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a b s t r a c t

The application of Michael addition to the construction of the carbon skeleton of 9,11-secosterols has
been investigated using the following Michael acceptor - sulfone 2-[(4-methylphenyl)sulfonyl]cyclopent-
2-en-1-one, where the addition product was isolated in good yield and as a mixture of two di-
astereomers. Also, the diastereomers were separable by crystallization, and, based on NMR spectroscopic
data, the relative configuration of the formed stereocentres of the isolated diastereomer matched the
9,11-secosterol found in nature. This study can be exploited to create a total synthesis scheme for 9,11-
secosterols.

© 2023 Published by Elsevier Ltd.
1. Introduction

The first 9,11-secosterol was isolated from soft coral Pseu-
dopterogorgia americana in 1972 [1] and since then more than a
hundred different members of the 9,11-secosterol family have been
isolated. A variety of bioactivities have been attributed to this group
of compounds, such as cytotoxic/antiproliferative [2e4], anti-
inflammatory [5], immunosuppressive [6,7], antibacterial [8,9]
and antifungal activities [10], as well as apoptosis induction [2] in
cancer cells etc., which make 9,11-secosterols attractive for the
development of new medical drugs.

The total chemical synthesis of steroids has been the focus of
synthetic and medicinal chemistry throughout the 20th century.
After the first chemical synthesis of the steroid equilenin in 1939
[11], a wide variety of steroid synthesis methods have been
developed. Besides total synthesis, several semi-synthetic modifi-
cations of existing steroids have been developed [12,13]. The clas-
sical build-up of the steroid skeleton uses the Diels-Alder reaction
[14], Michael addition [15] and Torgov reaction [16], transition
metal-catalyzed reactions [17e20], organocatalytic approaches etc.
[21,22] Also, several microbiological/enzymatic transformations
.

[23,24], and biomimetic cyclization processes have been applied
[25,26].

There are several semi-synthetic methods also for 9,11-
secosterol synthesis [27e34] starting from natural sterols. How-
ever, despite extensive steroid synthesis studies a general total
chemical synthesis scheme for 9,11-secosterols is still virtually
undeveloped. Our aim is to develop a convenient synthetic scheme
for the preparation of 9,11-secosterols with a key step of con-
structing the carbon bond between the C-8 and C-14 atoms.
2. Results and discussions

2.1. The possibilities of linking A,B- and D-rings

Already since the discovery of 9,11-secosterols 1, our research
group has been involved in the elaboration of chemical access to
that family of compounds. First, in the beginning of the 21st cen-
tury, a semi-synthetic approach was used [35e37]. A total synthesis
route was started from the synthesis of the A,B-ring of 9,11-
secosterols in 2000 [35]. Because of the continues interest in me-
dicinal chemistry, we returned to this topic some years ago, elab-
orating a route to the enantioenriched 9,11-secosterol D-ring [36].
The general strategy for the synthesis of 9,11-secosterols was based
on building a bond between the A,B-ring and the D-ring precursors
according to retrosynthetic scheme (Scheme 1).
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Scheme 1. Retrosynthetic approach to 9,11-secosterols.
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In order to connect these rings, possibilities of connecting the
A,B- and D-ring fragments using different model reactions were
tested (Scheme 2). First, a simple aldol reaction between cyclo-
hexanone enolate 2 and 2,2-dimethyl cyclopentanone 3 was
applied. Instead of direct addition, the cyclohexanone Li-enolate
acts as a base deprotonating the cyclopentanone 3. Thus, the
following 1,2-addition reaction occurred in the opposite direction
affording an addition to the cyclohexanone carbonyl group. Negishi
coupling in the presence of Pd catalyst and Q-Phos ligand, which
was effective for 2-bromocyclohex-2-en-1-one 4 and ZnBr-
derivative of a non-substituted bromocyclopentane 5 forming a
product 6 with a yield of 88% (details in Experimental section),
failed to react with the ZnBr-derivative of a,a-disubstituted cyclo-
pentane 7.

Then we turned to cyclopentenone addition reactions. The
Mukaiyama reaction with cyclohexanone trimetylsilyl ether 8 (65%
from cyclohexanone) and 2-methylcyclopent-2-en-1-one 9 in the
presence of tritylium hexachloroantimonate TrSbCl6 afforded the
coupling reaction product in 51% yield as a mixture of di-
astereomers. The application of the Mukaiyama reaction in the
synthesis of steroids has been described in the literature [38,39],
where it was stated that the coupling of 6-methoxytetralone TMS-
enol ether to 2-methyl-2-cyclopent-2-en-1-one 9 occurred in
excellent (90%) yield, affording a mixture of diastereomers. How-
ever, the problems arose during the secondary alkylation (to
generate the D-ring substituents), as desilylation (resilylation)
Scheme 2. Model reactions fo

2

occurred in the very first reaction. It was concluded that the
Mukaiyama approach is not usable in this case in building the
upper chains of sterols.

For the Michael addition reaction with the model compounds,
cyclohexanone lithium enolate 2 was generated in the presence of
LDA in situ fromDIPA and nBuLi. The addition reaction proceeded in
32% yield resulting in a mixture of diastereomers. From that result
we proposed that the Michael acceptor needs higher activation.

We turned our attention to the works of Posner et al., who
demonstrated that the substituted cyclopentenone sulfoxides,
which are more powerful Michael acceptors, afforded addition
products in good yield and excellent stereoselectivity with 1-
tetralones [40e42]. In a preliminary experiment the racemic Pos-
ner cyclopentenone sulfoxide afforded the addition product in 51%
yield as a mixture of 5 diastereomers. The related a,b-unsaturated
sulfones, which are widely used as building blocks in synthetic
organic chemistry, would be even more active Michael acceptors
than sulfoxides. Thus, we studied the application of the sulfone 2-
[(4-methylphenyl)sulfonyl]-2-cyclopenten-1-one 10 in Michael
addition reactions according to the retrosynthetic pathway out-
lined in Scheme 3. When A,B- and D-rings are linked (shown as a
bold bond in Scheme 3), the formed sulfone can be transformed
into natural 9,11-secosterol substituents and side chains according
to known procedures (e.g. Refs. [41e43], and references cited
therein).
r A,B- and D-ring linking.



Scheme 3. A,B- and D-ring linking with cyclopentenone sulfone 10. Scheme 6. The key intermediate 15 from Michael addition reaction of 14 to 10.

Fig. 1. Relative configuration of 15.
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2.2. Synthesis of the D-ring precursor for the Michael addition

Thus, sulfone 2-[(4-methylphenyl)sulfonyl]cyclopent-2-en-1-
one 10 was synthesized from sulfide 11 according to Scheme 4.
There is a known two-step procedure for the synthesis of sulfone 10
from sulfide 11 in order to avoid oxidation of the double bond. We
found that sulfone 10 can be more easily synthesized from sulfide
11 in one step in 85% yield using Oxone as an oxidant [44], so that
the double bond was not affected.

A Michael donor 12 has been synthesized according to the
procedure described by us earlier [35]. The acetyl protecting groups
in 12 were not suitable for enolate generation with LiHMDS, so
these were changed to the TBS groups (Scheme 5). Thus, the acetyl
groups were removed in acid-catalyzed hydrolysis to give the diol
13, because the basic hydrolysis in the presence of K2CO3 in
methanol afforded a complex mixture of several by-products
together with the target compound. Diol 13 was silylated accord-
ing to a standard procedure to afford disilylated product 14 in 63%
total yield for two steps. When the diol 13 was isolated and the
reactions performed separately, the yields were 75% and 87%,
respectively not giving any big advantages.
2.3. Linking the A,B- and D-rings

When both the suitable Michael donor 14 and the acceptor 10
were in hand, we performed the Michael addition reaction under
standard conditions: LiHMDSwas generated in situ from n-BuLi and
HMDS, the reactionwas started at�78 �C for 1.5 h and continued at
room temperature overnight (Scheme 6).

Sulfone 10 reacted readily with the enolate generated from 14,
affording 15 in 74% yield as a mixture of the two main di-
astereomers with a ratio of 1:1. To our delight the diastereomers
were separable by crystallization from an EtOAc : hexane mixture.
Furthermore, the diastereomeric purity (determined by 1H NMR)
Scheme 4. Activated Michael acceptor 10 from sulfide 11.

Scheme 5. Synthesis of

3

can be increased by recrystallization - after recrystallization the
isolated diastereomer was separated in at least 95% purity.

The crystallized diastereomer 15 was further studied by NMR
spectroscopy to determine its relative configuration. The configu-
ration of the all-S isomer (Fig. 1) was determined after the struc-
tural analysis from NMR spectra (1H and 13C, 1H COSY, 1He13C HSQ
and HMBC). 1H NOESY spectra were interpreted by UFF MM cal-
culations (ArgusLab 4.0.1). Spin-spin coupling information from H-
8 to H-7axial showed a value of 14.0 Hz, indicating its axial (b)
orientation, which is also confirmed by a strong NOESY correlation
peak from the C-10 methyl protons. The S-configuration of C-8
limited the number of remaining candidates for the separated
isomer from C-8 to C-14. Geometry optimization of these isomers
afforded two, with Ce8H to Ce14H dihedral angles close to 180�

(one with cis- and another with trans-orientation of H-13 and H-14
in the five-membered ring). The observed three-bond vicinal
coupling constant between H-8 and H-14 was 3.8 Hz, which sug-
gests a close to gauche dihedral angle. The final choice between all-
S and 14-epi (14-R) isomers was made based on a NOESY experi-
ment, inwhich strong correlation peaks were observed between H-
13 and H-7axial and 7equatorial (7-a and 7-b) protons. This corre-
sponds to an all-S configuration of the separated isomer. The
excluded 14-epi isomer was thermodynamically the most unstable
from the 8 calculated isomers of this secosterol.

Further synthesis towards the compounds of 9,11-secosterols
family will involve the substitution of the sulfone group with
appropriate alkyl groups and side chain synthesis at the C-17 po-
sition, both of which have been described previously (e.g
Refs. [41e43]) and are ongoing in our laboratory.
Michael donor 14.
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3. Conclusions

These results prove that the use of sulfone 10 as a strongMichael
acceptor in the appropriate coupling reaction is feasible for con-
structing the A,B- and D-ring link in 9,11-secosterols, giving two
diastereomers, which are easily separable by crystallization. These
results can be considered a formal total synthesis of 9,11-
secosterols as the following manipulations of the D-ring are
known from sterol chemistry [41e43]. We also confirmed have the
separated diastereomer has the relative configurations corre-
sponding to the 9,11-secosterol stereochemistry at positions C-8
and C-14.

4. Experimental section

Pre-coated silica gel 60 F254 plates were used for TLC, and for
column chromatography silica gel ThoMar Kieselgel 60 extra fine
(40e63 mm) was used. Reactions were conducted under an argon
atmosphere in oven-dried glassware. Anhydrous CH2Cl2, acetone
and EtOAc were freshly distilled from P2O5. Anhydrous THF was
distilled from sodium/benzophenone under argon before use.
Dichloromethane was kept on 4 Å molecular sieves until use. The
petroleum ether used had a boiling point range of 40e60 �C. Other
solvents and commercial reagents were used as received.

Full assignment of 1H and 13C chemical shifts were based on the
1D and 2D FT NMR spectra measured with a Bruker Avance III
400 MHz or a Bruker Avance III 800 MHz instrument. Residual
solvent signals were used (CDCl3: d ¼ 7.26 1H NMR, d ¼ 77.2 13C
NMR) as internal standards. Optical rotations were obtained using
an Anton Paar GWB Polarimeter MCP 500. IR spectra were obtained
using a PerkinElmer Spectrum BX FT-IR spectrometer. High-
resolution mass spectra were recorded with an Agilent Technolo-
gies 6540 UHD Accurate-Mass QTOF LC/MS spectrometer by using
ESI ionization. Mass spectra were recorded on Shimadzu GCMS-
QP2010 spectrometer using EI ionization (70 eV). Gas chromato-
graphic analysis has been performed with a Shimadzu GC-2010 FID
instrument, using Agilent DB-5 capillary column (25 m � 0.25 mm,
film thickness 0.25 mm).

4.1. 2-Cyclopentylcyclohex-2-en-1-one 6

To a stirred suspension of zinc dust (374 mg, 5.71 mmol, 4 eq) in
THF (3.2 mL), two drops of 1,2-dibromoethane were added. The
mixturewas heated for 20min at 60 �C, then three drops of Me3SiCl
were added and the mixture was stirred for an additional 20 min at
60 �C. The bromocyclopentane 5 (0.31 mL, 2.86 mmol, 2 eq) was
added dropwise, and the mixture was stirred overnight at 50 �C.
The unreacted zinc was allowed to settle down, the solution of zinc
reagent was syringed away from the excess zinc and was added to a
separate flask containing bromocyclohex-2-en-1-one 4 (250 mg,
1.43 mmol, 1 eq), Pd2 (dba)3 (8.2 mg, 0.014 mmol, 0.01 eq) and Q-
Phos (20.3 mg, 0.029 mmol, 0.02 eq) in THF (1.4 mL). The resulting
mixture was stirred at 50 �C for 24 h. The reactionwas quenched by
the addition of saturated NH4Cl solution (3 mL) and subsequently
extracted with EtOAc (2 � 8 mL and then 1 � 5 mL). The extracts
were dried (Na2SO4) and the solvents were evaporated. The residue
was purified by flash column chromatography (silica gel, 10%
acetone/petroleum ether) yielding 206.8 mg product 6 (88%) as a
red-orange oil (contaminated with Q-Phos, GC purity 90%).

Note 1: According to the 1H NMR analysis of the reaction
mixture, the conversion of compound 4 is 95%.

Note 2: In the case of 2-bromo-1,1-dimethylcyclopentane, no
reaction occurred and starting compounds were detected in the
mixture.
4

Rf¼ 0.73 (10% acetone/petroleum ether; UV, p-anisaldehyde); IR
(neat film) nmax (cm�1): 2950, 2868, 1675, 1454, 1381, 1250, 1173,
1108, 903; MS m/z (EI): 164 (Mþ), 149, 135, 121, 108, 95, 79, 67, 53,
43; 1H NMR (400 MHz, CDCl3): d (ppm) 6.71 (t, J ¼ 4.3 Hz, 1H),
2.93e2.79 (m, 1H), 2.42 (dd, J ¼ 7.5, 5.9 Hz, 2H), 2.35 (tdd, J ¼ 5.9,
4.2, 1.4 Hz, 2H), 1.96 (dq, J ¼ 8.0, 6.1 Hz, 2H), 1.89e1.80 (m, 2H),
1.76e1.54 (m, 4H), 1.33e1.22 (m, 2H); 13C NMR (100 MHz, CDCl3):
d (ppm) 199.7, 143.3, 142.2, 39.0, 38.9, 32.0 (2xCH2), 26.1, 25.1
(2xCH2), 23.1; GC: tR 11.305 min (temperature program: rate 12 �C/
min, from 60 �C (2min hold isothermally) to 250 �C; carrier gas He).

4.2. 2-[(4-methylphenyl)sulfonyl]-2-cyclopenten-1-one 10

To awell-stirred solution of thioether 11 (1.13 g, 5.51mmol,1 eq)
and diethylamine (80.6 mg, 1.10 mmol, 0.2 eq) in acetonitrile
(14mL) was added a solution of Oxone (5.9 g, 9.65mmol,1.75 eq) in
water (26 mL). Stirring was continued and the reaction was
monitored by TLC. Upon completion of the reaction (ca 1.5 h), the
mixture was diluted with cold water. The resultant sulfone 10 was
filtered, washed with water and dried, affording the pure sulfoxide
as pale yellow solid (1.11 g, 85%). The spectral data matched those
found in literature [40,45e47].

Rf ¼ 0.57 (40% acetone/petroleum ether; UV, p-anisaldehyde);
1H NMR (400 MHz, CDCl3): d (ppm) 8.46 (t, J ¼ 2.7 Hz, 1H), 7.94 (d,
J ¼ 8.3 Hz, 2H), 7.34 (d, J ¼ 8.1 Hz, 2H), 2.80 (dt, J ¼ 7.5, 2.7 Hz, 2H),
2.56e2.52 (m, 2H), 2.43 (s, 3H); 13C NMR (100MHz, CDCl3): d (ppm)
199.1, 170.5, 147.3, 145.3, 136.1, 129.8, 128.8, 36.0, 26.8, 21.8.

4.3. (4S,4aS,6S,8aS)-4,6-dihydroxy-8a-
methyloctahydronaphthalen-1(2H)-one 13

The diacylated A,B-fragment 12 (985 mg, 3.49, 1 eq) was dis-
solved in CH2Cl2/MeOH (9:1, 23.4mL) and then p-TsOH$H2O (1.33 g,
6.98 mmol, 2 eq) was added. The resulting mixture was stirred
overnight at 40 �C. After the reaction was completed, the mixture
was poured into a separation funnel and washed with aqueous
NaHCO3 (10 mL). The water layer was extracted with EtOAc (9 � 8
mL) and the collected organic phase was dried over anhydrous
Na2SO4 and evaporated in vacuo. The product 13 was purified by
flash column chromatography (silica gel, 50% acetone/petroleum
ether) yielding 521.9 mg (75%) of product 13 as a colorless oil.

Rf ¼ 0.38 (50% acetone/petroleum ether; p-anisaldehyde); 1H
NMR (400 MHz, CDCl3): d (ppm) 3.85 (td, J ¼ 10.3, 4.4 Hz, 1H), 3.52
(tt, J ¼ 10.1, 4.6 Hz, 1H), 2.87 (br, 2H), 2.72 (td, J ¼ 15.2, 6.8 Hz, 1H),
2.35e2.24 (m, 2H), 2.20 (ddd, J ¼ 9.6, 4.5, 2.2 Hz, 1H), 1.92e1.81 (m,
1H), 1.73e1.54 (m, 2H), 1.54e1.27 (m, 4H), 1.12 (s, 3H); 13C NMR
(100 MHz, CDCl3): d (ppm) 214.3, 70.4, 67.9, 49.3, 46.4, 35.6, 35.0,
32.3, 31.4, 31.1, 17.0.

4.4. (4S,4aS,6S,8aS)-4,6-bis((tert-butyldimethylsilyl)oxy)-8a-
methyloctahydronaphthalen-1(2H)-one 14

A solution of diol 13 (510 mg, 2.57 mmol, 1 eq) and imidazole
(1.05 g, 15.43 mmol, 6 eq) in CH2Cl2 (10.3 mL) was cooled to 0 �C
and then TBDMSCl (1.56 g, 10.29 mmol, 4 eq) was added in three
portions over a 30 min interval under argon atmosphere. After
stirring at 0 �C for 30 min, the mixture was warmed to room
temperature and stirred overnight. Water (21 mL) was added,
CH2Cl2 layer was separated and the aqueous phase was extracted
with CH2Cl2 (2 � 13 mL). The combined extracts were washed with
brine (13 mL), dried (Na2SO4), and concentrated. The residue was
purified by flash chromatography (silica gel,10% acetone/petroleum
ether) to give target compound 14 as a white solid (958.4 mg, 87%).

Rf ¼ 0.67 (15% acetone/petroleum ether; p-anisaldehyde); 1H
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NMR (400 MHz, CDCl3): d (ppm) 3.81 (td, J ¼ 10.2, 4.7 Hz, 1H), 3.48
(tdd, J ¼ 10.5, 7.4, 4.8 Hz, 1H), 2.70 (td, J ¼ 14.7, 6.6 Hz, 1H), 2.26
(ddd, J ¼ 15.0, 5.4, 2.6 Hz, 1H), 2.14 (ddtd, J ¼ 15.5, 12.9, 4.8, 2.5 Hz,
2H), 1.75 (ddt, J ¼ 12.6, 5.0, 2.3 Hz, 1H), 1.64 (dddd, J ¼ 14.4, 7.6, 6.1,
3.5 Hz, 2H), 1.52e1.37 (m, 2H), 1.34e1.21 (m, 2H), 1.13 (s, 3H), 0.89
(d, J ¼ 5.1 Hz, 18H), 0.06 (dd, J ¼ 11.5, 2.6 Hz, 12H); 13C NMR
(100 MHz, CDCl3): d (ppm) 214.5, 71.6, 68.9, 49.6, 46.6, 35.7, 35.5,
33.3, 31.7, 31.1, 26.0 (3xCH3), 25.9 (3xCH3), 18.4, 18.2,
17.2, �4.0, �4.5, �4.6, �4.7; HRMS: for C23H46O3Si2, [MþH]þ

calculated 427.3058, found 427.3052.
Note: Deacylation and disilylation can be performed sequen-

tially without purifying the intermediate diol 13. In this case, the
overall yield of 14 is 63% (1.10 g) starting from 1.15 g of diacylated
A,B-fragment 12.

4.5. (4S,4aS,6S,8aS)-4,6-bis((tert-butyldimethylsilyl)oxy)-8a-
methyl-2-(3-oxo-2-tosyl-1l3,2l3-cyclopentyl)
octahydronaphthalen-1(2H)-one 15

Into a dry flask was placed HMDS (0.24 mL, 1.16 mmol, 1.1 eq)
and THF (3 mL). The solution was cooled to �78 �C and treated
dropwisewith n-BuLi (2.5 M in hexanes, 0.46mL,1.16mmol,1.1 eq).
Stirring was continued at �78 �C for 30 min, the mixture was
warmed to room temperature and then cooled back to �78 �C. To
recooled mixture, A,B-fragment 14 (450.7 mg, 1.06 mmol, 1 eq)
solution in THF (1.5 mL þ 0.5 mL for rinsing) was added dropwise.
After being stirred for 1.5 h at �78 �C, sulfone 10 (274.5 mg,
1.16 mmol, 1.1 eq) solution in THF (2.5 mL þ 0.5 mL for rinsing) was
added, then mixture was warmed to room temperature and left to
stir overnight. Saturated NH4Cl solution (1 mL) was added and then
extracted with DCM (3 � 1 mL). The organic extract was dried over
MgSO4 and concentrated. The residue was purified by flash chro-
matography (silica gel, gradient 5%e40% acetone/petroleum ether)
to give target compound 15 as a white solid (519,7 mg, 74%) as
mixture of two diastereomers (ca 1:1 by NMR). The diastereomers
can be separated by recrystallization - the compound is dissolved in
a minimal amount of EtOAc, then an equal amount of n-hexane is
added and the mixture is cooled to þ4 �C for 24 h. The separated
crystals of 15 are analyzed.

Rf ¼ 0.55 (20% acetone/petroleum ether; UV, p-anisaldehyde);
1H NMR (800 MHz, CDCl3): d (ppm) 7.75e7.67 (m, 2H), 7.39e7.33
(m, 2H), 3.87 (td, J ¼ 10.3, 10.3, 4.6 Hz, 1H), 3.50e3.43 (m, 2H), 3.27
(ddd, J ¼ 14.0, 5.8, 3.2 Hz, 1H), 3.20 (dtd, J ¼ 8.7, 7.0, 6.4, 3.2 Hz, 1H),
2.45 (s, 3H), 2.44e2.40 (m, 2H), 2.37e2.30 (m, 1H), 2.14 (ddd,
J ¼ 12.9, 5.8, 3.2 Hz, 1H), 2.11 (ddt, J ¼ 12.4, 4.8, 2.5 Hz, 1H),
1.78e1.71 (m, 1H), 1.57 (dd, J ¼ 10.1, 2.8 Hz, 1H), 1.55e1.45 (m, 2H),
1.44e1.36 (m, 3H), 1.31e1.25 (m, 1H), 1.13 (s, 3H), 0.91 (s, 9H), 0.87
(s, 9H), 0.10 (d, J ¼ 4.3 Hz, 6H), 0.04 (d, J ¼ 3.3 Hz, 6H); 13C NMR
(201 MHz, CDCl3): d (ppm) 213.9, 206.4, 145.5, 134.6, 130.0, 129.4,
72.4, 71.4, 68.7, 50.3, 46.8 (2x), 39.4, 38.2, 37.1, 33.2, 31.5, 31.1, 26.0
(2x), 23.8, 21.9, 18.4, 18.2, 17.5, �4.0, �4.5, �4.6, �4.7; HRMS: for
C35H58O6SSi2, [MþH]þ calculated 663.3565, found 663.3551;
[a]25D ¼ þ37.7633 (c 0.424, CHCl3).
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