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Photoinduced Bergman cycloaromatization of
imidazole-fused enediynes
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Abstract—A series of 4,5-bis-(alkyn-1-yl)imidazoles—�imidazole-fused� enediynes—were synthesized and their reactivities in photo-
induced Bergman cycloaromatization reactions were determined. The more conformationally rigid analogues gave cycloaromatized
products in good yields upon irradiation (450 W low-pressure mercury lamp, ambient temperature). A bicyclic analogue (3) was
shown to cleave supercoiled plasmid DNA.
� 2005 Published by Elsevier Ltd.
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Over the past several decades, the thermal Bergman1

cycloaromatization reaction has been the subject of
extensive theoretical and experimental investigation
owing to its relevance to the biological activities of
enediyne antitumor antibiotics,2 and also because of
its considerable potential for synthetic methods for poly-
meric materials3 and/or polycyclic aromatic com-
pounds.4 Parameters affecting energy barriers involved
in the thermal reaction have been thoroughly studied.5

However, only a limited number of reports dealing with
the photochemical reaction have appeared,6 and com-
paratively little is understood about the photoinduced
reaction. As part of research directed toward synthesis
of photoinducible �targeted enediynes� (photoreactive
enediynes conjugated to biologically important delivery
molecules such as enzyme substrates or receptor
ligands,7 etc.), we became interested in 4,5-bis-(alkyn-
1-yl)imidazoles, or �imidazole-fused� enediynes. The
imidazole nucleus possesses two sites (N-1 and C-2),
which could be exploited for simple, straightforward,
conjugation of photoreactive imidazole-fused enediynes
to biologically relevant delivery molecules. The avail-
ability of these sites makes the imidazole scaffold a more
versatile platform than others previously investigated
(including benzannelated and/or heteroaromatic enediy-
nes), which cannot be simply or directly conjugated.7b,8

Of the heteroaromatic enediynes reported to date, imid-
azole-fused enediynes have received limited attention9

and the photochemical Bergman reactivities of this class
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of compounds have apparently not been previously
investigated. Here, we report the efficient photochemical
Bergman cyclization of imidazole-fused enediynes and
their photoinduced reactivities with supercoiled plasmid
DNA. The potential for facile conjugation (via coupling
chemistries at either N-1 or C-2) to biologically impor-
tant delivery molecules makes imidazole-fused enediynes
exceptionally versatile as new reagents for targeted
delivery of photoreactive enediynes.

The synthesis of imidazole-fused enediynes proceeded as
depicted (Scheme 1).9b Sonogashira10 coupling of 1-
methyl-4,5-diiodoimidazole with the corresponding
alkynes gave imidazole-fused enediynes 2a–c in excellent
1 3

Scheme 1. Reagents: (a) TMSC„CH, (Ph3P)Pd/CuI, DMF/Et3N; (b)

NH4F/MeOH; (c) i. BuLi, HMPA, THF, �78 �C; ii. I(CH2)5I.
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yields.11 Compound 3 was prepared via a three-step pro-
cedure, as described previously.9a Irradiation of com-
pounds 2a–c and 3 (450 W low-pressure Hg)12 gave
benzimidazole derivatives 4a–c and 5, respectively
(Table 1 and Scheme 2).11 The cycloaromatized product
4c was obtained in highest yields (26–64%), with the best
yield obtained using THF as solvent. The enhanced
yield for compound 5 relative to 4a–b may be due to
the increased conformational rigidity of 3 relative to
2a–b. Evenzahav and Turro have shown that conforma-
Table 1.
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Scheme 2.

Figure 1. Cleavage of supercoiled plasmid DNA:13 (1) DNA basepair ladde

60 min; (5) 150 lM of 3, 60 min; (6) 15 lM of 3, 60 min; (7) 1.5 lM of 3, 60
tionally more rigid enediynes (such as 1,2-bis-(phenyl-
ethyn-1-yl)benzene) are less prone to undergo
intersystem crossing from the initial singlet excited state
to the triplet state than less rigid analogues (e.g., 1,2-bis-
(pentyn-1-yl)benzene), and correspondingly higher
cycloaromatization yields are observed for the more
rigid system.6c

Imidazole-fused enediyne 3 was also examined for its
ability to promote photochemical cleavage of DNA.
Accordingly, compound 3 was irradiated (450 W low-
pressure Hg, Pyrex filter, ambient temperature) with
supercoiled plasmid DNA (Fig. 1).13 Significant non-
background cleavage was observed within 60 min at
concentrations as low as 15 lM.14

In summary, imidazole-fused enediynes 2a–c and 3
underwent efficient photoinduced Bergman cycloaroma-
tization. The conformationally more rigid enediynes 2c
and 3 gave higher yields than the less rigid congeners
2a–b, in harmony with observed reactivities for the re-
lated benzannelated enediynes studied by Evenzahav
and Turro.6c Imidazole-fused enediyne 3 cleaved super-
coiled plasmid DNA when irradiated (450 W low-pres-
sure Hg). The imidazole scaffold provides two sites for
potential conjugation to biologically important delivery
molecules, and thus represents an improvement over
known photoreactive benzannelated or heteroaromatic
enediynes, which cannot be simply or directly conju-
gated. An additional benefit provided by the imidazole
scaffold is its potential to undergo hydrogen bonding
with the heterocyclic bases of DNA.15 This could be
exploited to develop sequence-selective DNA cleaving
agents, and this is an application we are currently
exploring.
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r; (2) dark DNA control; (3) 1500 lM of 3, 30 min; (4) 1500 lM of 3,

min; (8) light DNA control.14
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