38°C. Hydrocyanation of 17-ketosteroids did not occur
stereoselectively and formed a mixture of epimeric 17-cy-
ano- and 17a-cyano derivatives despite the attractiveness of
this method because the 17-ketone was selectively
hydrocyanated [10]. However, the 17B-cyano-170-OH iso-
mer was needed for further chain growth.

The ratio of epimers was determined quantitatively by
thermodynamic factors, e.g., differences in stability and solu-
bility, and depended significantly on the structure of the
starting ketosteroid, solution pH, and solvent. However, suf-
ficiently high yields and minimal amounts of impurities
could be attained by using the AD hydrocyanation conditions
developed previously by us [2] with slight adjustments of the
temperature regime and amounts of reagents. As a rule, the
corresponding cyanohydrins that were protected beforehand
at the reactive A4-3-keto- and 17a-OH groups [2] were re-
acted with methyllithium [11-14] or a Grignard reagent
[12, 15] for further transformation into 20-ketopregnanes. A

CN
wor CHsMeCLNELCL,

HLO, HCL, O pH 6.5,
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—_—
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Grignard reagent was chosen because it would be less prob-
lematical for industrial use than alkylation of the nitrile by
methyllithium, which requires the use of low temperatures
(=30°C). The tertiary OH was protected using trimethylsilyl
or tetrahydropyranyl ethers or acetal protection with
alkylvinyl ethers [10, 12, 14]. The A4-3-ketone could be pro-
tected by forming the enol ether, ketal, or enamine [12].
Ethyleneketal protection was chosen for the A4-3-ketone
considering the ketalization method developed previously by
us [2] that uses trialkylorthoformate for chemical binding of
water. Our previous studies showed that exceedingly forcing
conditions were required for Grignard alkylation of nitriles
in derivatives with 3-OH and 17-OH groups [15, 16]. There-
fore, an attempt was made to carry out the Grignard reaction
without protecting the 17-position. Furthermore, this would
also shorten the multi-step synthesis. The alkylation was de-
veloped by reacting a mixture of isomeric A4- and A5-ketals
with MeMgCl in anhydrous toluene in a stream of inert gas
at 0 — 5°C for 1.5 h followed by decomposition of the chloro-
magnesium complex by aqueous NH,Cl solution and acid
hydrolysis of the 20-imino- and 3,3-ethyleneketal groups to
form 3- and 20-carbonyls. Preparation of V featured a Grig-
nard reaction in slightly polar toluene in the presence of a
small amount of THF that was bound in the MeMgCl com-
plex. The dihydroxyacetone chain was introduced using the
literature method [3]. In this instance, the A9(11)-double
bond did not affect the reaction despite the fact that the
9,11-double bond was a reactive functional group, i.e., an ad-
ditional reaction center. The Al-double bond was introduced
into ring A using the method developed previously by us [4].
The microbiological dehydration step used an original cul-
ture of P. simplex with high 1,2-steroid dehydrogenase activ-
ity. As a rule, the strain exhibited high activity without using
a solubilizer. However, the 9(11)-double bond and 21-acetate
in VI complicated significantly bioconversion of the sub-
strate and caused a slow transformation rate and incomplete
conversion. This problem was solved by performing the
1,2-dehydrogenation in the presence of methyl-B-cyclodex-
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trin (MCD) with a 7.5:1 mass ratio to substrate. This in-
creased the degree of bioconversion to 90 — 94% after incu-
bation for 8 +1h. The tetraene structure of IX was con-
structed further by adding the 16,17-double bond to ring D,
which was necessary to functionalize the 16- and 17-posi-
tions of corticosteroids, using acetylation of the 170-OH of
triene VII followed by cleavage by HOAc to form the result-
ing diacetate VIII. The sterically hindered OH was esterified
in acetic anhydride in the presence of CaO under reflux as
before [17]. The A4-3-ketone was not affected under these
conditions. Efficient elimination of 17a-acetoxy groups in
pregnane-type compounds by treatment with anhydrous
KOAc in DMSO at 80 — 85°C under an inert gas [18] was
applied to our derivative to produce target product IX in high
yield and purity that enabled it to be used without further pu-
rification to synthesize highly active fluorinated corticoste-
roids.

Melting points were measured in capillaries on an
OptiMelt MPA-100 apparatus (USA). Optical rotation [a]
was measured on an Atago AP-300 instrument (Russia) at
20£0.5°C in CHCI, (¢ 1%). IR spectra were taken on an
M-80 Specord spectrometer.

PMR spectra were recorded on a Unity+400 spectrome-
ter (Varian) at operating frequency 400 MHz.

EXPERIMENTAL PART

Androsta-4,9(11)-diene-3,17-dione (II). A solution of I
(40 g) in anhydrous CH,Cl, (300 mL) at —4°C was treated
with a solution of CISO,H (14 mL) in CH,CIl, (60 mL),
stirred at from —3 to 0°C for 1 h 40 min, and treated dropwise
with H,O (500 mL) at <I15°C. The organic layer was sepa-
rated. The aqueous layer was extracted with CH,Cl,. The
combined extracts were washed with H,O and saturated
NaCl solution until the pH was 7.0. The CH,Cl, was vacuum
evaporated. The residue was treated with hexane (70 mL)
and cooled at 6 £ 2°C for 2 h. The precipitate was filtered
off, rinsed with hexane, and dried to afford II (36.12 g,
96.95% of theoretical) containing ~2% total steroidal impuri-
ties including 0.5% of the starting steroid (TLC). mp
198 -202°C, [a], +217° (¢ 1.0, CHCl,). Lit. mp
194 - 201°C, [a], + 221° (CHCL,) [S]. PMR spectrum, ppm;
CDCL,): 0.87 (s, 3H, 18-CH,); 1.35 (s, 3H, 19-CH,); 5.75 (d,
H on C-4); 5.55 (m, H on C-11).

17a-Hydroxy-17f-cyanoandrosta-4,9(11)-dien-3-one
(IID). A mixture of II (20 g), MeOH (60 mL), H,O (2.5 mL),
and ACCH (18 mL) was stirred and treated with NaOH in
MeOH (9mL, 1 N, pH 8.5-9.0). The suspension was
heated to 35+ 2°C and stirred for 1.5 h until II dissolved
completely. Crystallization began after 10 —20 min. The
mixture was treated slowly with H,O (12 mL), stirred for 3 h
at the same temperature, and left at 18 —20°C for 21 h. The
suspension was stirred, treated slowly over 1 h with H,O
(55 mL), stirred for another 2 h, cooled to 0 + 2°C, and held
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for 2 h at this temperature. The resulting precipitate was fil-
tered off and rinsed with cold MeOH-H,O (1:1) and H,O un-
til neutral. The aqueous MeOH mother liquor together with
the rinsings were left for 1 d at room temperature
(18 —20°C). The resulting precipitate was filtered off and
rinsed with MeOH-H,O (1:1) and H,O. The combined crys-
talline precipitates were dried to afford the product (20.6 g,
94% of theoretical), mp 218 —220°C, [a], + 115°, + 120° (¢
1.0, CHCLy). (Lit. mp 211-220°C, [a],+118° (¢ 1.0,
CHCl,) mp 218-220°C, [a], +115° +120° (¢ 1.0,
CHCL,). (Lit. mp 211 -220°C, [a],+118° (¢ 1.0, CHCI,)
[19]. The content of the 173-OH-17a-cyano isomer impurity
was <1%. C,;H,,NO, MM 311.42. PMR spectrum (3, ppm;
CDCl,): 0.94 (s, 3H,18-CH,), 1.35 (s, 3H, 19-CH,), 3.35
(m), 5.75 (m, 1H, 4-H), 5.57 (m, 1H, 11-H).
17a-Hydroxy-17f-cyano-3,3-ethylenedioxyandrosta-
5,9(11)-diene (IV). A mixture of (CH,OH), (12mL,
13.38 g) and anhydrous TsOH (0.24 g) was stirred; treated
with I (12 g), CH,CI, (120 mL, 159.12 g), and HC(OCH,),
(6 mL, 5.88 g); and stirred for 2 h at 22 £+ 2°C. CH,CI, was
distilled at atmospheric pressure until the volume was
halved. The mixture was cooled to 20 + 2°C, stirred, treated
with Et;N (0.3 mL), washed with H,O, and evaporated to
dryness. The residue was treated with MeOH (12 mL) and
triturated. The suspension was cooled to 0 + 2°C and stored
for 6 h. The precipitate was filtered off, rinsed with cold
MeOH, and dried to afford IV (12.32 g, 90% of theoretical)
that contained ~3% steroidal impurities including starting
ketone IIT according to TLC. The compound could contain
an impurity of the AS5-isomer. The mixture of isomers was
used without purification in the next step. mp 201 —203°C,
lit. mp 202 -205°C [14]. C,,H,,)NO; MM 355.47. PMR
spectrum, ppm; CDCL,): 0.91 (s, 3H, 18-CH,), 1.20 (s, 3H,
19-CH,), 3.95 (m, 4H, OCH,-OCH,); 5.40 (m, 1H, 6-CH);
5.54 (m, 1H, 11-CH).
17a-Hydroxypregna-4,9(11)-diene-3,20-dione (V). A
solution of MeMgCl (22.45%) in THF (44 mL) under a
stream of dry Ar was stirred. THF (20 mL) was distilled off
at atmospheric pressure, during which the temperature of the
reaction mixture rose from 70 to 112°C. The resulting sus-
pension was cooled to 70 £ 5°C and treated with anhydrous
toluene (200 mL). Solvents were distilled at atmospheric
pressure until the vapor temperature reached 110°C. The sus-
pension was stirred, cooled to —5 + 2°C, and treated with a
suspension of IV (10 g) in anhydrous toluene (40 mL) over
5 — 10 min. The temperature rose to 0 + 5°C, at which the re-
action mixture was stirred for 1.5 h, treated with NH4C1
(5.0 g) solution in H,O (40 mL) (temperature rose from 0 to
45-50°C) and dropwise with conc. HCl (8 mL) until
weakly acidic with pH = 6.5, and heated to 85 +2°C for
15 — 20 min until the precipitate dissolved completely. The
organic layer was separated and evaporated in vacuo to dry-
ness. The residue was treated with MeOH (100 mL),
refluxed, treated with conc. HCI (1 mL), stirred under reflux
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for 10 — 12 min, cooled to 20°C, and treated with NaOAc
(2.5¢) in H,O (20 mL). The MeOH was evaporated in
vacuo. The mixture was cooled, stirred, and treated with H,0O
(100 mL) from a dropping funnel over 15 — 20 min. The sus-
pension was stirred for 30 min at 20°C. The precipitate was
filtered off, rinsed with H,O, and dried to afford a crystalline
precipitate (8.54 g) containing 82 — 84% 17a-hydroxypreg-
na-4,9(11)-diene-3,17-dione (V); ~3% 17B-hydroxy-17a-
methylandrosta-4,9(11)-dien-3-one; and 2 — 3% unidentified
impurities (TLC and PMR). The yield of crude V was 92.4%
of theoretical calculated from IV. Recrystallization from
MeOH (90 mL) with activated carbon (0.8 g) gave a white
crystalline precipitate (7.85 g, 85% of theoretical) with 3%
steroidal impurities (TLC). mp 207 —211°C. Lit. mp
206 —211°C [20]. PMR spectrum, ppm; CDCIl,): 0.68 (s, 3H,
18-CH,); 1.33 (s, 3H, 19-CH,); 2.27 (s, 3H, 21-CH,); 2.78
(s, OH); 5.53 (m, 1H, 11-CH); 5.73 (d, 1H, 4-CH).

21-Acetoxy-17a-hydroxypregna-4,9(11)-diene-3,20-di-
one (VI).

lodination. A solution of V (10.0 g) in CH,Cl, (80 mL)
and MeOH (30 mL) at 20°C was treated in portions with
Ca0O (7.62 g) in H,0 (0.5mL) and 1, (10.0 g) and CaCl,
(2.4 g) in MeOH (60 mL). The temperature rose to 28°C.
The suspension was stirred for 1 h with natural cooling,
treated with H,0O (100 mL), and left for 10 min. The precipi-
tate was filtered off and rinsed with CH,Cl,-MeOH (4:1)
and CH,Cl,. The aqueous layer was separated and extracted
with CH,Cl,. The combined extracts were evaporated in
vacuo to dryness. The residue was triturated with MeOH, fil-
tered off, and dried to afford 17c-hydroxy-21-iodopregna-
4,9(11)-diene-3,20-dione (Va) as a yellow solid in quantita-
tive yield. The product was used without further purification
for acetoxylation.

Acetoxylation. A solution of Va in Me,CO (140 mL)
was treated with anhydrous KOAc (13.8 g), stirred, refluxed
for 3 h under an inert gas, cooled to room temperature,
poured with stirring into H,O (1.4 L), and stirred for 30 min.
The crystals were filtered off, rinsed with H,0, and dried at
50 — 55°C to afford cream-tinted 21-acetoxy-17ca-hydroxy-
pregna-4,9(11)-diene-3,20-dione (VI, 10.82 g, 92% of theo-
retical), mp 207 — 209°C, lit. mp 230 — 232°C [22]. 2.5% To-
tal steroidal impurities (TLC). PMR spectrum, ppm; CDCL,):
0.64 (s, 3H, 18-CH,); 1.32 (s, 3H, 19-CH,); 2.16 (s, 3H,
21-0C(0O)CHy); 2.18 (s, 3H, 17-OC(O)CH,); 4.63 (d, 1H,
21-CH); 4.83 (d, 1H, 21-CH); 5.53 (m, 1H, 11-CH); 5.73 (s,
1H, 4-CH).

21-Diacetoxy-17a-hydroxypregna-1,4,9(11)-triene-3,20-
dione (VII). Microbiological dehydrogenation of VI (15.0 g)
was performed in the presence of methyl-B-cyclodextrin
(MCD) with a 7.5:1 mass ratio to substrate under nonsterile
conditions in phosphate buffer at pH 7.6. The overall volume
of the mixture was 3 L. The transformation was performed at
28 £1°C, pO, 80 —95%, and stirring rate 400 — 600 rpm.
Samples (0.001 L) were taken every 2 h to monitor the accu-
mulation of 2l-acetoxy-17a-hydroxypregna-1,4,9(11)-trie-

ne-3,20-dione using TLC and HPLC. The substrate was
quantitatively converted to the acetylated 1(2)-dehydro ana-
log after 8 h. When the dehydrogenation was finished, the
culture liquid (3.0 L) was transferred to an extractor and ex-
tracted with EtOAc (6.0 L) with stirring for 15 min. The
aqueous phase was separated and extracted again with
EtOAc (5 L) under the same conditions. The combined ex-
tracts (11 L) were evaporated in a rotary evaporator at
55+ 5°C and residual pressure 35 £ 5 kPa until crystalliza-
tion started. The precipitate was treated with EtOAc (0.1 L).
The solution was worked up with activated carbon (2 g). The
lightened steroid solution was evaporated to dryness in a ro-
tary evaporator. The resulting residue was treated with hex-
ane-Et,0 (20 mL, 3:1) and stored in a refrigerator for 5 h.
The resulting precipitate was filtered off, rinsed with cold
hexane-Et,O (3:1), and dried to constant mass to afford VII
(12.6 g, 84.5% of theoretical), mp 217-220°C. A_
239 nm, &=14800. 2% Total impurities (TLC). M*384.
PMR spectrum, ppm; CDCL,): 0.65 (s, 3H, 18-CH,); 1.38 (s,
3H, 19-CH,); 2.15(s, 3H, 21-OC(O)CH,); 4.81 (d, 1H,
21-CH); 5.03(d, 1H, 21-CH); 5.55 (d, 1H, 11-CH); 6.05 (t,
1H, 4-CH); 6.26 (dd, 1H, 2-CH); 7.17 (d, 1H, 1-CH).
17a,21-Diacetoxypregna-1,4,9(11)-triene-3,20-dione
(VII). A mixture of VII (10.0 g), acetic anhydride
(150 mL), and CaO (5.0 g) was stirred and refluxed for 8 h.
The reaction mixture was cooled to 20°C, poured with stir-
ring into aqueous NH,OH solution (5%, 1000 mL) at <10°C,
and stirred for 1 h. The precipitate was filtered off, rinsed
with H,O until neutral, and dried to afford VIII (10.7 g,
96.5% of theoretical). Total steroidal impurities were 2%; mp
206 — 210°C. The product was used without further purifica-
tion in the next step. Crystallization from Me,CO-hexane
(1:1) gave a sample with mp 221-222°C, lit. mp
222 -223°C [21]. MM 426.51. C,;H, O,. PMR spectrum,
ppm; CDCL,): 0.72 (s, 3H, 18-CH,); 1.38 (s, 3H, 19-CH,);
2.04 (s, 3H, 21-OC(O)CH,); 2.88 (s, 3H, 17-OC(O)CH,);
5.53 (m, 1H, 11-CH); 6.01 (d, 1H, 4-CH); 6.2 (d, 1H, 2-H);
7.1 (m,1H, 1-H).
21-Acetoxypregna-1,4,9(11),16-tetraene-3,20-dione (IX).
A solution of VIII (10.0 g) in DMSO (100 mL) under an in-
ert gas was stirred, treated quickly with anhydrous KOAc
(5.0 g), heated to 80 — 85°C, stirred at this temperature for
2 h, cooled to 20+ 2°C, poured with stirring into H,O
(1000 mL) cooled to 0 + 2°C, and stirred at this temperature
for 1 h. The resulting precipitate was filtered off, rinsed with
H,0, and dried to afford crude IX (8.46 g, 99.5% of theoreti-
cal) as a beige powder containing according to PMR data up
to 5% steroidal impurities including 3% VIII and 2% un-
identified impurities. The solution of crude product (8.46 g)
in toluene (125 mL) was filtered through a layer of silica gel
(26 g) (layer height was approximately equal to the diame-
ter). The steroid was eluted by toluene (200 mL). Vacuum
evaporation of the toluene afforded IX (7.73 g, 90% of theo-
retical) as an almost white crystalline solid containing up to
2% VIIL. mp 171 —172°C, lit. mp 172 — 174°C [22]. PMR
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spectrum, ppm; CDCL,): 0.91 (s, 3H, 18-CH,); 1.42 (s, 3H,
19-CH,); 2.17 (s, 3H, 21-OC(O)CH,); 2.17(s, 3H,
21-OCOCH,); 4.89d and 5.03d, H,, C-21); 5.55 (m, 1H,
11-CH); 6.06 (t, J = 1.8 Hz, 1H, 4-CH); 6.28 (dd, 1H, 2-CH);
6.76 (m, 1H, 16-CH); 7.21 (d, 1H, 1-CH).

The developed method was practically attractive and
promising because the proposed original reaction sequence
could be used to synthesize betamethasone, triamcinolone,
and other medically useful fluorinated corticoids because of
the ability to functionalize the obtained intermediate
1,4,9(11),16(17)-tetraene at those steroid positions (6, 9, 16,
and side-chain C17) that are responsible for the anti-inflam-
matory, antiallergic, antishock, and other unique types of bi-
ological activity typical of corticosteroids.
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