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Letters
Bergman cycloaromatization of imidazole-fused enediynes:
the remarkable effect of N-aryl substitution
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Abstract—A series of N-aryl substituted ‘imidazole-fused’ (Z) 3-ene-1,5-diynes was prepared and kinetic parameters for their
Bergman cycloaromatization reactivities were determined. N-Arylation enhanced rates relative to N-alkyl derivatives by up to
sevenfold (ANOVA p < 0:0001). The greatest enhancement was exhibited by the N-phenyl derivative (sevenfold at 145 �C).
� 2004 Elsevier Ltd. All rights reserved.
Since its discovery in the early 1970s, the Bergman
cycloaromatization reaction1 (Fig. 1) has been the subject
of extensive experimental and theoretical investigation.2

Interest in this process has been stimulated by the crit-
ical role the Bergman cyclization plays in the biological
activities of naturally occurring enediyne antitumor
antibiotics,3 and by its potential use in synthetic meth-
ods for polycyclic aromatic compounds4 and polymeric
materials.5 Large numbers of synthetic analogues of
DNA-cleaving agents (e.g., calicheamicins, esperamic-
ins, dynemicins, neocarzinostatin, and kedarcidin) have
been prepared in efforts to improve upon the properties
of the parent compounds,3 and numerous related (Z)
3-ene-1,5-hexadiynes have been studied in order to
determine factors that influence the rate of Bergman
cycloaromatization. From these latter studies it is clear
that several factors contribute to the energy barriers
involved in cycloaromatization. Among these are the
so-called ‘c,d’ distance (the distance between the terminal
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Figure 1. Bergman cycloaromatization.
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alkynyl carbons),6 electronic factors,7 and differences in
strain energies for transition state and ground state
geometries.8

Attempts to modulate electronic contributions to Berg-
man cycloaromatization barriers have focused on direct
substitution of the ene moiety in monocylic (Z) enediy-
nes,7b;c or substitution at ortho7a or para7b positions in
benzannelated enediynes. Of the heterocyclic enediynes
reported to date, the ‘imidazole-fused’ enediynes (4,5-
bis-(alkynyl)imidazoles)9 have received comparatively
little attention, and only one report dealing with syn-
thetic methods has appeared in the literature.9b The
Bergman reactivity of these compounds was apparently
never studied. We became interested by the possibility
that imidazole-fused enediynes might provide an
unusually versatile platform for probing electronic
effects due to their possession of three sites for potential
functionalization (imidazole positions 1–3). Function-
alization at any of these positions might reasonably be
expected to influence the electronics of the imidazole
ring, providing previously unexplored avenues for
modulating rates of Bergman cycloaromatizations.10

Here we report our findings relative to the effect of N1
substitution.

N-Alkyl and N-aryl substituted 4,5-bis-ethynylimidaz-
oles were prepared according to the route depicted in
Scheme 1.11 Sonogashira12 coupling of 4 with TMS-
acetylene gave 5 in 85% yield. N-Alkylation followed by
removal of the TMS groups gave 6a–e (45–87%, two
steps). N-Arylation was accomplished employing the
copper-catalyzed method of Collman and Zhong13 to
provide 7a–j (47–67%, two steps). Conversion of
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Scheme 1. Reagents and conditions: (a) TMSCBCH, (Ph3P)4Pd, CuI.

(b) i. Alkylhalide, K2CO3, DMF; ii. NH4F, MeOH. (c) i. ArylB(OH)2,

[Cu(OH)TMEDA]2Cl2, CH2C12; (ii) NH4F, MeOH. (d) 10 equiv 1,4-

cyclohexadiene, benzene-d6.
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compounds 6a–e and 7a–j to the corresponding cyclo-
aromatized products 8a–e and 9a–j11was followed by 1H
NMR,14 and kinetic parameters for these studies are
presented in Table 1. N-Aryl substitution enhanced the
rates relative to the N-alkyl derivatives in all cases
(ANOVA p < 0:0001). The greatest enhancement was
observed for the N-phenyl derivative 7a (Table 1, entry
6). At 145 �C, the rate for 7a was from four to seven
times greater than rates for N-alkyl derivatives (entries
1–5). Substituents on the phenyl ring did not seem to
have a pronounced effect, and Hammet plots for com-
pounds 7a–j did not show linear free-energy relation-
ships. This is in contrast to benzannelated enediynes
where substitution on the phenyl ring significantly
impacts rates, and linear free-energy relationships have
been reported.7d The relative insensitivity of imidazole-
Table 1. Kinetic parameters for Bergman cycloaromatization of imidazole-f

Entry Compound R

1 6a Methyl

2 6b n-Butyl

3 6c Benzyl

4 6d p-Methoxybenzyl

5 6e p-Nitrobenzyl

6 7a Phenyl

7 7b p-Fluorophenyl

8 7c p-Chlorophenyl

9 7d p-Bromophenyl

10 7e p-Iodophenyl

11 7f p-Methoxyphenyl

12 7g p-Methoxycarbonylphenyl

13 7h m-Nitrophenyl

14 7i p-Ethylphenyl

15 7j p-tert-Butylphenyl

aKinetic data were measured in triplicate and all first order plots gave excel
fused enediynes to phenyl substitution may be explained
by significant population of nonplanar conformations of
N-aryl derivatives 7a–j. The p–system of the phenyl ring
of nonplanar conformers would not be conjugated with
the imidazole p–system. Conjugative and field effects
may not be transmitted to the enediyne moiety when the
phenyl ring and imidazole moieties are not in the same
plane. Monte Carlo calculations15 indicate that the
phenyl ring and imidazole moieties are approximately
20� out of planarity for minimum energy conformations
of compounds 7a–j.16

To investigate possible similarities between imidazole-
fused enediynes and the analogous benzannelated
congeners, 6b was treated with varying concentrations
of 1,4-cyclohexadiene (1,4-CHD) and the reaction
kinetics were determined (Table 2).14 The concentration
of 1,4-CHD did not significantly affect the rate of dis-
appearance of 6b, in sharp contrast to the concentration
dependence observed for the reaction of 1,2-diethynyl-
benzene.17 The kinetic behavior exhibited by 6b para-
lleled behavior exhibited by (Z) 3-ene-1,5-hexadiyne and
cyclodec-3-ene-1,5-diyne (1, R1¼R2¼H, R3¼R4¼CH2–
CH2–) where Bergman cycloaromatization has been
shown to be independent of the concentration of 1,4-
CHD.1;17a;b This observation indicates that k1 is rate
determining for imidazole-fused enediynes, and suggests
by analogy that k2 > k�1 as has been calculated for
cyclodec-3-ene-1,5-diyne.
used enediynes 6a–e and 7a–j

T (�C) k (10�5 s�1)a t1=2 (h)

125 0.42� 0.05 46

145 2.5� 0.3 7.7

125 0.51� 0.06 38

145 2.2� 0.2 8.8

125 0.41� 0.02 47

145 2.0� 0.07 9.7

125 0.35� 0.02 55

145 1.3� 0.2 15

125 0.36� 0.02 54

145 1.6� 0.2 12

125 2.2� 0.04 10

145 9.7� 0.4 2.0

125 1.3� 0.07 15

145 4.8� 0.18 4.0

125 1.5� 0.09 13

145 4.2� 0.4 4.1

125 1.7� 0.2 11

145 4.6� 0.03 4.2

125 1.9� 0.06 10

145 4.8� 0.06 4.0

125 1.0� 0.04 19

145 4.7� 0.2 4.1

125 1.6� 0.06 12

145 5.2� 0.2 3.7

125 1.3� 0.1 15

145 4.7� 0.1 4.1

125 1.4� 0.2 14

145 3.9� 0.2 4.9

125 0.89� 0.1 22

145 3.0� 0.1 7.4

lent linear correlations ðR > 0:990Þ.



Table 2. Effect of concentration of 1,4-cyclohexadiene on Bergman

cycloaromatization of 6b at 145 �Ca
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aKinetic data were measured in triplicate and all first order plots gave

excellent linear correlations ðR > 0:990Þ.
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Scheme 2. Reagents and conditions: (a) i. n-BuLi (2.0 equiv), HMPA,

THF; ii. I(CH2)nI (n ¼ 4–6). (b) 10 equiv 1,4-cyclohexadiene, benzene-

d6. (c) i. n-BuLi (2.0 equiv), HMPA, THF; ii. CH3I (excess).
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To probe additional factors that might influence the rate
of Bergman cyclization of imidazole-fused enediynes, we
attempted to prepare bicyclic analogues 12–14 (Scheme
2). The calculated15 c,d-distance for imidazole-fused
cyclodec-3-ene-1,5-diyne 12 is 3.41�A. This is near the
Figure 2. Crystal structure for compound 5 (hydrogens omitted for

clarity).18
critical range suggested to be required for Bergman
cycloaromatization of simple monocyclic enediynes at
37 �C.6

In our hands, compound 12 proved to be impossible to
prepare via the route depicted in Scheme 2. A number of
different conditions were examined, and each failed to
give the desired product. Yields for the imidazole-fused
cycloundec- and cyclododec-3-ene-1,5-diynes 13 and 14
were also disappointingly low (16% and 27%, respec-
tively). To determine if these yields were at least partly
due to quenching of the butyllithium via deprotonation
of imidazole C-2, we prepared compound 15 as a model
system. Compound 15 was obtained in 67% yield and
products arising from C-2 alkylation were not detected.
An X-ray crystal structure for 5 (Fig. 2)18 reveals that the
c,d distance (4.62�A) and bond angles (h1 ¼ h2 ¼ 129:4�)
are greater than in 1,2-diethynylbenzene (calculated
values for 1,2-diethynylbenzene are: c,d distance¼4.13�A,
and h1 ¼ h2 ¼ 121:3�).15 These features may contribute
to less favorable energy barriers for ring closure in
imidazole-fused enediynes owing to increased ring strain.

The Bergman reactivities of compounds 13 and 14 were
also determined. Compound 14 did not react at
T 6 180 �C. Compound 13 had half-lives of 114 and 35 h
at 145 and 165 �C, respectively. In comparison, com-
pound 6a had half-lives of 7.7 and 3.7 h at the same
temperatures, respectively. This behavior parallels
behavior exhibited by benzannelated enediynes (e.g.,
3,4-benzo-cycloundec-3-ene-1,5-diyne reacts less rapidly
than its monocyclic congener 1,2-diethynylbenzene).17c

However, it is interesting to note the significant retar-
dation in cyclization rate for compound 13 relative to
3-chloro-cycloundec-3-ene-1,5-diyne at similar temper-
ature (t1=2 ¼ 2 h at 170 �C, vs 35 h at 165 �C for 13).

In summary, N-aryl and N-alkyl substituted imidazole-
fused enediynes undergo thermally promoted Bergman
cycloaromatization. All compounds examined underwent
smooth conversion to their corresponding benzimidazole
products,11 and N-aryl substitution enhanced rates by up
to sevenfold at 145 �C. Although the cause for this rate
enhancement is uncertain, the absence of any clear linear
free-energy relationship for theN-aryl derivatives suggests
that steric effects may be an important factor.7a The rate of
reaction did not depend on the concentration of trapping
agent (in contrast to benzannelated enediynes), and the
presumably more reactive imidazole-fused cyclodec-3-
ene-1,5-diyne 12 was apparently too strained to allow
preparation via the route investigated. Imidazole-fused
enediynes hold considerable potential as synthetic
reagents for novel polymeric materials and/or pharma-
ceuticals (e.g., ribosylated derivatives may mimic purine
nucleosides) and this work provides a foundation for
exploring these potential applications.
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