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ABSTRACT

20- and 25'-epimers of cephalostatin 7, prepared by directed unsymmetrical pyrazine synthesis, address outer-ring topographical and stability
questions and intimate an oxacarbenium ion rationale for the role in bioactivity of the spiroketal (E/F, E'/F") rings of this class of antitumor
agents.

The cephalostatidg and ritterazinescomprise a family of platform, critical features implicated in the pharmacophore
45 structurally unprecedented marine products with extremeinclude a set of covalently linked polar and nonpolar domains
cytotoxicity against human tumors. Cephalostatiijlgnd and the spiroketals (or C22 equivalefity.

ritterazine B display~1 nM Glses in two-day tests in the Criteria for the latter seem unclear beyond their evident
NCI 60-line screen and I®* M Glsgs in six-day tests inthe  necessity for high activity. Pending identification of a
Purdue 6-line minipanél.We recently reported total syn- mechanism or binding site, empirical studies on the type,
theses ofi®2via directed unsymmetrical pyrazine formafibn  substituent effects, and reactivity of steroidal spiroketals may
and cephalostatin 7 (2) in biomimetic fashitriNearly 50 facilitate emergence of an intelligible SAR pattern. A role
analogues have been disclosed along with partial SAR as a network of hydrogen bond donors/acceptors has been
rationales’%7 The mechanism of action of the bissteroidal envisioned. E-Ring oxacarbenium ions (E-ox.) have been
pyrazines, apparently shared by monosteroidal glycosidesproposed as active intermediates relating the OSW and
such as OSW-§,remains unknown. Beside a steroidal cephalostatin classésand F-ring ions (F-ox.) merit con-
sideration’. We therefore sought to illuminate relevant
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Limited information regarding stereochemical effects on
activity appear among C22 epimeric ritteraziRésTo

5a—8aand azide substitution gaverazido-3-ketones (6
and8 were utilized as such). Subsequent methoxime forma-
tion and azide reduction afforded epimeric-amino-3-
methoximess and 7. Analogues 20-epi-cephalostatin 7 (3)
and 25-epicephalostatin 74) ascended from these partners
via our protocol for unsymmetrical pyrazine synthesis
(catalytic SA*, benzene, 80C) followed by routine depro-
tection.

The 20-epi-North 1 serieSa-5 proved as stable to all
manipulations as North 1a-7, but the 25epiSouth 7 series
6a-6 betrayed a promiscuous bent. Bromination &d
effected concomitant 25'-OMTM deprotection to gi8br
with complete spiroketal fidelity, and azide substitution
proceeded in near quantitative yiéld By contrast, wanton
6a surrendered to C20'/225omerization and bred further
5,6- and 5,5-spiroketal progeny, with several likely candi-
dates lying close in energy tbr. Similar material losses

examine the impact of E- and F-ring stereochemistry on @ccompanied the azidation and coupling steps.

activity, we designed analogu8snd4 with modified units
20-epi-North 1 (5) and 25'-epi-South 7 (6), derived from
isomersba and6a obtained during syntheses of the North 1
(7)**2and South 7 (8Y° units, respectively.

Coupling partner§—8 (Scheme 1) were approached from
the 3-ketosteroids in the usual manhérBromination of

Scheme 1. Synthesis of Analogue3 and4
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Analogues3 and 4 were comparatively evaluated in the
National Cancer Institute’s 60-line panel of human tumors
alongside paren? and benchmarlt. Cytotoxicity data for
2—4 is summarized in Tables 1 and?!2.Surprisingly,
inversion at either C20 (as in the North 1 unit E-ring3)f
or at C25'(as in the South 7 unit F'-ring) similarly
diminished the activity. In addition to a 5:00-fold increase
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Chem. So0c1999,121, 2056. (b) Jeong, J. U.; Guo, C.; Fuchs, PJ.LAm.
Chem. Soc1999, 121, 2070.6a was incorrectly identified as 20S,22S
(compd90) and a correction has been submitted. See also the Supporting
Information.
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B., Ed.; Humana Press: Totowas, NJ, 1997; p 23. (a)s&lere normalized
to those of the benchmark cephalostatinll gverage 1.1 nM).
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Figure 1. Overlays of4 and3 with 2. Top: edge view of the pyrazine core and F-ring)8) bold, 3/2in shadow. Bottom: canted top view
of the pyrazine core providing a view of the F'-rings as chairs, an edge view of the D/E bicyclic moiety, and bottom view of the F-rings;

3in bold, 2/4 in shadow.

in many Gkes relative to2, the number and kinds of tumor
lines affected by8 and4 was considerably reduced, and in
strikingly similar fashion. The possibility that mere coinci-

obtained in4. A simple explanation based on hydrogen
bonding therefore also appears untenable.
One might assume that hampered protonation of the F'-

dence explained such consequences in rather different(F)-ring oxygens i(3) relative to2 would retard formation

variants of2 seemed remote.

Polarity matching or functionality alteration rationales do
not apply here, while topographical changes3irand 4
relative to2 seem unlikely to bear responsibility for their
similar loss of activity. No conformational difference between
2 and4 (essentially superimposable) was evident in molec-
ular model$® (Figure 1). In3, minor changes arose in the
E/F-ring conformations and disposition of the F-ring sub-
stituents relative t@ and4 to accommodate an outward (not
really endq which the 13Me prevents) orientation of the
20pMe. Little added hindrance to the F-ring oxygen and
greater access to 170H was evidenBinbut the opposite

Table 1. Cytotoxicity (Glsp NM)12 of 2—4 vs Representative
Human Tumors (NCI-60) and Activity Factor

2 3 (20-epi-2) 4 (25'-epi-2)
leukemia: MOLT-4 16.5 195 177
lung: HOP-92 56.1 204 234
colon: HCT-116 245 427 380
CNS: SF-295 10.7 251 93
breast: MCF-7 4.8 112 98
skin: SK-MEL-2 120 >1000 >1000
ovary: IGROV1 468 >1000 >1000
renal: 786-0 7.9 186 120
prostate: PC-3 18.6 229 339
overall 49 (+15) >420P >400P
a.f. (activity factor)? 0.97 0.80 0.78

aFraction of cell lines indicating a measurables&xt 1075 M. P Lower
limit only; insufficient lines affected for a true average.
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of an active E'(E)-ox., accounting for the loss of activity.
However, stereoelectronics suggest that the axial lone pair
of O26' (F'-ring oxygen) in South 7 units, the one “more
hindered” in4, should be kinetically less basic than either
the equatorial or O1§E'-ring) lone pairs, as it is aligned
for participation into the O16'—C22intibonding orbitat?
Moreover, the 25'-epi-South 7 seriéa-6 proved far more
labile than the already acid-sensitive South'Pseries8a-

8. We note that 25(S) precurs@6S cyclized to 5,6- and
5,5-spiroketalsl7 and 18 (1:1), while 16R gave only the
5,5-spiroketall9, in accord with mechanitsrelative ener-
gies (Scheme A Facile diversion o6a-6 during bromi-
nation (0°C, HBr coproduct) to spiroketals analogousl
with further losses during azidation (26, weak acid, polar
solvent) and coupling (Sh, molecular sieves, higher tem-
perature), are telling. A kinetic protonation argument thus
seems inadequate.

The sapogenin 5,6-spiroketal is destabilized byN\e,
220, or 25/Me arrangements, which usually facilitate ring
opening reactions and equilibration to a more stable f§rm.
Related 205Me and ZOD consequences apply to 5,5-
system$? Calculations predict similar destabilization of
highly oxygenated cephalostatin subunit spiroketals, with
experimental verification available in most cagé!.16

We have noted that the most active compounds feature at
least one spiroketal in a less stable fdfviembers with a
higher energy spiroketal form often display cytotoxicities
superior to otherwise identical or related members with lower
energy variants. For instance, ritterazine B(220) is
calculated (mechanic$)to lie 2 kcal/mol above less active
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Scheme 2. Some E-ox. and F-ox. Mediated Spiroketal
Chemistry

.. ,O HO oy H' 17418 +
OTMS

Tl 16S/R (2.5:1)

e |
“oP %

17 R=Ac,P=TMS 18 R=Ac, P=TMS

9 R=P=H(IC50.17nM) 14 R=P =H (ICg 102 nM)

<—OH

20 (from9)
1C5g 2400 NM

21 (from9)
1C59 2900 NM

(6] 0]

Figure 2. Other related epimeric or isomeric cytotoxins.

ritterazine F10(220). The modified units in (similarlyless
active3 and4 are calculated to lie (dissimilarly) 2.7 and 1.3
kcal/mol, respectivelyabovethose of the “parent” units of
2, dispelling this simple SAR notion.

Access to both kinds of oxacarbenium ions in South 7
type units has been indicated experimentally. Facile isomer-
izations of17 to 18! and of natural products ritterazine B
9 to ritterazine C14' likely proceed via E’-ring oxacarbe-
nium ions. Interestinglyl4 was much less potent against
P388 thard although they could ultimately afford the same
E-ox. Head-to-head testing of ritterazines in the NCI panel
was performetf as for2—4 and confirms a corresponding
large drop in potency against human cancers for “analogue
14 vs “parent”9 (Figure 2, Table 2). The intermediacy of
an F-ox. or corresponding protonated &&tone is consistent
with production of the even less cytotoxic translocated
spiroketals20 and 21 upon longer exposure @ to the
influence of acid in polar solvert.

If spiroketal-furnished oxonium or oxacarbenium ions  Acknowledgment. We warmly thank Professors Fusetani
contribute to the activity of these antitumor agents, we and Matsunaga for samples of ritterazines B and C for
speculated that some indication thereof might appear in theircomparative testing and Proctor & Gamble (T.L. fellowship)
energies. Since the relative stabilities of neutral compoundsand the NIH (CA 60548) for funding.
which could eventually achieve the same ion failed to

correlate with bioactivity, semiempirical calculations were
carried out on the charged species. Initial results suggest that
equipotent3 and 4 suffer equally diminished E-ox. access
(AAHs +3 kcal/mol) compared to that @f This relationship,

if general, should prove valuable for interpreting the SAR
of this class and help guide further work aimed at elucidating
the mechanism of action and/or binding site.

We conclude that epimeric cephalostatdasnd4 provide
useful new SAR clues further implicating a role for the
spiroketals. These and a number of other bissteroidal
pyrazines isomerized at outer-ring postions display intriguing
~relative cytotoxicities not amenable to explanation by any

simple topography, hydrogen bonding, protonation, or spiroket-
al stability arguments. A rationale based on the currently
remaining viable postulate, namely modulated access to
oxacarbenium ions, is under active exploration to determine
its generality and potential utility.

Supporting Information Available: Experimental and
spectral details foB—8, NMR comparisons, and bioactivity
_ tables for1—15. This material is available free of charge
Table 2. Cytotoxicities (NM) of2—15vs P388 (Mouse via the Internet at http:/pubs.acs.org.

Leukemia, ERy)%3 or Human (NCI-60, GJ, and Activity OL991153Y
Factor}? Tumors
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