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Molecules with connected functional groups that differ only
in their states of oxidation, so-called mixed-valence compounds,
often exhibit unusual properties.! This communication reports
the first such molecules that are helical. The properties of the
anion radicals of bisquinones 1-4, which include electronic
transitions at particularly long wavelengths (greater than 2 ),
indicate that electrons are delocalized throughout. In linear
analogues they are localized.? The reason may be that the

proximity of the helical array’s extremities allows electrons to move
easily between the ends and therefore cyclically through the array.

f
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Quinone 1 was prepared by combining p-divinylbenzene with
p-benzoquinone,’ while 2 was obtained*’ by oxidizing 6 (Scheme
I) with Fremy’s salt [ON(SO;K*),].¢ Quinones 3% and 4*° were,
like 2, prepared by oxidizing phenols,” analogues of 6 that also
derive from the key intermediate 5. For 3 an alternative and
preferable synthesis is outlined in Scheme I1.°

Three points are noteworthy: (1) stoichiometric amounts of
iodine and propylene oxide are essential for the photocyclizations
to succeed, ! (2) the tetraol reduction—product of 2 does not give
2 on oxidation,!! and (3) the strategy used to synthesize 4 has not
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Table I. Reduction Potentials of 1-4 and Electronic Absorption
Maxima of 1°—4*¢

_Eul _502 AEb
anion (V) (V) (mV) Amax (nm) (log ¢€)
1" 044 091 470 1400 (3.32), 590 (3.40), 420 (3.64)
2 056 0.94 380 1825 (2.70), 680 (3.48), 340 (3.92)
3" 056 087 310 2200 (3.32), 580 (3.34)
4 061 088 270 2200 (3.32), 800 (3.26), 530 (3.48)

“In DMF, 0.1 M Buy,NBF,.
cathodic peak potentials vs SCE.

E® is the average of the anodic and
bpo _ po
E 1 E 2.

previously been used to synthesize an [8]helicene.'?

When electrolyzed, each quinone is reduced in steps at the
potentials recorded in Table I. Cyclic voltammetry (using so-
lutions in DMF containing 0.1 M Bu,N*BF,, a glassy carbon
working-electrode, and an SCE reference) measured these po-
tentials and showed the reductions to be reversible.!* The anion
radicals formed by passing 0.8 Faradays per mol at constant
voltage through these solutions (under nitrogen, in a two-com-
partment cell with a carbon cathode) exhibit well-resolved ESR
spectra. For 1°, four of the five pairs of hyperfine splittings were
resolved (ay = 2.0, 0.73, 0.55, and 0.16 G), and the spectrum did
not change as the temperature varied from 220 to 360 K. The
pairing implies that the odd electron delocalizes between the two
parts of the molecule in less than a nanosecond.

The electronic absorptions exhibited by solutions of the anion
radicals, also recorded in Table I, each include a prominent peak
in the near-IR or, in the case of 3'~ and 4*", in the infrared, at
2.2 u.'* Experiments with 1°~ showed that the position of the
near-IR absorption maximum does not change appreciably when
the solvent is changed, implying that the charge is distributed
symmetrically between the molecule’s halves.2*16 (The peak is
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at 1.40 u in DMF, 1.35 u in CH,Cl,, and 1.42 p in methyl-
tetrahydrofuran.)

The contrasts between linear and helical bisquinones are
striking. Unlike 1*7, 7a*~ and 7b*” exhibit no well-defined ab-
sorption in the near-IR.% For 7a the difference between the first
and second reduction potentials (120 mV) is one-quarter that of
1.2 For 7b*~ the ESR spectrum changes with temperature,
demonstrating that an electron localized on one quinone hops to
the other with rate constant & = 6 X 108 s™! at room temperature.!”
That the anion radicals of all the helical quinones, not just that
of 1, have delocalized structures (unlike the linear analogues, for
which this is true for only the two lowest members2?) is suggested
by AE in Table I decreasing monotonically but still being ap-
preciable when the quinones are separated by six rings.2><¢ We
speculate that the differences between the helical and linear anions
may originate in the ends of the helices interacting. Perhaps this
constitutes a new form of cyclic delocalization.!®
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Recently, the preparation of dimeric molecules containing two
of the DNA-alkylating cyclopropa[c]pyrrolo[3,2—e]indol-4-
(5H)-one (CPI) subunits of CC-1065 was reported by these
laboratories.! In those CPI dimers the two alkylating subunits
were linked by variable-length flexible methylene chains. We
anticipated that incorporation of a more rigid linker into the CPI
dimers would yield molecules with a fixed, measurable recogni-
tion-site size. We report herein the synthesis of compound 3 and
the corresponding spirocyclopropyl, CPI analogue, 4.2 We also
report our preliminary biochemical efforts which (1) document
the formation of interstrand cross-links by compound 3 under mild
conditions and (2) begin to characterize the alkylation-site re-
quirements for cross-linking by this compound. These compounds
represent the first molecules reported as interstrand cross-linking
agents with an alkylation-site size as long as six base pairs and,

(1) Mitchell, M. A,; Johnson, P. D.; Williams, M. G.; Aristoff, P. A. J.
Am. Chem. Soc. 1989, 111, 6428-6429.

(2) Compound 3, NSC 615291, also referred to as U-77779, is currently
under development in collaboration with the National Cancer Institute.
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9(a) CICOCI, (i-Pr),NEt, DMAP, THF, -98 — 0 °C, 16 h; (b)
NaOH, H,0, H,0, pyr, 25 °C for 96 h, then 55 °C for 7 h; (¢) EDC,
DMA, § (2 equiv), 25 °C, 2 h; (d) Et;N-H,0-CH;CN, 1:1:2, 40 min,

therefore, may serve as useful molecules on which to build our
understanding of DNA as a receptor for dimeric molecules.

Compounds 3 and 4 both contain a bis(indolecarboxylic acid)
linker, 2b, and were prepared as shown in Scheme 1.3 Briefly,
amine 14 was converted to its symmetrical urea 2a by treatment
with phosgene at low temperature. The resultant diester 2a was
hydrolyzed to the diacid 2b with aqueous sodium hydroxide in
pyridine at 25 °C. Bis(chloromethyl)diphenol 3 was prepared
from 2b and cyclized to bis(cyclopropapyrroloindole) 4 by pre-
viously described methodology.!*

Compound 3, presumably serving as a ring-opened prodrug of
4, readily alkylates DNA and possesses cytotoxic properties similar
to those of the spirocyclopropyl compound 4.6 The method of
induced circular dichroism®-1¢ reveals strong DNA association
for both 3 and 4 consistent with their binding and bonding within
the minor groove of DNA.!! In addition, a dose-dependent
formation of interstrand cross-links in $X174 restriction fragments
treated with compound 3 is revealed by the appearance of re-
duced-mobility bands during denaturing alkaline agarose gel
electrophoresis (supplementary material).! These results mimic
our earlier observations, that interstrand cross-linking can be
correlated with high cytotoxic potency for CPI dimers.! In contrast
to the flexible CPI dimers, compound 3 exhibits curative in vivo
antitumor efficacy in some systems.!2

Considerable effort has been expended to understand the details
of the interaction between monomeric CPI compounds and DNA
in an attempt to gain insights into their interesting biological
properties.®10.1314 - Molecular modeling studies with compound
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