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a b s t r a c t

A convenient synthesis for bis-diosgenin pyrazine dimers, cephalostatin analogues is

reported. These symmetrical dimeric steroid-pyrazines were obtained by the classical con-

densation of �-amino ketones, the most efficient method for pyrazine ring construction.

© 2008 Elsevier Inc. All rights reserved.
eywords:

ynthesis

is-diosgenin pyrazine dimers
ephalostatin analogs

. Introduction

any classes of steroids exhibit antitumor properties with
eceptor binding and DNA binding that are important steps
or many antitumor steroids [1]. Hormonal steroids have been
hown to be active against neoplasms of the colon, breast and
ther cell lines [2]. Steroids have been used as delivery agents
or DNA-active cytotoxic units such as alkylating agents [3].
n the other hand, dimeric steroids were considered more of a
ovelty than anything else, until such dimeric steroid systems
ere found in nature [4]. Evidence that the dimerization of the

teroid skeleton leads to unique characteristics and applica-
ions has gradually began to emerge in different areas. Many
imeric and oligomeric steroids exhibit micellular, detergent
nd liquid crystal behavior [5,6].

Steroidal dimers have been used as catalysts for many

ypes of reactions [7] and many lead to new phamacologi-
ally active steroids [8]. For example, the cephalostatin (1) is
ne of dimeric steroids that are among the most powerful

∗ Corresponding author. Fax: +962 2 7095014.
E-mail address: shawakfa@just.edu (K.Q. Shawakfeh).
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anticancer agent ever tested by the National Cancer Institute
[9,10]. This exceptional activity of cephalostatins has led to
interest in the synthesis of the compounds and their analogs
as potential antitumor agents. The synthesis of dimeric
steroid-pyrazine marine alkaloids and the isolation of these
steroid derivatives from natural products have been reviewed
[11].

Cephalostatin (1) is extremely potent against the NCI pri-

mary assay, the marine lymphocyctic leukemia P388, with an
ED50 value of 10−7 to 10−9 �g mL−1. Pettit’s group has charac-
terized 16 other cephalostatins [9], all containing the novel
structure framework of two steroid units linked at the A ring by

mailto:shawakfa@just.edu
dx.doi.org/10.1016/j.steroids.2008.01.012


( 2 0

Procedure as described for 5 gave a white solid of pure 8. Yield:
0.28 g (82%), mp 250 ◦C (d). IR (KBr, cm−1): 2949, 1412, 1186, 695.
580 s t e r o i d s 7 3

a pyrazine [12]. A steroid pyrazine dimer from an unexpected
source was also reported in literature [13].

Many different routes were reported for the construction
of the pyrazine-based dimeric steroids. Some of them allow
the synthesis of unsymmetrical dimers [14,15]. The symmetri-
cal dimeric steroid-pyrazines can be obtained by the classical
condensation of �-amino ketones that is, actually, the most
efficient method of pyrazine rings construction. The inter-
mediate steroidal 2�-amino-3-ketones undergo spontaneous
dimerization to a mixture of dihydropyrazines, which are then
oxidized by air [16] to give the pyrazine dimer.

In this study we start from diosgenin (2), a readily available
and cheap natural steroid to synthesize four new symmetrical
bis-steroidal pyrazine dimers that are analogs of cephalo-
statins.

2. Experimental

2.1. General remarks

Melting points (mp) were determined on electrothermal digital
melting point apparatus and are uncorrected. All the start-
ing materials and reagents were obtained from commercial
source and were used without further purification. FT-IR spec-
tra were recorded on a Nicolet-Impact 410 spectrophotometer.
Both 1H and 13C NMR spectra were recorded on Bruker DPX-
400 instruments. The chemical shifts (ı) are reported in ppm
relative to TMS used as an internal standard.

2.2. Chemical synthesis

2.2.1. (25R)-5-en-spirosta-3-one (3)
Pyridinum chloro chromate (1.7 g, 4.0 mmol) was added to
a mixture of powdered CaCO3 (4.0 g, 4.0 mmol) and 2 (2.0 g,
4.8 mmol) in CH2Cl2 (50 mL) at room temperature. The reac-
tion mixture was stirred for 30 min. The reaction mixture
was diluted with diethyl ether (50 mL) and filtered through a
short column of florisil. The solvent was concentrated under
reduced pressure. The residue was purified by column chro-
matography on silica gel (10% ethyl acetate in hexane) to give
a ketone 3 as a white solid. Yield: 1.6 g (80%), mp 193–194 ◦C,
lit. mp 194–196 ◦C [17]. IR (KBr): 2961, 1726 and 1681 cm−1. 1H
NMR (CDCl3): ı 5.3 (s, 1H, C6), 4.4 (dt, 1H, C16-�), 3.48 (m, 2H,
C26), 3.38 (t, 2H, C26). 13C NMR (CDCl3): ı 211 (C3), 140.8 (C5),
121 (C6), 80.7 (C17), 66.7 (C26), 109 (C22), 62.7 (C17).

2.2.2. (25R)-5-en-2˛-bromo-spirosta-3-one (4)
To a solution of ketone 3 (0.2 g, 0.48 mmol) in THF (20 mL) at
room temperature, phenyl trimethylammonium perbromide
(PTAB, 0.23 g, 0.63 mmol, 1.3 equiv.) in THF (7 mL) was added
rapidly. The resulting orange solution deposited copious pre-
cipitate and faded to a beige color within 6 min. The solution
quenched with brine solution (10 mL), extract with CHCl3
(2 mL × 20 mL), dried over Na2SO4, concentrated and purified
by column chromatography (15% ethyl acetate/hexane) to give

a white solid of 4. Yield: 0.26 g (72%), mp 160–163 ◦C. IR (KBr,
cm−1): 2946, 1681, 1619, 797. 1H NMR (400 MHz, CDCl3): ı 4.5
(1H, dd, J = 7.1, 6.2 Hz, H2�), 4.36 (1H, dt, J = 7.6, 7.2, H16�), 3.46
(1H, m, H26�), 3.3 (1H, t, J = 10.8 Hz, H26�). 13C NMR (400 MHz,
0 8 ) 579–584

CDCl3): ı 204 (C3), 121 (C6), 109 (C22), 80.6 (C16), 66.7 (C26), 62.7
(C17), 54 (C2). Anal. Calcd. for C27H39BrO3: C, 65.98; H, 8.00.
Found: C, 65.56; H, 7.86.

2.2.3. Di(25R-5-en -spirostano[2,3-b:2′,3′-e]) pyrazine (5)
The bromo ketone 3 (0.4 g, 0.81 mmol) was dissolved in
DMF (50 mL) and few mg of KI was added followed by
addition of NaN3 (0.52 g, 8.1 mmol, 10 equiv.). The mixture
was stirred for 3 h at 50 ◦C. The solvent was evaporated
under reduced pressure. The residue was dissolved in CHCl3
(50 mL). The resulting solution was washed with brine solu-
tion (2 mL × 20 mL), dried over Na2SO4 and evaporated to give
azido ketone intermediate. To the intimate mixture of azido
ketone in THF (10 mL) was added triphenylphosphine (0.7 g,
2.64 mmol, 3 equiv.) under N2. The solution was stirred for 5 h
under N2 until evolving gas from the solution was ceased.
Then THF (5 mL) and water (0.2 mL, 11 mmol) were added
and the reaction mixture was stirred overnight. After con-
centration, the yellow residue was azeotrope with toluene
and absolute ethanol (10 mL) and TsOH (catalytic amount)
were added. The orange mixture was stirred vigorously at
room temperature under atmospheric pressure for further
2 days. The fine solid was filtered over a bed of celite and
washed with CHCl3 followed by evaporation to give pure
dimeric pyrazine 5. Yield: 0.12 g (70%), mp 290 ◦C (d). IR
(KBr, cm−1): 2970, 1660 and 1412. 1H NMR (400 MHz, CDCl3):
ı 5.4 (1H, t, H6), 4.4 (1H, dt, 16�), 3.4 (2H, m, H-26). 13C
NMR (400 MHz, CDCl3): ı 144, 143 (pyrazine carbons), 140
(C6), 109 (C22), 81 (C16), 67 (C26), 63 (C17). Anal. Calcd. for
C54H76N2O4: C, 79.37; H, 9.37; N, 3.43. Found: C, 79.06; H, 9.14;
N, 3.09.

2.2.4. (25R)-5˛-spirosta-3-one (6)
A solution of 3 (1.0 g, 2.4 mmol) in ethyl acetate (30 mL) was
stirred with 10% palladium on carbon (10 mg) under hydrogen
at 40 ◦C for 24 h. The reaction mixture was filtered over a bed of
celite and the filtrate was evaporated under reduced pressure.
The residue was crystallized from methanol to give 6. Yield:
0.90 g (90%), mp: 155–158 ◦C. IR (KBr): 2945, 1718 cm−1. 1H NMR
(CDCl3): ı 4.37 (dt, 1H, C16-�H, J = 7.6, 7.2 Hz), 3.46 (m, 2H, C26),
3.32 (t, 2H, J = 10.8 Hz, C26,). 13C NMR (200 MHz, CDCl3: ı 210
(C3), 109 (C22), 80.7 (C16), 66.7 (C26), 62.7 (C17).

2.2.5. (25R)-2˛-bromo-5˛-spirosta-3-one (7)
Procedure as described for 4 gave a white solid of 7. Yield: 0.18 g
(75%), mp 256 ◦C (decomp), lit. mp 254 ◦C (decomp) [17]. IR (KBr,
cm−1): 2950, 1697, 798. 1H NMR (400 MHz, CDCl3): ı 4.73 (dd, 1H,
C2-�H, J = 6, 7.2, 6.4), 4.37 (dt, 1H, C16-�H, J = 7.6, 7.2), 3.46 (m,
2H, C26), 3.32 (t, 2H, C26, J = 10.8). 13C NMR (400 MHz, CDCl3): ı

201(C3), 109(C22), 80.7 (C16), 67(C26), 62.7(C17), 54 (C2).

2.2.6. Di(25R-5˛-spirostano [2,3-b:2′,3′-e]) pyrazine (8)
1H NMR (400 MHz, CDCl3): ı 4.4 (1H, dt, 16�), 3.5 (2H, m, H-26).
13C NMR (400 MHz, CDCl3: ı 147 (pyrazine carbons), 109 (C22),
80 (C16), 67 (C26),), 66 (C17). Anal. Calcd. for C54H80N2O4: C,
78.98; H, 9.82; N, 3.41. Found: C, 78.59; H, 9.78; N, 3.15.
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.2.7. (25R)-4-en-spirosta-3,6-dione (9)
reshly prepared Jones reagent was added dropwise to a solu-
ion of 2 (2.0 g, 4.82 mmol) in acetone (150 mL) at 10 ◦C. The
eaction mixture was stirred below 20 ◦C for 30 min. The reac-
ion mixture was extracted with brine solution (2 mL × 20 mL),
ried over NaSO4, concentrated. The residue was purified by
olumn chromatography 20% (ethyl acetate/hexane) to give a
hite solid of pure 9. Yield: 1.95 g (95%), lit. mp 190–192 ◦C [21].

R (KBr, cm−1): 2955, 1687, 1610 and 1456. 1H NMR (400 MHz,
DCl3): ı 6.3 (s, 1H, C4), 4.36 (dt, 1H, C16-�H), 3.45 (m, 2H, C26),
.37 (t, 2H, C26). 13C NMR (400 MHz, CDCl3): ı 202 (C3), 199 (C6),
63 (C5), 127 (C4), 109 (C22), 80.6 (C16), 67 (C26), 62.7 (C17), 56
C14).

.2.8. (25R)-4-en-2˛-bromo-spirosta-3,6-dione (10)
rocedure as described for 4 afforded a white solid of 10. Yield:
.16 g (67%), mp 187–190 ◦C. IR (KBr, cm−1): 2946, 1680, 1611,
83. 1H NMR (400 MHz, CDCl3): ı 6.3 (s, 1H, C4), 4.47 (dt, 1H,
16-�H, J = 6.7, 6.3), 4.44 (d, 1H, C2-�H, J = 3.6), 3.46 (m, 2H, C26),
.37 (t, 2H, C26, J = 10.8 Hz). 13C NMR (400 MHz, CDCl3): ı 198
C3), 195 (C6), 159 (C5), 129 (C4), 109.5 (C22), 80.6 (C16), 67 (C26),
2.7 (C17), 57 (C14). Anal. Calcd. for C27H37BrO4: C, 64.15; H,
.38. Found: C, 63.79; H, 7.10.

.2.9. Di(25R-6 oxo-4-en-spirostano[2,3-b:2′,3′-e])
yrazine (11)
rocedure as described for 8 afforded pure dimeric pyrazine
1. Yield: 0.11 g (68%), mp 300 ◦C (d). IR (KBr, cm−1): 2922, 1684,
607 and 1416. 1H NMR (400 MHz, CDCl3): ı 6.0 (1H, s, H4), 4.4
1H, dt, 16�), 3.4 (2H, m, H-26). 13C NMR (400 MHz, CDCl3: ı 146,
45 (pyrazine carbons), 202 (C6), 161 (C5), 129 (C4), 109 (C22), 81
C16), 67 (C26), 62 (C17). Anal. Calcd. for C55H76N2O6: C, 76.71;
, 8.89; N, 3.25. Found: C, 76.25; H, 8.77; N, 3.00.

.2.10. (25R)-5˛-spirosta-3,6-dione (12)
solution of 9 (1.0 g, 2.35 mmol) in ethyl acetate (30 mL) was

tirred with 10 wt% palladium on carbon (10 mg) under hydro-
en at 40 ◦C for 2 days. The reaction mixture was filtered
ver a bed of celite, the solvent was evaporated in vacuum.
ecrystallization in methanol afforded 12. Yield: 0.8 g (80%),
p 230–231 ◦C, lit. mp 230–232 ◦C [21]. IR (KBr, cm−1): 2960,

708, and 1706. 1H NMR (400 MHz, CDCl3): ı 4.67 (1H, dd, H2�),
.36 (1H, dt, 16�), 3.45 (1H, m, H-26�), 3.37 (1H, t, H26�). 13C
MR (400 MHz, CDCl3): ı 204 (C3), 200 (C6), 109 (C22), 81 (C16),
7 (C26), 62 (C17).

.2.11. (25R)-2˛-bromo-5˛-spirosta-3,6-dione (13)
rocedure as described for 4 gave a white solid of bromodione
3. Yield: 0.35g (74%), mp 184–187 ◦C. IR (KBr, cm−1): 2965, 1686
nd 1705. 1H NMR (400 MHz, CDCl3): ı 4.72 (1H, dd, H2�), 4.45
1H, dt, 16�), 3.46 (1H, m, H-26�), 3.37 (1H, t, H26�). 13C NMR
400 MHz, CDCl3: ı 205 (C3), 201 (C6), 109 (C22), 81 (C16), 67 (C26),
3 (C17). Anal. Calcd. for C28H43BrO4: C, 64.24; H, 8.28. Found
, 63.88; H, 8.15.

.2.12. Di(25R-6 oxo-5˛-spirostano[2,3-b:2′,3′-e]) pyrazine

14)
rocedure as described for 5 afforde pure dimeric pyrazine 14.
ield: 0.2 g (78%), 280 ◦C(d). IR (KBr, cm−1): 2950, 1705 and 1407.
H NMR (400 MHz, CDCl3): ı 4.4 (1H, dt, 16�), 3.4 (2H, m, H-
8 ) 579–584 581

26). 13C NMR (400 MHz, CDCl3: � 142, 141 (pyrazine carbons),
203 (C6), 109 (C22), 81 (C16), 67 (C26), 63 (C17). Anal. Calcd. for
C55H80N2O6: C, 76.35; H, 9.32; N, 3.24. Found: C, 75.68; H, 8.97;
N, 3.01.

3. Results and discussion

The structure of cephalostatin (1) is in essence two substituted
cholestane skeletons connected at the C-2 and -3 positions by
two nitrogen atoms to form a pyrazine ring. They have been
synthesized by the dimerization of two �-amino ketosteroids
[14,15]. Initially, the synthesis of dimer 5, which has a double
bond at C5-6, was carried out, as shown in Scheme 1. Oxidation
of diosgenin (2) with PCC to give the known ketone 3 [17]. The
next step was to introduce an amino group or its equivalent (N3

or NO2) at C2 of this ketone. This aim was achieved by bromi-
nation of the carbonyl group followed by substitution of the
bromide by an azido group. Therefore, selective bromination
of ketone 3 by phenyl trimethylammonium perbromide (PTAB)
gave the �-bromo ketone 4 as the thermodynamic product.
The 1H NMR spectrum for product 4 shows doublet of doublet
peak at 4.5 ppm for � proton at C2 and doublet of triplet peak
at 4.36 ppm for one � proton at C16. The 13C NMR spectrum
shows a new peak at 204 ppm for carbonyl carbon, 121 ppm
for C6 and a peak at 54 ppm for C2.

The dimerization of the C-5 unsaturated-2�-bromoketone
4 involved two steps to achieve the formation of the pyrazine
dimer 5. The first step is the substitution of bromo atom with
an azido group using sodium azide in the presence of cat-
alytic amount of sodium iodide. This keto azide is not stable at
room temperature and it easily converts into enamino ketone
(hygroscopic) which failed to dimerize under different con-
ditions. Therefore, the azido intermediate was not isolated
but it was reduced to an �-amino ketone by triphenylphos-
phine in dry THF followed by addition of water to hydrolyzed
the aza-wittig intermediate. The TLC of the reduction pro-
cess afforded a mixture of products. Thus, the intermediate
�-amino ketone was not isolated. It was subjected to dimeriza-
tion conditions by stirring in ethanol and toluene containing
a catalytic amount of toluenesulfonic acid and open to the
atmosphere to facilitate aromatization to yield the C-5 unsat-
urated pyrazine dimer 5 in good overall yield. The 1H NMR
spectrum shows a triplet peak at 5.4 ppm for C6 proton and
a doublet of triplet peak at 4.4 ppm for one � proton at C16.
The 13C NMR spectrum shows two peaks at 143 and 144 ppm
characteristics for the pyrazine carbons.

Since cephalostatin 1 has a saturated ring attached on
either side of the pyrazine ring, the next target structure was
the saturated symmetrical bis-steroidal pyrazine dimer 8. This
dimer lacks the double bond at C5. Therefore, hydrogena-
tion of ketone 3 using palladium on carbon afforded product
6 in excellent yield. In the 1H NMR spectrum the peak at
5.3 ppm which was characteristics for the C6 hydrogen dis-
appeared which was in good agreement with literature [18].
Selective bromination of ketone 6 by phenyl trimethylammo-

nium perbromide (PTAB) furnished �-bromo ketone 7 as the
thermodynamic product. The 1H NMR spectrum of 7 shows
a doublet of doublet peaks at 4.73 ppm (J = 6, 7.2 Hz) for the
� proton at C2, and the 13C NMR spectrum shows the car-
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Scheme 1 – Synth

bonyl carbon peak at 201 ppm and a new peak at 54 ppm
for C2. The dimerization of �-bromo ketone 7 employing the
same methodology as that for dimer 5 furnished C-5 saturated
pyrazine dimer 8. The 1H NMR spectrum shows a doublet of
triplet at 4.4 for 16�-H and a multiplet at 3.5 for H-26. The 13C
NMR spectrum shows a peak at 147 ppm for pyrazine carbons.

Oxysterols possess powerful biological activities. Some of
their effects on the regulation of key enzymes are similar to
those of cholesterol, but are much more potent. One of the crit-
ical properties of oxysterols is their ability to pass lipophilic
membranes at a high rate. Dramatic example of an oxysterol’s
hydroxyl group were observed on both the rate of transport of
oxysterols between lipophilic compartments and the in vivo
kinetics of deuterium labeled oxysterols [19]. Therefore, in
order to increase the polarity of the next dimer, we decided

to increase the oxygen content by further oxidation of the
diosgenin (2) using Jones reagent. The 4-ene-3,6-dione 9 was
prepared in excellent yield. The 1H NMR spectrum for com-
pound 9 shows a new singlet peak at 6.3 ppm for the C4 proton,
of dimers 5 and 8.

and the 13C NMR spectrum shows two new peaks at 202 and
199 ppm for carbonyl groups at C3 and C6, respectively. It also
shows new peaks at 163 and 127 ppm for C5 and C4, respec-
tively, that is in good agreement with literature values [20,21].
Selective bromination at C2 with PTAB give �-bromo dione
due to the steric factor between the bulk group of reagent
and the � methyl group at C10 and afforde the bromodione
10 in good yield. The 1H NMR shows singlet peak at 6.3 ppm
for the proton on C-4 and doublet at 4.44 ppm (J = 3.6 Hz) for
C2-�H. The 13C NMR shows peaks at 198, 195,159 and 129 ppm
for C3, C6, C5 and C4, respectively. The dimerization of com-
pound 10 using the same methodology as that for dimer 5
furnished the 4-ene-6-one pyrazine dimer 11 (Scheme 2). The
1H NMR spectrum shows singlet peak at 6.0 ppm for C4 pro-
ton and doublet of triplet peak at 4.4 ppm for one � proton

at C16. The 13C NMR spectrum shows two peaks at 145 and
146 ppm characteristics for the pyrazine carbons and three
peaks at 202, 161 and 129 ppm characteristics for C6, C5 and C4,
respectively.
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Scheme 2 – Synthesis of dimers 11 and 14.
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The last dimer, dimer 14 was synthesized in order to
ore closely duplicate the structure of cephalostatin (1). The

ndione 9 was reduced to the dione 12 by hydrogenation
sing palladium on carbon. The dione 12 was characterized
y 1H NMR. The doublet of doublets at 6.3 ppm for H4 was
isappeared and the 13C NMR spectrum shows peaks at 200,
04 ppm characteristics for C3, C6, respectively [21]. Selective
romination at C2 gives the bromodione 13 in good yield. The
H NMR spectrum shows a doublet of doublets at 4.72 ppm
haracteristics for H2�. The 13C NMR spectrum shows peaks
t 205, 201 ppm characteristics for C3, C6, respectively Finally,
he dimerization of compound 13 using same methodology
s that for dimer 5 afforded dimer 14. The 1H NMR spectrum
hows a doublet of triplet peak at 4.4 ppm for one � proton at
16 and a multiplet at 3.4 ppm for H-26. The 13C NMR spectrum
hows two peaks at 142 and 141 ppm characteristics for the

yrazine carbons and three peaks at 203, 109 and 67 ppm char-
cteristics for C6, C22 and C26, respectively. Samples of the
repared dimers (5, 8, 11, 14) will be submitted for biological
esting.
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