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The fascinating class of enediyne-containing antitumor agents,
in particular, calicheamicinγ1I, dynemicin A, and neocarzi-
nostatin chromophore have been the subject of extensive
research efforts primarily directed toward their synthesis and
the elucidation of their mechanism of action.1 It is now widely
appreciated that (1) DNA is targeted as a consequence of the
various recognition domains and that (2) evolutionary pressure
has ingeniously engineered these natural products to require a
nucleophilic- or redox-based bioactivation step in order to trigger
a facile, thermal cycloaromatization reaction leading to a lethal
biradical intermediate.
We are intrigued by the possibility of consolidating the

functional elements of the enediyne anticancer antibiotics,
thereby simplifying the task of synthesizing potential chemo-
therapeutic agents which operate by DNA cleavage pathways.
Thus, it was envisaged that certain polycyclicortho-dialkyny-
lareneswould intercalate into DNA and, moreover, the planar
π systems might be further exploited by facilitating photochemi-
cal, as opposed to thermal, cycloaromatization/cleavage reac-
tions.2 We report herein3 on the viability of this photochemical
transformation and the resultant new class of DNA photocleav-
ing agents.4

The dialkynylarenes1-5 (Scheme 1) were prepared in order
to determine whether the photochemical counterpart of the
Bergman reaction was equally as effective as the thermal
variant.5 Indeed, all of the dialkynylarenes except36 underwent
a photochemical cycloaromatization upon irradiation (Hanovia
450 W, Pyrex, Et2O, 18 h) in the presence of 1,4-cycloheaxdiene
(30 equiv). The cyclization of the dialkynylpyrene1 to the
benzpyrene6was the most efficient of the substrates1-5 and,
moreover, could be effected in sunlight (CH3CN, 3 h, Pyrex)

in quantitative yield. These transformations proceeded more
slowly or not at all if lesser quantites of 1,4-cyclohexadiene
(10-0 equiv) in cyclohexane were employed, a result which is
consistent with areVersiblecycloaromatization.7 Irradiation of
dialkynylpyrene1 in THF-d8 (99.5%) afforded6with 33% D2,
37% D1, and 30% D0 incorporation (mass spectral analysis)
and an attenuation of the intensity for the new aromatic (singlet)
resonance. A strained, cyclic dialkynylarene facilitates the
cycloaromatization, but is not obligate. Thus, irradiation of 9,-
10-dipropynylphenanthrene afforded 1,2-dimethyltriphenylene
(61% conversion) under conditions (hν, dioxane, cyclohexadi-
ene, Pyrex, 18 h) similar to those shown for the cyclization of
5.8 However, the photochemical cycloaromatizations of the
terminal acetylenic compounds, 9,10-diethynylphenanthrene and
4,5-diethynylpyrene, were unsuccessful. Finally, the ben-
zylidene acetal of dialkynylphenanthrene10, which possesses
a conformationally locked 10-membered ring, undergoes a
smooth photochemical cycloaromatization (hν, 18 h, 30 equiv
1,4-cyclohexadiene, acetone, 47%) whereas the rate of the
analogous thermal cycloaromatization is markedly attenuated
(190 °C, 17 h, 69% conversion) relative to the rate of thermal
cyclization of5 (98 °C, t1/2, 5 h).
We next considered the preparation of a water soluble

dialkynylphenanthrene and/or dialkynylpyrene in order to
examine the DNA photocleaving properties of these compounds.
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The attachment of water-solubilizing side chains at the ho-
mopropargylic positions of5 and1, e.g., the (S,S) enantiomers
12 and 13 (Scheme 2), respectively, seemed ideal for this
purpose. As illustrated in the modelA, it is feasible that these
compounds would, upon binding to DNA, prefer to adopt the
psuedodiaxial conformers and thereby place the polar, positively-
charged appendages in the minor groove since they possess the
correct orientation (approximately a 70° angle relative to the
plane of the aromatic ring system) and curvature to complement
the right-handed helical twist of B-DNA. To that end, the
dilithio derivatives of7 and 8 underwent facile cyclization
reactions upon treatment with the homochiral ditriflate9.9 The
resulting benzylidine acetals could not be hydrolyzed by
standard protocols and required treatment with trityl fluorobo-
rate9 to afford an intermediate hydroxy benzoate which was
saponified to afford the desired diols10 and11. The water-
solubilizing side chains were then introduced in a straightforward
manner by esterification of10 and 11 with 4-bromobutyryl
chloride and subsequent transformation of the resulting 4-bro-
mobutyrate esters to 4-(dimethylamino)butyrate esters which
were converted to the corresponding hydrochloride salts12and
13, respectively.
DNA photocleavage by dialkynylarenes12 and 13 was

investigated using supercoiled plasmid pUC19 DNA (38µM
in base pairs) in Pyrex reaction vessels with a Hanovia 450 W
light source. As shown in Figure 1, both dialkynylarenes12
and13give rise to predominantly single-strand breaks (conver-
sion to form II DNA) upon irradiation (lanes 6-13) but are
ineffective in the dark (lanes 4 and 5). However, the dialky-
nylpyrene 13 is more effective in this regard since DNA
cleavage could be accomplished at a lower concentration (2µM,
lane 6 vs lane 7) and rapidly consumed the DNA at 20µM

concentration producing both form II and form III cleavage
products (compare lanes 8, 10, and 12 to 9, 11, and 13) which
presumably reflects either the superior binding affinity (better
intercalator) and/or the more efficient photochemistry of di-
alkynylpyrene13. Moreover, the negligible photocleavage of
DNA with a water solubledialkylphenanthrene10 (lane 3)
demonstrates that alkynyl substituted arenes are required for
efficient photocleavage. (A similar result was obtained from
the DNA photocleavage by the hydrochloride salt of 4,5-bis-
[5-(dimethylamino)-1-pentynyl]pyreneVis-a-Vis the hydrochlo-
ride salt of 4,5-bis[4-(dimethylamino)butyl]pyrene, see support-
ing information.) Finally, attenuation of DNA photocleavage
by dialkynylphenanthrene12 in the presence of a water soluble
dialkylphenanthrene10was observed (lane 13 vs lane 14) which
suggests that cleavage arises from bound (intercalated)13.
The new DNA photocleaving agents reported herein are novel

in that the binding and photoactive domains areconsolidated11

and, moreover, generate two reactive sites for subsequent ribose
hydrogen atom abstraction(s). Efforts are currently underway
to improve upon the double-stranded to single-stranded cleavage
ratio for this new class of DNA photocleaving agents.
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Figure 1. Photocleavage of supercoiled plasmid pUC19 DNA by
dialkynylarenes12 and 13. Reaction mixtures were prepared by
addition of appropriate stock solutions to a total volumne of 10µL
containing .25µg of plasmid DNA buffered to pH 8 with 10 mM Tris
and 1 mM EDTA. Irradiations were performed through a Pyrex filter
at room temperature with a Hanovia 450 W light source. The mixtures
were analyzed on a 1.2% agarose gel at 80 V for approximately 1.5 h.
Lane 1: DNA, dark. Lane 2: DNA,hν, 60 min. Lane 3: 20µM
water soluble dialkylphenanthrene,12 hν, 60 min. Lane 4: 20µM 13,
dark, 60 min. Lane 5: 20µM 12, dark, 60 min. Lane 6: 2µM 13,
hν, 60 min. Lane 7: 2µM 12, hν, 60 min. Lanes 8, 10, 12: 20µM
13, hν, 15, 30, 60 min, respectively. Lanes 9, 11, 13: 20µM 12, hν,
15, 30, 60 min, respectively. Lane 14: 20µM 12, 40µM water soluble
dialkylphenanthrene,10 hν, 10 min.
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