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ABSTRACT

In the presence of thiols, the ten-membered-ring enediyne calicheamicin

y1' generates a p-benzyne biradical that initiates oxidative cleavage

of double-stranded DNA. Application of spin-trapping has successfully provided ESR and mass spectroscopic evidence for the formation of

the monoadducts with phenyl  tert-butyl nitrone (PBN).

Calicheamiciny,' (Scheme 11) is produced byvicromono-
spora echinosporasp.calichensis. and is known to display
significant antitumor activity and potency against experi-
mental murine tumors? It is a member of the family of
non-chromoprotein enediyne natural prodéiesd cleaves
DNA in a double-stranded fashion at low concentrations with
remarkable sequence selectivitithe DNA cleavage is a
result of the calicheamicin binding in the DNA minor groove
followed by cycloaromatization of the bicyclo[7.3.1]trideca-
enediyne via a Masamun#@ergman reactiohwith forma-
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tion of a transienp-benzyne (3). It is this intermediate that
abstracts hydrogen atoms from the deoxyribose backbone
and results in oxidative strand cleavage. The process (Scheme
1) is triggered by bioreductive cleavage of the allylic
trisulfide with thiols followed by a hetero-Michael addition
leading to the dihydrothiophen&)(which then undergoes
the room temperature cycloaromatization. Thus formation of
the p-benzyne intermediata) is of critical importance for
the biological activity of calicheamicifh®

Since the discovery of the enediynes in the middle 1980s,
it has been of interest to obtain spectroscopic evidence for
the p-benzynes involved in the cycloaromatization of these
potent antitumor antibiotics. However, because of their
extremely short lifetimes as well as their assumed singlet
ground state, it has been difficult to obtain direct spectro-
scopic data for these transient intermediates by electron spin
resonance (ESR) spectroscdpy.Also hindering direct
observation is the fact that the equilibrium concentration of
p-benzynes is considered to be very low compared to that
of the enediyne® However, the successful observation of
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s radicals by cycloaromatization without any initiators such

Scheme 1. Structure of Calicheamicip (1) and Formation as thiols. In contrast, this is not the case for ten-membered-
of Dihydrothiophene (2)p-Benzyne Biradical (3), and ring enediynes, which require initiators leading to radical
Aromatized Product (4) formation. In this paper, application of spin-trapping with

phenyl tert-butyl nitrone (PBN) has, for the first time,
provided spectroscopic evidence for the formation of monoad-
ducts in a ten-membered enediyne, calicheamjginl.

When an X-band continuous wave (CW) ESR measure-
ment in ethanol was performed f@rmercaptoethanol in the
presence of spin-trapping reagent PBN, no signals were
observed at room temperature. In contrast, treatmerit of
and PBN in ethanol with an excess Bfmercaptoethanol
gave rise to ESR signals with hyperfine couplings (Figure
1, Ay = 1.46 mT,Aq = 0.28 mT). These values are in good

p-benzynes from synthetic and natural product C-1027 nine-
membered enediynes with use of spin-trappirtas been

reported recently? This is due to the fact that these nine- Bo/mT
membered enediynes spontaneously progisbenzyne bi-
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Figure 1. (A) CW ESR (X-band) spectrum observed upon addition
- . of PBN to 1 in the presence gf-mercaptoethanol in ethanol at
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s dimethyl sulfoxide had given an indication of an adduct, but

Scheme 2. Possible PBN Adductss( 6) these results could not be repeated Here.

When the peak areas of the triplet signal of 2,2,6,6-
tetramethlypiperidinéN-oxyl (TEMPO) in ethanol were used
as standard, the yield of the obtained monoadducts was
estimated to be around 0.5%. This low yield is due to the
short lifetime of3 (2 — 3 — 4, t,= 4.5+ 1.5 s, in methanol
at 37°C).1% In contrast, the yield was-36% in CD,Cl, for
the reaction of the synthetic nine-membered-ring enediyne
with spin-trapping reagents MNP and DMP©while with
the nine-membered natural C-1027 the yield was 0.1% in
aqueous buffef?®

In summary, ESR and MS data of radical adducts of
) ) ) ) calicheamiciny,', 1, in the presence of thiols have been
did not show signals of bisadducts either by ESR or by®fS,  pserved with use of spin-trapping with PBN for a ten-
it is conceivable that the trapped monoadducts are not Capablemembered-ring enediyne system. Because of steric hindrance
of reacting with another trapping reagent. In addition, the petween bulky moieties ihand PBN, the PBN is most likely
results indic_ated that th_e sterically bulky functional groups 1o trap the phenyl radical at C-3 rather than that at C-6. The
of the aryloligosaccharride and the methyl carbamate moi- ethod described above could lead to further applications

eties prevent addition of the bulky spin-trapping reagent PBN i the clarification of carbon-centered radical-mediated
at C-6. Thus, the adduct at C-3)(is more likely than that  pigjogical processes.

at C-6 (6) (Scheme 2).

Because ethanol radicals (§EtHOH) might have been Acknowledgment. We are grateful to Wyeth laboratories
produced during cycloaromatization from the enediynes, the for providing calicheamiciny,' 1, Professor Nina Berova
possible presence of PBN ethanol adducts was considered(Columbia University) and Mr. Tohru Taniguchi (Hokkaido
These, however, were ruled out not On|y because of the UniverSity) for diSCUSSionS, Professor Nicolas Turro and Mr.
reported hyperfine splitting constan&(= 1.53 mT,Ay = Alberto Moscatelli (Columbia University) for discussions and
0.36 mT}2 of this species but also because phenyl radicals assistance with ESR measurements, and Dr. Yong Y. Lin

are known to react with PBN 78 times faster than ethanol (Columbia University College of Physicians and Surgeons)
radicalst4 and Dr. Yasuhiro Itagaki (Columbia University) for as-

sistance in ESI-MS measurements. A JSPS (Japan Society
of the Promotion of Science) Postdoctoral Fellowship for
Research Abroad (2005) to T.U. is gratefully acknowledged.

Although ESR spectra with other spin-trapping reagents,
e.g., methyl-2-nitrosopropane (MNP) and 5,5-dimethyl-1-
pyrroline N-oxide (DMPO), were recorded in ethanol fbr
in the presence gi-mercaptoethanol, neither signal showed Supporting Information Available: Experimental pro-

phenyl radical adducts. Instead, the spectra gave very weak.eqres and mass spectra data. This material is available free
signals of a hydrogen radical adduct and a hydroxy radical charge via the Internet at http:/pubs.acs.org.
adduct, respectively. Earlier studieslofvith DMPO under

argon atmosphere in the presence8ahercaptoethanol in ~ OL062061T

(15) (a) Baldoni, J.; Zein, N.; Ellestad, G. A. Unpublished result. (b)
(14) The rate constant of phenyl radical trapping by PBN in methanol See also ref 2.

at 25°C was reported to be 1.2 1007 M~1s™1 Janzen, E. G.; Evans, C. (16) De Voss, J. J.; Hangeland, J. J.; Townsend, CJ.AAm. Chem.

A. J. Am. Chem. S0d.975,97, 205. S0c.1990,112, 4554.

Org. Lett., Vol. 8, No. 24, 2006 5463



