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Enantioselective synthesis of C23-C28 subunit of campestane steroids based on catalytic methods is

reported. The synthesis was started from (S)-2-isopropyl-4-nitrobutan-1-ol, which is easily accessible by
the reaction between isovaleraldehyde and nitroethylene catalyzed by only 2% of (S)-
trimethylsilyldiphenylprolinol. Removal of one “extra” carbon from the nitroalcohol was achieved by Ni-
catalyzed hydrodecarboxylation of the redox-active ester intermediate. The synthesized C23-C28 fragment
was attached to a steroidal core by Julia-Kocienski reaction of a steroidal aldehyde with metallated C23-
C28 sulfone. The obtained product of olefination was easily transformed to a precursor of campesterol and
(Z)-22-dehydrocampesterol.

Keywords: Michael addition; Decarbonylation; Ni-catalyzed decarboxylation; Campesterol; cis-22-

Dehydrocampesterol.

Abbreviations: DEAD, diethyl azodicarboxylate; DIC, diisopropyl carbodiimide; DMAP, 4-
dimethylaminopyridine; DPPA, diphenylphosphoryl azide; HMDS, hexamethyldisilazane; LIHMDS, lithium
hexamethyldisilazide; NHPI, N-hydroxyphthalimide; PE, petroleum ether; TBDPSCI, tert-butyldiphenylsilyl
chloride
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1 Introduction

Steroids bearing a 24a-methyl substituent in the side chain are known as campestanes and
typically they are produced by plants and marine organisms. The most abundant steroid of this
group is campesterol (1), an important component of the plant cell membrane [1] (Fig. 1).
Crinosterol (2) differing from campesterol by the presence of a A?2-double bond was found in
marine invertebrates [2]. Several campestanes are remarkable for their potent biological activity.
For instance, brassinolide (3) and related phytohormones regulate biological processes in plants at
low nanomolar concentrations [3, 4]. Ecdysteroid makisterone A (4) is a moulting hormone of the
honey bee, Apis mellifera [5]. Recently, new cytotoxic sterols swinhoeisterols, bearing the
campestane side chain along with a unique rearranged skeleton were isolated from the sponge
Theonella swinhoei [6, 7]. Swinhoeisterol A (§) shows an inhibitory activity (ICsy = 2.9 uM)

against h(p300), a histone acetyltransferase associated with the manifestation of cancer.
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Fig. 1. Structures of some natural steroids with a campestane side chain

In synthesis of campestanes, the side chain is always constructed synthetically because steroids
bearing a 24a-methyl group are still not available as starting materials in a pure form. Generally,
two strategies are used for the formation of the side chain (Scheme 1). One of them is based on a
sequence of diastereoselective reactions [8-15], which in most cases includes Johnson-Claisen or

Ireland-Claisen reaction of allylic alcohol 7 [8-14] (or similar ones [15]). Alternatively, the target



molecule can be obtained by attaching a chiral side chain to a steroidal core. As far as steroidal
C22 aldehydes 6 are easily accessible, their coupling with C23-C28 fragments is the most
frequently applied method of the convergent synthesis of campestanes.

To prepare C23-C28 units, either modification of the chiral commercial starting material [16-
22] or asymmetric methods of synthesis [23-29] were previously used. Mori reported preparation
of sulfone 17 starting from commercial (R)-(+)-citronellic acid (11) [16]. In our laboratory, the
same sulfone was obtained from chiral Roche esters 12 and 13 [18, 19]. Alkylation of chiral
auxiliary-modified intermediates 14 and 15 was used in synthesis of organomagnesium reagent 18
[30] and benzothiazole derivative 19 [31]. Although these approaches are efficient, they suffer
from an important disadvantage in that they require the use of stoichiometric amounts of a chiral
starting material or an auxiliary, which is not ideal from the standpoint of atom economy.

With the idea of the need of more “green” way to the C23-C28 unit of campestanes, we have
recently developed an asymmetric organocatalytic hydroxymethylation-based method of synthesis
of dithiane 20 [32]. Although the key step in this approach is catalytic and the method is suitable
for preparation of multigram quantities of the product, it is not optimal because the required
amount of the chiral catalyst of 20% is relatively high. A more efficient way to the C23-C28
fragment is_still demanded. In this article, we report preparation of subunit 23 based on
dehomologation of optically pure nitro alcohol 22, which is available via an asymmetric reaction
catalyzed by only 2% of chiral organocatalyst 21 and proceeding with more than 99%

enantioselectivity [33].
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Scheme 1. Approaches to the synthesis of campestane side chains 9, 10 and

C23-C28 fragments 17-20, 23



2 Experimental

2.1 General

Melting points were measured using a Boetius apparatus and are uncorrected. *H and *3C NMR spectra
were obtained using a Bruker AVANCE 500 (Bruker Biospin, Rheinstetten, Germany) spectrometer
operating at 500.13 MHz for 'H and 125.77 MHz for 13C. Chemical shift values are given in 6 (ppm) relative
to the residual solvent peaks: 6, 7.26 and & 77.16 for CDCl;, and coupling constants are reported in Hz.
COSY, HSQC, HMBC, and NOESY experiments were carried out with the use of the standard Bruker
program package. HRMS/MS-spectra were acquired with an_-Agilent 6550 iFunnel QTOF (Agilent
Technologies, USA). Chemicals were purchased from Aldrich and Fluka and used as received. Optical
rotations were measured with an Autopol lll polarimeter. Solvents were dried and freshly distilled
according to standard procedures [34]. (S)-2-Isopropyl-4-nitrobutan-1-ol (22) was prepared in a 78% yield
from 3-methylbutanal (16) and nitroethylene in the presence of 2% of ($)-2-
(diphenyl((trimethylsilyl)oxy)methyl)pyrrolidine (21) and 20% of m-nitrobenzoic acid according to the
procedure described in [33]. All reactions were performed under positive argon pressure. TLC was
performed on precoated aluminum backed TLC sheets (silica gel 60 F254) and visualized by spraying with
phosphomolybdicacid followed by heating. Column chromatography was conducted with Merck silica gel

60: 70-230 mesh.

2.2 Chemical synthesis

2.2.1 (S)-tert-Butyl(2-isopropyl-4-nitrobutoxy)diphenylsilane (22a)

A solution of (S)-2-isopropyl-4-nitrobutan-1-ol (22) (6.0 g, 37.2 mmol) and imidazole (10.1 g,
148 mmol) in DMF (75 mL) was kept under argon at ambient temperature for 12 h. Then it was
cooled to 0 °C and treated with water (75 mL). The mixture was extracted with EtOAc (3 x 25
mL). The combined organic layers were dried over Na,SO,, and evaporated in vacuo. The residue
was chromatographed on Si0O, (PE-EtOAc, 100:0 = 94:6) to give 22a (10.2 g, 68%) as a colorless

oily liquid. [a@]p?* = -2.09 (c 1.43, CHCl;). 'H NMR (CDCl;): 8 7.67 — 7.63 (m, 4H), 7.47 — 7.38



(m, 6H), 4.48 — 4.33 (m, 2H), 3.64 (dd, J = 10.5, 4.6 Hz, 1H), 3.59 (dd, J = 10.5, 6.5 Hz, 1H), 2.20
~2.10 (m, 1H), 2.07 — 1.98 (m, 1H), 1.81 - 1.71 (m, 1H), 1.45— 1.36 (tt, /= 9.4, 4.8 Hz, 1H), 0.86
(d, J= 7.0 Hz, 3H), 0.84 (d, J = 7.0 Hz, 3H). *C NMR (CDCls): § 135.7 (x 4), 133.5, 133.4,
129.97, 129.95, 127.9 (x 4), 74.9, 64.8, 44.0, 28.9, 27.3,27.0 (x 3), 20.0, 19.5, 19.3. HRMS (EST"):

calcd for Cy3H33NNaO;Si [M+Na]* 422.2122, found 422.2119.

2.2.2  (S)-3-(((tert-Butyldiphenylsilyl)oxy)methyl)-4-methylpentanal (24)

A mixture of 22a (304 mg, 0.76 mmol), K,CO; (168 mg, 1.22 mmol) and methanol (5.4 mL) was stirred
at 0 °C under argon for 1 h. After this, a freshly prepared solution of KMnO, (80.6 mg, 0.51 mmol) and
MgSO, (67.6 mg, 0.56 mmol) in water (3.2 mL) was added dropwise. Stirring was continued at 0 °C for 3
h, then the mixture was filtered through a pad of silica‘gel and evaporated. The residue was dissolved in
EtOAc, washed with water until neutral and dried (Na,SO,). Solvents were evaporated and the residue
was chromatographed on SiO, (PE-EtOAc, 95:5) to give aldehyde 24 (234 mg, 84%) as a colorless oily liquid.
[a]p = 5.01 (c 1.13, CHCl5). *H NMR(CDCl5): § 9.79 (dd, J = 2.6, 2.0 Hz, 1H), 7.69 — 7.62 (m, 4H), 7.47 —
7.37 (m, 6H), 3.67 (dd, J = 10.2,5.0 Hz, 1H), 3.55 (dd, J = 10.2, 7.7 Hz, 1H), 2.47 (ddd, J = 16.3, 8.1, 2.8 Hz,
1H), 2.40 (ddd, J = 16.3, 4.9, 1.8 Hz, 1H), 2.15-2.07 (m, 1H), 1.82 —1.72 (m, J = 13.6, 6.8 Hz, 1H), 1.05 (s,
9H), 0.85 (d, J = 6.9 Hz, 3H), 0.82 (d, J = 6.9 Hz, 3H). 3C NMR (CDCl5): § 203.2, 135.7 (x 4), 133.5 (x 2), 129.8
(x 2), 127.8 (x 4), 65.4, 43.9, 42.4, 28.6, 26.9 (x 3), 20.3, 19.5, 19.3. HRMS (ESI*): calcd for C,3H;,Na0O,Si

[M+Na]* 391.2064, found 391.2058.

2.2.3° (S)-tert-Butyl(2,3-dimethylbutoxy)diphenylsilane (25)

A solution of the aldehyde 24 (729 mg, 1.99 mmol) and (Ph;P);RhCI (184 mg, 0.20 mmol) in toluene
was thoroughly purged with argon for 15 min. The temperature was brought up to 100 °C, after which a
solution of DPPA (546 mg, 1.99 mmol) in toluene (2.2 mL) was added over 4 h. The reaction mixture was
stirred for another 1 h, then the solvent was evaporated in vacuo, and the residue was chromatographed
on SiO, (PE-EtOAc, 100:0 = 99:1) to give silane 25 (558 mg, 83%) as a colorless oily liquid. [a]p?° =4.14 (c
1.06, CHCl3). *H NMR (CDCl5): & 7.72 — 7.68 (m, 4H), 7.46 — 7.38 (m, 6H), 3.60 (dd, J = 9.9, 6.0 Hz, 1H), 3.51

(dd,J=9.9, 6.6 Hz, 1H), 1.84 — 1.74 (m, 1H), 1.57 (dp, J = 13.0, 6.7 Hz, 1H), 1.08 (s, 9H), 0.89 (d, J = 4.0 Hz,



3H), 0.88 (d, J = 4.0 Hz, 3H), 0.81 (d, J = 6.8 Hz, 3H). 13C NMR (CDCls): & 3C NMR (CDCl5) & 135.8 (x 4), 134.3,
134.3, 129.6 (x 2), 127.7 (x 4), 67.5, 41.6, 28.9, 27.0 (x 3), 20.9, 19.5, 18.3, 12.9. HRMS (APCI): calcd for

Cy,H330Si [M+H]* 341.2295, found 341.2294.

2.2.4 (S)-2-Isopropyl-4-nitrobutyl benzoate (26)

To a solution of (S)-2-isopropyl-4-nitrobutan-1-ol (22) (10.3 g, 64 mmol) in pyridine(64 mL), DMAP (78
mg, 0.64 mmol) and benzoyl chloride (11.0 mL, 95 mmol) were added at 0 °C. The mixture was stirred for
1 h, then the cooling bath was removed and stirring was continued at ambient temperature for additional
12 h. After addition of water (250 mL) and separation of the organic layer, the water phase was extracted
with CH,Cl; (3 x 60 mL). The combined organic layers were washed with 5% HCI, dried over Na,SO,, and
evaporated under reduced pressure. The residue was chromatographed on SiO, (PE-EtOAc, 100:0 = 92:8)
to give nitro benzoate 26 (13.1 g, 78 %) as viscous yellow oil. [a]?° =-6.95 (c 0.777, CHCI5). 'H NMR (CDCl5):
5 8.05—7.99 (m, 2H), 7.62 — 7.53 (m, 1H), 7.46 (t, J = 7.8 Hz, 2H), 4.58 — 4.47 (m, 2H), 4.41 (dd, J = 11.5,
4.7 Hz, 1H), 4.24 (dd, J = 11.5, 6.5 Hz, 1H), 2.25 (dtd, J = 14.7, 7.8, 4.7 Hz, 1H), 2.13 — 2.02 (m, 1H), 1.88
(pd,J=7.0,5.0 Hz, 1H), 1.76 (ddg, J = 9.5, 6.5, 4.8 Hz, 1H), 1.01 (t, J = 7.2 Hz, 6H). 13C NMR (CDCl,): & 166.6,
133.3, 130.0, 129.7 (x 2), 128.7 (x 2), 74.4, 65.6, 40.9, 29.3, 27.3, 19.7, 19.4. HRMS (APClI): calcd for

Ci14H20NO, [M+H]* 266.1387, found 266.1342.

2.2.5 (S)-3-((Benzoyloxy)methyl)-4-methylpentanoic acid (27)

A mixture of nitro benzoate 26 (12.91 g, 48.7 mmol), NaNO, (14.0 g, 203 mmol), AcOH (28
mL)and DMSO (97 mL) was stirred at 50 °C for 4 h. Then it was cooled to ambient temperature
and diluted with 10% HCI. The product was extracted with EtOAc (5 x 30 mL). The combined
extracts were washed with water, dried over Na,SO; and concentrated. The residue was
chromatographed on SiO, (PE-EtOAc, 100:0 = 90:10) to give 9.82 g (80%) of acid 27 as viscous
yellow oil. [a]p?* = -7.66 (c 0.783, CHCl;). '"H NMR (CDCl;): 6 8.01 (d, J= 7.2 Hz, 2H), 7.53 (4,
J=73Hz, 1H), 7.42 (t, /= 7.6 Hz, 2H), 4.43 (dd, J=11.1, 5.0 Hz, 1H), 4.25 (dd, /= 11.1, 7.3
Hz, 1H), 2.50 (dd, /= 15.9, 5.2 Hz, 1H), 2.41 (dd, J=15.9, 8.2 Hz, 1H), 2.34 — 2.25 (m, 1H), 1.89

(dd, J=12.2, 6.6 Hz, 1H), 0.99 (d, J = 6.6 Hz, 3H), 0.98 (d, J = 6.6 Hz, 3H). 3C NMR (126 MHz,



CDCl3) 6 179.00, 166.67, 133.11, 130.24, 129.70 (x 2), 128.51 (x 2), 66.00, 40.43, 34.15, 29.04,

19.71, 19.65. HRMS (ESI): calcd for C,4H;sNaO, [M+Na]* 273.1097, found 273.1101.

2.2.6 (S)-4-((1,3-Dioxoisoindolin-2-yl)oxy)-2-isopropyl-4-oxobutyl benzoate (28)

Diisopropyl carbodiimide (4.7 mL, 30 mmol) was added to a cooled to 0 °C mixture of the acid
27 (6.26 g, 25 mmol), N-hydroxyphthalimide (4.5 g, 27.6 mmol), DMAP (150 mg, 1.2 mmol) and
dry CH,Cl, (125 mL). The cooling bath was removed and the mixture ‘was stirred at ambient
temperature for 3 h. Then solvents were evaporated under reduced pressure and the residue was
chromatographed on SiO, (PE-EtOAc, 100:0 = 80:20) to give NHPI ester 28 (9.69 g, 98%) as
viscous yellow oil. [a]p?® = -11.29 (¢ 0.797, CHCl;). 'H NMR (CDCls): 6 8.07 — 8.03 (m, 2H),
7.91 —17.85 (m, 2H), 7.79 (dd, J= 5.5, 3.1 Hz, 2H), 7.59 — 7.53 (m, 1H), 7.44 (t, J = 7.7 Hz, 2H),
7.26 (s, 1H), 4.51 (dd, J=11.4, 5.1 Hz, 1H),4.37 (dd, J=11.4, 6.8 Hz, 1H), 2.84 (d, /= 6.7 Hz,
2H), 2.43 — 2.34 (m, 1H), 2.01 (ddd, J=13.8,12.1, 6.4 Hz, 1H), 1.07 (d, J = 6.8 Hz, 3H), 1.05 (d,
J=6.8 Hz, 3H). 3C NMR (CDCl;): 8 169.2 (x 2), 166.6, 162.0, 134.9 (x 2), 133.2, 130.2, 129.8
(x 2), 129.1, 128.6 (x 2), 124.1 (x 2), 65.1, 40.9, 31.2, 29.0, 19.9, 19.5. HRMS (ESI"): calcd for

CpH,NOg [M+Na]"418.1259, found 418.1261.

2.2.7 (S)-2,3-Dimethylbutyl benzoate (29)

A flask-was charged with NiCl,e6H,O (0.051 g, 0.215 mmol) and 4,7-diphenyl-1,10-
phenanthroline (0.142 g, 0.427 mmol), and the apparatus was purged with Ar. DMF (2.2 mL,
anhydrous) was added, and the mixture was stirred for 10 minutes. THF (9 mL) and i-PrOH (1.1
mL) were then added, followed by a solution of 28 (0.841 g, 2.127 mmol) in 1.6 ml of THF and
Zn powder (0.070 g, 1.070 mmol). Immediately following the addition of the Zn powder, PhSiH;
(neat, 0.786 mL, 6.381 mmol) was added dropwise. Upon completion of the addition of PhSiHj3,
the reaction mixture was placed in a preheated 40 °C oil bath and stirred for 1 hour. After 1 hour
the mixture was allowed to cool to ambient temperature and 30 ml of half-saturated solution of

NH,4C1 was added. The organic layer was separated, the aqueous was extracted with EtOAc (4 x



10 mL). The combined organic phases were dried over Na,SO, and concentrated under reduced
pressure. The residue was chromatographed on SiO, (PE-EtOAc, 100:0 = 98:2) to give ester 29
(206 mg, 47 %) as a colorless oil. [a]p?* = 6.55 (¢ 0.327, CH,Cl,). '"H NMR (CDCl3): 6 8.08 —8.01
(m, 2H), 7.59 — 7.52 (m, 1H), 7.48 — 7.41 (m, 2H), 4.29 (dd, /= 10.8, 5.8 Hz, 1H), 4.16 (dd, J =
10.8, 6.8 Hz, 1H), 1.88 — 1.72 (m, 2H), (0.98 (d, J = 6.8 Hz, 3H), 0.97 (d, J = 6.7 Hz, 3H)), 0.92
(d, J=6.6 Hz, 3H). 3C NMR (CDCl;): 6 166.9, 132.9, 130.7, 129.7 (x 2), 128.5 (x 2), 68.5, 38.4,

29.7,20.5, 18.6, 13.4.

2.2.8 (S)-5-((2,3-Dimethylbutyl)thio)- 1-phenyl-1H-tetrazole (32)

A mixture of the benzoate 29 (1.070 g, 5.19 mmol), KOH (436 mg, 7.77 mmol) and MeOH (3
mL) was stirred at 50 °C for 3 h. After cooling to ambient temperature, the mixture was diluted
with water (9 mL) and extracted with a mixture Et,O-pentane (1:1, 4 x 5 mL). The combined
organic phases were dried over Na,SO,4 and the resulting solution was concentrated by distillation
under normal pressure. The residue containing (S)-2,3-dimethylbutan-1-ol (30) was diluted with
THF (50 mL), and then triphenylphosphine (1.496 g, 5.70 mmol) and 1-phenyl-1H-tetrazol-5-thiol
(31) (1.016 g, 5.70 mmol) were added. The mixture was cooled to 0 °C, and then a solution of
DEAD in toluene (40 wt %, 2.6 mL, 5.97 mmol) was added dropwise. After the entire reagent has
been added, the reaction mixture was warmed to room temperature and stirred for 12 h. Then it
was_concentrated under reduced pressure, the resulting residue was diluted with a mixture of
petroleum ether and ethyl acetate (9:1, 90 mL). The precipitate was filtered off and the resulting
filtrate was concentrated under reduced pressure. The residue was purified by column
chromatography on SiO, (PE-EtOAc, 100:0 = 95:5) to give phenyl tetrazole 32 (1.292 g, 95%
based on 29) as a colorless oil. [a]p* = 16.33 (¢ 0.307, CH,Cl,). 'H NMR (500 MHz, CDCls) &
7.60 — 7.49 (m, SH), 3.51 (dd, J=12.6, 5.3 Hz, 1H), 3.22 (dd, /= 12.6, 8.3 Hz, 1H), 1.84 — 1.71
(m, 2H), 0.97 (d, J = 6.7 Hz, 3H), 0.94 (d, J = 6.7 Hz, 3H), 0.88 (d, J = 6.7 Hz, 3H). 3C NMR
(CDCl;): 6 154.9,133.9,130.2, 129.9 (x 2), 124.0 (x 2), 38.7, 38.6, 31.5, 20.4, 17.8, 15.1. HRMS

(EST"): calcd for C3H;gN4S [M+H]* 263.1327, found 263.1325.



2.2.9 (8)-5-((2,3-Dimethylbutyl)sulfonyl)- 1-phenyl-1 H-tetrazole (23)

A mixture of sulphide 32 (1.24 g, 4.73 mmol), (NH4)sM070,404H,0 (584 mg, 0.47 mmol),
H,0, (30%, 2.84 mL, 25 mmol) and EtOH (24 mL) was stirred at ambient temperature for 48 h.
Then it was diluted with water (75 mL) and extracted with Et,0 (4 x 20 mL). The combined
extracts were washed with brine, dried over Na,SO, and evaporated. The residue was
chromatographed on Si0, (PE-EtOAc, 100:0 = 92:8) to give sulfone 23 (1.332 g, 96%) as viscous
colourless oil. [a]p?® = 4.82 (¢ 0.250, CH,Cl,). '"H NMR (CDCl;): 6 7.71 = 7.63 (m, 2H), 7.66 —
7.55 (m, 3H), 3.84 (dd, J=14.4, 3.7 Hz, 1H), 3.52 (dd, /= 14.4,9.0 Hz, 1H), 2.27 (dddd, J=13.6,
8.5,7.0,3.9 Hz, 1H), 1.84 (pd, /= 6.8, 4.2 Hz, 1H), 1.10.(d, /= 6.9 Hz, 3H), 0.92 (d, /= 6.9 Hz,
2H), 0.90 (d, J = 6.8 Hz, 2H). 13C NMR (CDCly): 6-154.2, 133.2, 131.6, 129.8 (x 2), 125.3 (x 2),
60.1, 33.3, 32.5, 19.4, 17.8, 15.8. HRMS (ESI"): caled for C;3HgsN4NaO,S [M+Na]" 317.1043,

found 317.1043.

2.2.10 (22Z,24S5)-6-Methoxy-24-methyl-3 a,5-cyclo-5 a-cholest-22-ene (34)

A freshly prepared solution of LIHMDS (prepared by addition of 0.91 M BuLi (0.66 mL, 0.60 mmol) to a
solution of HMDS (0.13 mL, 0.62 mmol) in THF (0.62 mL) was added dropwise under argon at -55 °C to a
solution of sulfone 23 (176 mg, 0.60 mmol) in THF (1.2 mL). After stirring the reaction mixture at this
temperature for 70 min, a solution of the aldehyde 33 (103 mg, 0.30 mmol, prepared according to [35,
36]).in THF (0.60 mL) was added. The mixture was stirred at -55 °C for 1 h, then the cooling bath was
removed and the mixture was kept overnight at ambient temperature. Water (270 plL) was added, and
after stirring for 1 h, the mixture was diluted with EtOAc (10 mL) and washed with water (10 mL). After
separating the organic layer, the aqueous layer was extracted with EtOAc (3 x 3 mL). The combined
organic layers were dried over Na,SO, and evaporated. The residue was chromatographed on SiO, (PE-
EtOAc, 98:2) to give olefin 34 (64 mg, 52%) as a colorless oil, containing about 4% of the corresponding
22E-isomer (measured by the ratio of signals at 5.06 (m, 1H, 22Z-isomer), 4.98 (t, 1H, 22Z-isomer) and

5.16 (m, 2H, 22E-isomer)). The product was crystallized from methanol to give white crystals with mp 86-



88 °C, containing about 1% of the 22E-isomer. [a]p?° = 27.4 (c 0.543, CHCl;). NMR data are summarized in

Table 1. HRMS (APCI): calcd for CygH490 [M+H]* 413.3778, found 413.3773.

2.2.11 (24R)-6p-Methoxy-24-methyl-3 o, 5-cyclo-5 a-cholestane (35)

A mixture of olefin 34 (24.6 mg, 60 umol), PtO, (12.3 mg, 50% w/w), EtOAc (700 uL) and EtOH (1160
pL) was hydrogenated under atmospheric pressure at room temperature until .the -necessary quantity of
hydrogen was absorbed. After completion of the reaction, the mixture was filtered through a pad of Celite,
and the filtrate was concentrated under reduced pressure. Purification of the crude product by flash
chromatography on silica gel (PE-EtOAc, 98:2) afforded campestane 35 (21 mg, 82%) as an oil. [a]p?° =
48.3 (c 0.697, CHCls). *H NMR (CDCls): 6 3.32 (s, 3H), 2.77 (t, /= 2.8 Hz, 1H), 1.99 (dt, J = 12.5, 3.2 Hz, 1H),
1.89 (dt, J = 13.4, 2.9 Hz, 1H), 1.02 (s, 3H), 0.90 (d, J = 6.5 Hz, 3H), 0.85 (d, / = 6.8 Hz, 3H), 0.80 (d, J = 6.8
Hz, 3H), 0.77 (d, J = 6.7 Hz, 3H), 0.71 (d, J/ = 1.8 Hz, 3H), 0.64 (dd, J = 5.0, 3.8 Hz, 1H), 0.43 (dd, /= 8.0, 5.0
Hz, 1H). 13C NMR (CDCls): 6 82.6, 56.7 (x 2),56.5, 48.2, 43.5, 42.9, 40.5, 39.0, 36.1, 35.5, 35.2, 33.8, 33.5,
32.6,30.6, 30.5, 28.5, 25.1, 24.3,22.9,21.7, 20.4, 19.4, 18.8, 18.4, 15.5, 13.2, 12.4. HRMS (APCI): calcd for

Cy9H500 [M+H]* 415.3934, found 415.3935.

2.2.12 (227,24S)-24-Methylcholesta-5,22-dien-3B-ol (36) /cis-22-dehydrocampesterol
(36)/

A mixture of 34 (25 mg, 61 umol), TsOHeH,0 (2.7 mg, 14 umol), dioxane (2.7 mL) and water (0.9 mL)
was stirred at at 75 °C for 4 h. Then solvents were evaporated, the residue was dissolved in EtOAc (10 mL)
and washed with water (5 mL). The water layer was extracted with EtOAc (3 x 3 mL). The combined organic
phases were dried over Na,SO,, and evaporated. The residue was chromatographed on SiO, (PE-EtOAc,
85:15 = 80:20) to give sterol 36 (21 mg, 87%) as white crystals. [a]p?° = -60.7 (c 0.257, CHCl;). Mp 161-
163 °C (methanol). NMR data are summarized in Table 1. HRMS (APCI): calcd for C,5H,4;0 [M+H]*399.3621,

found 399.3598; calcd for CygHas [M+H-H,0]* 381.3516, found 381.3517.

Table 1 —'H and *3C NMR spectroscopic data for compounds 34 and 362°¢

Position Compound




ether 34 cis-22-dehydrocampesterol (36)
5,C 5, H 5,C 5, H

1 335 1.50 (m, 1H) / 0.86 (m, 1H) 37.4 1.85 (m, 1H) / 1.08 (m, 1H)

2 25.1 1.74 (m, 1H) /1.52 (m, 1H) 31.8 1.84 (m, 1H) / 1.52 (m, 1H)

3 21.7 0.88 (m, 1H) 71.9 3.52 tt(11.2, 4.7)

4 13.2 0.65 (t,J = 4.3 Hz, 1H) /0.43 (dd,J=  42.45 2.28 (m, 1H) / 2.23 (m, 1H)
7.9, 5.1 Hz, 1H)

5 354 - 140.9 -

6 82.6 2.77 (t,J=2.5, 1H) 121.8 5.35 (m, 1H)

7 35.2 1.89 (dt, J = 13.5, 2.9 Hz, 1H) /1.05 32.0 1.97 (m, 1H)/1.53 (m, 1H)
(m, 1H)

8 30.7 1.71 (m, 1H) 32.1 1.44 (m, 1H)

9 48.3 0.81 (m, 1H) 50.3 0.93 (m, 1H)

10 42.8 36.7

11 22.9 1.41 (m, 2H) 21.2 1.51 (m, 1H) / 1.45 (m, 1H)

12 40.4 1.97 (dt, J=12.5,3.2 Hz, 1H) / 116 39.9 1.99 (m, 1H) / 1.19 (m, 1H)
(m, 1H)

13 43.5 - 42.38 -

14 56.8 1.04 (m, 1H) 57.0 1.01 (m, 1H)

15 24.3 1.56 (m, 1H) /1.11 (m, 1H) 24.4 1.54 (m, 1H) / 1.03 (m, 1H)

16 28.6 1.67 (m, 1H) / 1.13 (m, 1H) 28.5 1.69 (m, 1H) / 1.14 (m, 1H)

17 56.3 1.13(m, 1H) 56.1 1.12 (m, 1H)

18 12.7 0.75 (s, 3H) 12.3 0.72 (s, 3H)

19 19.5 1.03 (s, 3H) 19.6 1.01 (s, 3H)

20 34.7 2.39 (m, 1H) 34.6 2.39 (m, 1H)

21 20.7 0.95 (d, J = 6.5 Hz, 3H) 20.7 0.96 (d, J = 6.5 Hz, 3H)

22 131.3 4.97 (t,J = 10.6 Hz, 1H) 131.3 4.98 (t, J = 10.6 Hz, 1H)

23 1355 5.06 (t, J=10.5 Hz, 1H) 1354 5.06 (t, /= 10.5 Hz, 1H)

24 38.4 2.21 (m, 1H) 38.5 2.20 (m, 1H)

25 33.5 1.39 (m, 1H) 33.5 1.40 (m, 1H)

26 20.1 0.83 (d, J = 6.7 Hz, 3H) 20.1 0.83 (d, J = 6.8 Hz, 3H)

27 20.5 0.88 (d, J = 6.7 Hz, 3H) 20.5 0.87 (d, J=6.7 Hz, 3H)

28 18.8 0.91 (d, J = 6.7 Hz, 3H) 18.8 0.91 (d, J=6.7 Hz, 3H)

OMe 56.7 3.32 (s, 3H)

2 NMR chemical shifts (8) are from spectra obtained in CDCl; solutions.

b Assigned by DEPT, COSY, HSQC, and HMBC experiments.

¢Jvalues (in Hz) in parentheses.



3 Results and Discussion

C23-C28 subunits 17-20, 23 are small bulky molecules bearing a stereocenter and a functional
group required for their further coupling with a steroidal core. Although the molecules are small,
their synthesis is a laborious task associated with necessity of large quantity of chiral chemicals
and volatility of the intermediates. Nitroalcohol 22 is a chiral compound easily accessible through
the reported by Gellman organocatalytic Michael addition of isovaleraldehyde to nitroethylene
[33] (Scheme 2). For its preparation, only 2% of easily available from natural L-proline catalyst
21 [37, 38] is necessary and we assumed that compound 22 might be a good starting point in
synthesis of the target subunit if we develop an efficient way of the nitromethyl group removal.
As far as this group can be easily transformed to an aldehyde or acid moiety, decarbonylation or
decarboxylation reactions can be used to form the required hydrocarbon backbone. At the
beginning, we tested decarbonylation strategy based on the rhodium-catalyzed reaction of
aldehydes reported by O’Connor [39]. Taking into account a significant increase in volatility of
the molecule after decarbonylation, the hydroxyl group in 22 was protected as a TBDPS ether. To
transform the nitromethyl group into the aldehyde, the silylated nitroalcohol was reacted with
potassium carbonate and potassium permanganate according to Steliou’s protocol [40]. Attempts
to prepare aldehyde 24 by either a sequence of the base-mediated nitronate formation followed by
its acid-catalyzed hydrolysis [41] or by the reaction with sodium peroxocarbonate [42] were
unsuccessful. The best result on decarbonylation of aldehyde 24 was achieved when the substrate
was heated at 100°C in toluene in the presence of 10% of Wilkinson’s catalyst and 1 equiv of
DPPA [39]. Delightfully, the yield of the reaction was higher than that in stoichiometric version
of the reaction (entries 1-2). Changing the solvent to THF, which was originally used by O’Connor
and coworkers [39], was detrimental for the reaction (entries 3-4). Decreasing of amount of the
catalyst to 5% resulted in significant decrease in the yield (entry 5). Attempts of decarbonylation
of 24 under palladium catalysis [43] were unsuccessful and resulted only in recovery of the starting

material or formation of complex mixtures. Although overall yield of 25 was good enough, the



necessity of using the expensive rhodium catalyst encouraged us to continue our search for an
alternative way of dehomologation of 22. One more disadvantage of the developed approach was
observed on the stage of desilylation of 25 by tetrabutylammonium fluoride (not shown).

Separation of the formed volatile alcohol from TBDPSF was impossible in our hands.

Ph

Ph

N OTMms
H 21

2 mol %
ZNo, 3-nitrobenzoic acid (20%), rt, 24 h, NO 1) TBDPSCI, ImH (68%)
+ toluene, then NaBH,, MeOH 2 2)KMnOy, KoCO3 (84%)

Ox > RO
\/w/ 78%, >99% ee

16 Ref.33 R=H, 22
R=TBDPS, 22a

-
v

(PhP)3RhCI (10%), DPPA (1 equiv),

N
o 0
TBDPSO toluene, 100 °C TBDPSO\/H/
83%

24 25

Y

Optimization of rhodium-catalyzed decarbonylation of 24

entry deviations from above yield
1 none 83%
2 100% of (Ph3P)3RhCl, without DPPA  72%
3 THF instead of toluene, rt 0%
4 THF instead of toluene, 60 °C 0%
5 5% of (Ph3P)3RhCI 54%

Scheme 2. Synthesis of the ether 25

Both of the disadvantages mentioned above were overcome when decarboxylation reaction was used
as a key step instead of decarbonylation. Precious-metal catalysis is not necessary for
hydrodecarboxylation, which can be performed under nickel catalysis [44] or in the presence of organic
photoredox catalyst under irradiation by visible light [45]. Moreover, nitromethyl group can be
transformed to acid moiety under acidic conditions [46] permitting protection of the hydroxyl group in 22
as an ester instead of silyl ether. At first, the hydroxyl group in nitroalcohol 22 was benzoylated and the
carboxylic acid unit was formed by the reaction of the protected 26 with sodium nitrite and acetic acid
(Scheme 3). Initially, we tried to decarboxylate unactivated acid 27 under photoredox catalysis [45] but
only recovery of the starting material was observed. The desired transformation was successfully

accomplished using the protocol recently reported by Baran [44]. Carboxylic acid 27 was transformed to



NHPI ester 28 that was engaged into the nickel-catalyzed decarboxylation. An acceptable 47% yield of 29
was achieved in the presence of 20% of bathophenanthroline (L1) as a ligand when the reaction was
carried out on a 2 mmol scale (entry 1). At a scale lowered to 0.1 mmol, the yield was only a little higher
(entry 2). In the presence of 4,4'-di-tert-butyl-2,2'-dipyridyl (L2) ligand, the reaction proceeded less
efficiently (entry 3). Amount of phenylsilane had a significant effect on the yield of the reaction, which
was greater in the presence of 3 eq of the source of hydrogen as compared to the experiment when only

1.5 eq were added (entries 2 and 4).

O

N—OH
(0]
1) BzCl, Py (90%); 0
NO, 2) NaNO,, AcOH, DMSO (89%) OH DIC, DMAP, CH,Cl,
RO » BzO ' ’ -
98%

R=H, 22 ey
R=Bz, 26
O
N. NiCl,'6H,0'(10%), L1 (20%), Zn (0.5 eq), PhSiH; (3 eq),
0 THF- DMF- iPrOH, 45°C, 1 h
0 » BzO
0]
0,
BzO 47% 29
28
Ph, Ph o .
Optimization of decarboxylation of 28
4 \
L1 —\ = entry deviations from above yield
1 none (2 mmol scale) 47%
tBu tBu 2 none (0.1 mmol scale) 54%
7\ = 3 L2instead of L1 (0.1 mmol scale) 43%
L2 _ \ /) 4 1.5 eq of PhSiHj; instead of 3 eq 33%
N N (0.1 mmol scale)

Scheme 3. Ni-catalyzed decarboxylation of NHPI redox-active ester 28

With benzoate 29 in hands, we easily synthesized the target C23-C28 subunit 23 bearing
phenyltetrazolylsulfonyl moiety (Scheme 4). Saponification of 29 furnished the volatile alcohol 30, which,
without purification, was coupled with thiol 31 giving thioether 32 in a 95% vyield over 2 steps. Finally,
oxidation of 32 afforded the required sulfone 23 in a 96% vyield, which was further successfully employed
in construction of saturated and unsaturated campestane side chains. The Julia-Kocienski olefination [47,
48] of steroidal aldehyde 33 with lithiated sulfone 23 furnished an unusual for this reaction Z-isomer of

steroid 34 (Z:E = 25:1). Configuration of the alkenyl unit was confirmed by 2D NOESY NMR experiment



(see SI). The obtained alkene was rearranged to (Z)-22-dehydrocampesterol (36), which is a rare and
poorly studied component of biological membranes [49-54]. As far as campestane steroids bearing 22E-
alkenyl fragment are demanded as synthetic intermediates and naturally occurring as well, we tried to
alter the selectivity of the olefination. Typically, E-selectivity in the Julia-Kocienski reaction can be
increased by changing the base from LIHMDS to KHMDS [ref]. However, under the modified conditions,
we observed significant drop of the yield of 34 to 7% and only moderate selectivity of the reaction (Z:E
=45:55). The saturated campestane side chain is presented in such steroids as campesterol (1) and
swinhoeisterol A (5) and this unit can be easily formed by simple platinum-catalyzed hydrogenation of 34,

which proceeds smoothly giving steroid 35 in a 82% vyield.

,N\\’/SH
W —N\

N31 Ph
NH,4)sM0O24, H,O
PPh3, DEAD Ne S (NH4)sMoOz, Hy 2
RO - N T >

95% over 2 steps N’N‘ph 96%
32

R=Bz, 29
KOH
[ rett 30

\// .
N S LiHMDS, toluene
NS -
N-N. 52%
N~ ph °
23 p-TsOH, 87%
H,O-dioxane,
0,
Hy, PtO, 80°C
82%
HO

Scheme 4. Synthesis of 23 and its application in construction of the campestane side chain

Conclusion

In conclusion, a catalytic way to C23-C28 subunit of 24a-methyl steroids has been developed. The

approach is based on dehomologation of (S)-2-isopropyl-4-nitrobutan-1-ol, which is easily available on



multigram scale via an asymmetric reaction catalyzed by only 2% of an organocatalyst. Removal of the
extra carbon atom from this molecule was efficiently performed through a sequence of nitromethyl to
carboxyl group transformation and nickel-catalyzed decarboxylation of the obtained acid after its
activation. The synthesized C23-C28 fragment bearing phenyltetrazolylsulfonyl group is suitable for its
coupling with a steroidal aldehyde by the Julia-Kocienski reaction and we have successfully constructed

side chains presented in such steroids as campestane, swinhoeisterol A and (2)-22-dehydrocampesterol.
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Legends

Fig. 1. Structures of some natural steroids with a campestane side chain

Scheme 1. Approaches to the synthesis of campestane side chains 9,10 and C23-C28 fragments

17-20, 23

Scheme 2. Synthesis of the ether 25
Scheme 3. Ni-catalyzed decarboxylation of NHPI redox-active ester 28
Scheme 4. Synthesis of 23 and its application in construction of the campestane side chain

Table 1 —'H and 13C NMR spectroscopic data for compounds 32 and 332b<
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available via an asymmetric reaction construction of side
catalyzed by 2% of chiral catalyst chains of campestanes

e A new catalytic way to C23-C28 fragment of campestanes is reported

e The synthesis is based on organocatalytic formation of the stereocenter followed by
dehomologation of the obtained synthetic intermediate

e The synthesized subunit can be attached to a steroidal core by Julia-Kocienski olefination
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