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Abstract: Antineoplastic bis-steroidal (cephalostatin-type) analogues of the saponin OSW-1 were produced
from a dihydroaglycone of OSW-1. The key aglycone 6H was obtained from 5a-androstan-3B-ol-17-one in 8
steps (38% yield). The SAR of the aglycones, intermediates, and hybrid analogues provide insights regarding
the proposed common role of C22-oxocarbenium ions in the bioactivity of both OSW-1 and cephalostatins © 1999
Elsevier Science Ltd. All rights reserved.

The cephalostatins! and ritterazines? are antineoplastic bis-steroidal natural products (sub-nanomolar
activity) from separate marine phyla, while saponin OSW-1 (1) belongs to a plant-derived (Ornithogalum
saundersiae) family of potent mono-steroidal antitumor agents (Gls, 0.78 nM for 1).3 The cytotoxicity profile
of 1 was found to be surprisingly similar to that of the cephalostatins, with correlation coefficients of 0.60—0.83,
which appears to imply a related mechanism of action.? Previously, an E-ring oxocarbenium ion (OCI) was
proposed as a common active intermediate4 (Fig. 1). This would necessitate loss of the sugars and water from 1
before putative covalent binding. Another possibility, analogous to F-ring ions in the spiroketal series, is an
acyclic OCI which could be accessed without prior hydrolysis of the glycoside linkage. To interrogate such
ions as potential pharmacophores, we sought cephalostatin-type analogues incorporating the OSW-1 aglycone.
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Design and Synthesis of Analogues

Since the “interphylal” hybrid pyrazine ritterostatin Gy 1y (not shown) composed of the upper hemispheres
of cephalostatin 1 (North 1)57 and ritterazine G (North G)$ was found to be a potent antitumor agent (Glsg 14
nM),5 the cytotoxicities of the proposed “interkingdom™ hybrids were expected to provide significant insights.
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The North 1 and North G subunits were therefore each chosen as a coupling partner for the OSW-1 aglycone in
construction of the analogues dihydro-ornithostatin O, 1 (2)# and dihydro-ornithozine O, Gy (3)8 (Fig. 2).

The C22 ketal form of the aglycone partner was chosen for these analogues in preference to the free ketone
because the natural aglycone 8 (which adopted the hemi-ketal form 8a as expected, Fig. 3)9 was found to be less
active than its ketal 9 (vide infra).1® Both compounds were synthesized from the known intermediate 4.4 We
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elected to prepare the hybrid cephalostatin analogues with the saturated aglycone ketal 9H (Fig. 4). This fusion
maintains a pentacyclic pyrazine core structure (B-B’ rings, Fig. 2) identical to that of the cephalostatins and
ritterazines. We hoped that the A/B ring flattening caused by pyrazine fusion would be functionally similar to
that induced by the A5 function present in OSW-1. Moreover, when C3 is a ketone, the natural 5,6-olefin is
prone to isomerize into conjugation as the A-ring enone.

The saturated derivative 6H (Fig. 4) was prepared in 38% overall yield in 8 steps from Sot-androstan-38-ol-
17-one (10) via the same synthetic sequence utilized for 6.4 For SAR studies, hydroxyl deprotections in 11, 4H,
and 6H gave 12, 13, and 9H, respectively. Generation of the coupling partner 16 began with C3 hydrolysis and
oxidation of 6H to afford 16,22-protected 3-ketone 14 in excellent yield. Attempted bromination of 14 in the
usual manner®!! using phenyltrimethylammonium perbromide (PTAB) in THF produced bromoketone 15 in
less than 20% yield, presumably due to HBr cleavage of the ketal. Fortunately, NBS bromination!2 of the TMS
silyl enol ether (not shown) gave the desired bromide 15 in 70% yield. Reaction with tetramethylguanidinium
azide (TMGA) in nitromethane!! smoothly afforded 16.
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Azidoketone 16 condensed with the protected aminomethoximes of North 1 (17)!3 and North G (18)¢ via our
general protocol!3 to smoothly furnish the desired bis-steroidal, cephalostatin-type undecacyclic pyrazines,
which upon deprotection gave the analogue dihydro-ornithostatins 2 and 3 (Fig. 5).

Figure § HoN "“'—»\R 1. cat. BupSnCl, . N Coupling and deprotection
o) X 2 "-(b/ 4 AMS, PVP E :ﬁig Partners Pyrazine Analogue
m"h N 2. TBAF N 16and 17 71% 2 (11%)
Y e MeO 17,018 3 KoCOs Analogues 16and18  61% 3 (76%)

Antitumor Activity Results and Analysis

Cytotoxicity datal4 for the aglycones, certain intermediates, and the analogues is summarized in Table 2. As
previously mentioned, the aglycone 8a was generally less active than its ketal 9. At first glance, this result
appears to disfavor an E-ring oxocarbenium ion (E-OCI) as an intermediate for covalent binding, since both
compounds would give the same E-ring ion (8a*, Fig. 6). If E-OCI 8a* were the active intermediate, 8a might
reasonably be expected to access such an E-OCI more readily and show higher activity than 9. On the other
hand, binding by the oxocarbenium ion may depend upon the timing of its formation. The hemiketal in 8a
could prematurely dehydrate via 8a* to form enol ether 8b!5 and undergo Ferrier-type elimination to produce an
aromatized E-ring furan 8c such as that previously observed in this series.* Either of these (8b/¢) might be
responsible for the observed reduction in cytotoxicity. By contrast, both 1 and 9 must proceed through an
intermediate acyclic oxocarbenium ion in order to form an E-OCI, as they are “protected” (16-OGly and 22-
ketal, respectively) from direct production of 8a* by several intervening chemical steps, including requisite loss
of the disaccharide or diol moieties.
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Table 1. Cytotoxicities against representative cell lines in the Purdue Cell Culture Laboratory screen (EDgq pM). 14

Compound A-549 MCF-7R HT-29 A-498 PC-3 PACA-2 MCF-7  MCF-7ADR
Adriamycin 6.2 x 1073 0.60 37x102  35x103  57x102  63x103  34x103 15
4 15 11 0.50 28 3.7 22 28 26
5 15 33 4.8 2.8 10 11 >60 >64
8a 37 140 0.44 9.2 0.24 0.75 150 45
9 0.34 1.6 0.58 13x102 0.40 12 NT NT
9H 24 78 10 9.8 3.0 12 27 80
11 30 31 29 16 17 23 23 2
12 13 7.1 3.0 1.7 39 6.4 2.4 28
20 21 55 1.4 34 23 95 90 73
4H 31 89 75 i5 580 88 39 70
13 17 6.5 2.1 2.4 43 23 5.6 13
21 105 55 1.6 19.3 5.6 30 130 100
18 59 NT 7.8 3.1 14 14 14 76
O)ly@  29x1073 0.62 022 L1x103  11x102  24x1072 NT NT
0,GN3) 0.10 1.0 >2.6 3.1x 102 0.30 >2.2 NT NT
cstat 1 (19)® 2.0 x 10 NT 7.6 x 1077 1.7 x 108 1.4 x 107 40x 108 2.6 x 100 4.1x 10%

The activities of several intermediates offer further insight into this question. We note that 3-acetylated
compounds generally showed cytoxicities significantly lower than their counterparts with a free 3-OH (cf. 5/9,
11/12, 4H/13). Acetate 5, which retains the 163-OH moiety, has available the same C22 acyclic oxocarbenium
ion pathways and indirect access to an E-OCI as does 9 (Fig. 6). Acetate 4 (16-keto) has even poorer access to
an E-OCI form (multiple steps via a ketone hydrate, Fig. 7), yet was slightly more active than 5. Indeed, 4 has

the option of an acyclic C16 oxocarbenium

Figure 7 Ho® R ion in addition to that at C22. The saturated

EY, | acetate 4H (16-keto) was comparable to 9H

s i — j§g@ in potency, and 13 (deacetyl-4H) was more

W = OH potent. Precursor 11 (16a-OH) may form
13

acyclic oxocarbenium ions E-ring an gcyclic oxocarbenium ion, but access to
oxocarbenium ions .
an E-OCI by similar pathways seems

HO: R unlikely, as this would entail formation of a
" P highly strained trans-fused [3.3.0] bicyclic
2 = | ':@ system.!6 Acetate 11 was only slightly less

active than 9H, and 12 (deacetyl-11 = 16epi-
9H) showed superior activity, suggesting
that unavailability of (diversionary?) E-OCI formation pathways may enhance cytotoxicity. Notably, the
unoxidized 22-OPMB ether precursors to 9, whether 160.-OH or 16B-OH (not shown),# cannot form any
oxocarbenium ion and were inactive even at 100 UM doses. These results suggest that an acyclic oxocarbenium
ion is probable, and that a suitable 16-protected, 22-ketone form should also be active. Deketalization of 12 and
13 (cat. Pd?+, see Fig. 3)!2 gave ketone 20 and diketone 21, respectively (not shown). These free 22-ketones!®
did not diéplay enhanced cytotoxicity, which validates the use of a ketal form for the analogues.

The activities displayed by the cephalostatin analogues 2 and 3 versus that of aglycones 8a, 9 and 9H of
OSW-1 are also consistent with the proposed role of the oxocarbenium ions. Aglycone ketal 9 retains
submicromolar activity, confirming that the steroid nucleus contributes to the bioactivity of OSW-1 (1). The
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diminished potencies displayed by § (the 3B-acetate of 9), by the related 3B-TBS ether? (not shown, completely
inactive against all cell lines tested), and by 9H (loss of the A function) may indicate a biochemical role for the
homoallylic alcohol in 1 as well as a topographical purpose (A/B ring-flattening, Fig. 8). Dihydro-ornithostatin
O, 1N (2), the union of North | and saturated aglycone ketal 9H, displayed nanomolar activity and was up to
8,000 times more cytotoxic than the free dihydro-aglycone. The North | unit, as the free (3-OH) pentaol, was
inactive at 100 uM doses against the same cell lines in tests at the NCL.'4 In this connection, it is interesting to
note that the North G unit was inactive as the 3-ucetate or 3-ketone® but displayed moderate activity as the 12-
acetate-aminomethoxime 18.  Although the analogues do not attain the level of cytoxicity displayed by
cephalostatin 1 (19, Fig. 8), the dramatic enhancement in potency by formation of the pyrazine 2 supports the
argument that the mode of bioactivity of these two families are indeed closely related.

In addition to the flattencd A/B rings, we note that 2 and 3 retain homoallylic alcohols in the C/D rings of
their North hemispheres (Fig. 2). While dihydro-ornithozine 0, Gy (3), the union of North G and the aglycone
9H, also showed significant improvement (up to 300-fold) relative 1o the free aglycone, the superior cytotoxicity
displayed by 2 vs. 3 confirms thematching requirement” for high potency seen for the subunit pairs of all
compounds thus far reported.® This may reflect a desirable polarity difference as originally proposed by
Fusetani? (i.e., North | is sufficiently more polar than 9H, while North G is too similar) or a more subtle
requirement, such as a need for a 17a-hydroxyl in the same subunit as the homoallylic alcohol array.

A long-standing question has been, “what role does the central pyrazine ring play in biological activity?”
The free (3-OH) North | and South 717 subunits were found to be non-cytotoxic, probably due to the absence of
the central pyrazine ring. When fused via such a pyrazine ring, the trisdecacyclic steroid “dimers” average
about 30 A in overall length (~23 A between spiroketal centers). This dimension, about half the depth of a cell
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Figure 8 (Above) Top and edge 3D views of cephalostatin 1 (19).
(Below) Top and edge views of the OSW-1 aglycone ketal 9 (highlighted) and analogue 2 (shadowed).
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membrane, nicely spans the membrane’s “high” and “low” electron density regions.!® Such a topological
feature may help explain the observed higher potency for compounds with a matched “nonpolar” and “polar”
pair of subunits. As seen in cephalostatin 1 (19, Fig. 8), both sets of the nonpolar A/B rings in the steroid units
lie mainly in the pyrazine plane. This unique structural motif might further facilitate entry into cell membranes.
The OSW-1 aglycone ketal 9 also features a “flattened” A/B ring set which, with its polar 33OH group, is quite
similar to that of cholesterol, an integral component of cell membranes. Ready passage into the membrane thus
also seems likely for OSW-1 (1). The role of its disaccharide moiety remains to be elucidated.

In conclusion, OSW-1 and the cephalostatin family appear to share similar modes of action, and the SAR
data of our synthetic compounds indicates that an acyclic oxocarbenium ion, which is more readily generated
from a ketal than the parent ketone, is the likely intermediate responsible for cytotoxicity. Further definition of
the minimum pharmacophore and exploration of the site of activity are under active investigation.
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