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ABSTRACT:

A new class of potential antitumor agents inspired by the enediyne antitumor antibiotics has been synthesized: the 1,2-
dialkynylimidazoles. The aza-Bergman rearrangement of these 1,2-dialkynylimidazoles has been investigated theoretically at the
B3LYP/6-31G(d,p) level and experimentally by measuring the kinetics of rearrangement in 1,4-cyclohexadiene. There is a good
correlation between the theoretical and experimental results; subtle substituent effects on the initial aza-Bergman cyclization barrier
predicted by theory are confirmed by experiment. Yet, despite the ability of these 1,2-dialkynylimidazoles to undergo Bergman
rearrangement to diradical/carbene intermediates under relatively mild conditions, there is no correlation between the rate of
Bergman cyclization and cytotoxicity to A459 cells. In addition, cytotoxic 1,2-dialkynylimidazoles do not cause nicking of
supercoiled plasmid DNA or cleavage of bovine serum albumin. An alternative mechanism for cytotoxicity involving the unexpected
selective thiol addition to the N-ethynyl group of certain 1,2-dialkynylimidazoles is proposed.

’ INTRODUCTION

The extreme cancer cell cytotoxicity of natural enediyne
compounds such as calcheamicin γ1,

1 esperamicin A1,
2 or dyne-

micin A3 involves DNA cleavage via diradical intermediates arising
from the cyclization of the enediyne core.4 In order to address the
selectivity issues associated with these natural products, a wide
variety of enediyne analogues have been prepared and examined
for DNA cleavage and cancer cell cytotoxicity activities.5�8 In this
respect, computational chemistry has substantially aided in the
design of enediynes that undergo diradical-generating Bergman
cyclization under physiological conditions.9�13

Recently, several enediynes have been described that do not
undergo Bergman cyclization under physiological conditions, but
which still display interesting cancer cell cytotoxicity.14 These
enediynes induce G2/M cell cycle arrest by targeting micro-
tubule formation,14a although other targets such as topoisome-
rase I and MAPK pathways have also been proposed.14b,c

Following the initial report of the aza-Bergman cyclization of
C,N-dialkynylimines,15a these and related aza-enediynes have
been explored as potential DNA-cleaving anticancer agents with
improved selectivity compared to that of the enediynes.15�17

Numerous computational studies have been carried out with the
aimof designing aza-enediynes thatmight undergo a pH-dependent
switch in reactivity mediated by changes in the kinetic stability and
reactivity of the diradical upon nitrogen atom protonation.18�20

Although DNA cleavage agents based upon the aza-Myers-Saito
cyclization20 have been reported,22 no reports of DNA cleavage
from the aza-Bergman cyclization pathway have been published.

1,2-Dialkynylimidazoles (1) have been investigated as a class
of aza-enediynes (Figure 1).23 Mild thermolysis of 1,2-dialkyny-
limidazoles under neutral conditions affords products (e.g., cyclo-
propanes 3, Figure 1) derived from the trapping of cyclopenta-
pyrazine carbene intermediates C.23a It has been proposed, on
the basis of DFT calculations, that these arise from the cyclization
of cyclic cumulene B formed by the collapse of the aza-Bergman
cyclization-derived diradical intermediate A (Figure 1).23b In
contrast, themolysis of dialkynylimidazoles 1 in the presence of
HCl, affords chloroimidazapyridine products 2 (Figure 1),23c

formally derived from trapping a putative 5,8-didehydroimidazo-
[1,2-a]pyridinium diradical D through nucleophilic attack.24

Recently, we reported the unique and potent cancer cell cyto-
toxicity of the 1,2-dialkynylimidazole 1a (R = p-methoxyphenyl).25

In order to better understand the structural basis and role of the
thermal generation of diradical and/or carbene intermediates in the
cytotoxicity demonstrated by 1a, we have prepared a series of
dialkynylimidazoles and related imidazoles and determined their
cytotoxicity against A549 human nonsmall cell lung cancer cells.
The aza-Bergman cyclization kinetics of selected dialkynylimida-
zoles were also studied experimentally and by DFT calculations.
Interestingly, although some of these dialkynylimidazoles are very
cytotoxic to A549 cells, the degree of cytotoxicity is unrelated to the
kinetics of aza-Bergman cyclization. Furthermore, we find evidence
that the 1-ethynylimidazolemoiety contributes to the cytotoxicity of
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these compounds, possibly as a result of the unexpected reactivity of
this functionality with thiols.

’RESULTS

Chemistry. The 1,2-dialkynylimidazoles 1a�p were prepared
from the corresponding, previously reported27 1-alkynyl-2-io-
doimidazoles 4a�g, which were coupled to a variety of terminal
alkynes under standard Sonogashira coupling conditions, fol-
lowed, if necessary, by silyl deprotection with TBAF in THF
(Table 1).
Related alkynylimidazoles 5a26 and 5b27 (Scheme 1) were

prepared as previously described. Deprotection of the silylalk-
ynylimidazole 6a26 afforded the ethynylimidazole 6b. The 1-
methylimidazole 7 was prepared from 1-tert-butoxycarbonyl-2-
iodoimidazole28 by Sonogashira coupling, deprotection, and
methylation (Scheme 1). Treating the dialkynylimidazole 1a
with thiophenol in THF at room temperature for 5 days afforded
the addition product 8 as a single diastereomer that was assigned
the (Z)-configuration on the basis of 1H NMR coupling con-
stants (8.4 Hz) for the alkenyl protons.
Computational Studies. The thermal rearrangements of 1,2-

dialkynylimidazoles afford products formally derived from the
trapping of the 5,8-didehydroimidazo[1,2-a]pyridine diradical or
the 5,5-didehydro-5H-cyclopenta[b]pyrazine carbene intermedi-
ates, depending upon reaction conditions.23 In both cases, the
observed products are proposed to arise from an initial Bergman-
type cyclization.23 In order to investigate the potential of 1,2-
dialkynylimidazoles to serve as diradical- or carbene-generating
cytotoxic agents, computational studies of this Bergman-type
cyclization and subsequent rearrangement were carried out for a
number of representative substituted 1,2-dialkynylimidazoles.
Computational studies of the Bergman cyclization are challen-

ging due to the multiconfigurational nature of the diradical
species. Accurate descriptions of these species require addressing
both dynamic and static electron correlation effects, and multi-
reference or single-determinant methods incorporating a large
degree of dynamic electron correlation are required.29�31 How-
ever, these methods are too taxing for any but the most simple
systems. Fortunately, unrestricted broken spin density functional
theory can provide accurate energies for the Bergman rearrange-
ment of enediynes.12,32 Recently, Sherer and Shields compared

the results of sum-corrected BS-UB3LYP/6-31G(dp) calcula-
tions with experimental activation energies for a wide range of
enediynes and found that with few exceptions, the calculated
reaction barriers were in quantitative agreement with the
experiment.33 In a preliminary report, we described the results of
DFT calculations for the rearrangement 1f TS1f Af TS2f
B f TS3 f C (Figure 2) for the 1,2-dialkynylimidazole 1a
employing this same approach.25 The initial Bergman-type cycliza-
tion of 1a to the 5,8-didehydroimidaza[1,2-a]pyridine diradical A
was identified as the rate-determining step for the rearrangement
on the basis of calculations. Significantly, the calculated energy of
activation for the rearrangement of 1a (29.7 kcal/mol) is in
excellent agreement with the experimental value (30.0 kcal/mol).25

Here, we employ this DFT approach to evaluate the effect of
substituents on the energetics of the Bergman-type cyclization of
1,2-dialkynylimidazoles. These calculations are compared to
experimentally determined rates to further validate this method
and to determine if the rate of thermal rearrangement for a series
of 1,2-dialkynylimidazoles is correlated with their cytotoxicity.
Molecular geometries for all species were optimized at the

density functional theory (DFT) level of theory using the
gradient-corrected exchange functional of Becke34 and the hybrid
HF gradient-corrected correlation functional of Lee, Yang,
and Parr35 (B3LYP) and the 6-31G(d,p) basis set. Calculation
triplet states of biradicals and carbenes employed an unrestricted
formalism. For singlet state biradicals A and the transitions states
leading to (TS1) and from (TS2), these species calculations
employed the broken-spin unrestricted formalism.33,36 For dir-
adicals A and TS2, this leads to substantial triplet contamination,
with ÆS2æ values of 0.88�0.89 for A and 0.47�0.48 for TS2. The
energies for A andTS2were thus corrected for contamination by
the higher energy triplet states using a sum-correction method
employing the single-point triplet state energies calculated at the
broken-spin singlet geometries for these species.33,36 All calcula-
tions were carried out using Gaussian 03.37

Optimized structures for the starting 1,2-dialkynylimidazoles 1
bearing phenyl substituents (1a,c,e,i,k) were those having the
phenyl substituent coplanar with the imidazole ring, as observed
in the X-ray structure of 1a;25 however, no symmetry constraints
were employed for these or any other species during optimiza-
tion (C1 symmetry). All geometries were verified as local minima
or the appropriate saddle points by computation of analytic

Figure 1. Thermolysis products derived from 1,2-dialkynylimidazoles.
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vibrational frequencies. The energies reported are electronic
energies corrected by zero-point vibrational energies (E + ZPE)

or thermal contributions to enthalpy at 298 K (H298) computed
from these unscaled frequencies.
Calculations of the species involved in the initial Bergman

cyclization (1 f TS1 f A, Figure 2) were carried out for the
phenyl substituted 1,2-dialkynylimidazoles 1a�c,e,i,k (Table 2).
The species involved in the subsequent collapse of the diradicals
and cyclization to the carbenes (A f TS2 f B f TS3 f C)
were also examined (Table 2). In all of these cases, the initial
Bergman cyclization (TS1) was identified as the rate-limiting
step in the cascade.
There is a modest effect of the position of the phenyl substituent

on the Bergman cyclization transition state (TS1) relative energy.
The 4-substituted 1,2-dialkynylimidazole 1k has a relatively low
Bergman cyclization barrier of 25.9 kcal/mol (Table 2) that is
identical with that calculated for the parent 1,2-diethynimidazole
(see Supporting Information). Moving the phenyl substituent to
either of the alkyne termini leads to an increase in the Bergman
cyclization barrier, and this effect is more pronounced for the
substitution on the 2-alkyne group (1c, 30.0 kcal/mol) compared
to the substitution on the N-alkyne moiety (1i, 29.0 kcal/mol).
Further substitution of the phenyl group of 1c has an even more
modest an effect on the Bergman cyclization barrier. While
electron-donating substituents have little effect on the Bergman
cyclization barrier (1a and 1b, 29.9 kcal/mol), there is a slight
increase in the barrier for the p-nitrophenyl substituted analogue
1e (30.7 kcal/mol).
In order to address solvent effects on the Bergman cyclization

rates of these substituted 1,2-dialkynylimidazoles, the calculated
dipole moments of the reactants 1 and Bergman cyclization transi-
tion states (TS1) were examined (Table 3). In all but the case of the
p-nitrophenyl-substituted analogue 1e, the dipole moment ofTS1 is
larger than that of 1. This leads to the prediction that the Bergman
cyclization barriers for these substituted 1,2-dialkynylimidazoles will
be somewhat lower in polar solvents such as water when compared
to those in nonpolar solvents due to increased solvation of the

Table 1. Synthesis of Dialkynylimidazoles 1a�p

aAn optional deprotection of silyl groups was carried out, except in the
case of reactions of 4c. b In 4a, R = TIPS; see ref 25. c In 4b, R = TMS; see
ref 23c. d See ref 23d. e In 4c, R = CH2OTBDMS; see ref 23d. f In 4e,g,
R = TIPS; see ref 23d. g See ref 23c. h See ref 23b.

Scheme 1. Synthesis of Related Alkynylimidazoles
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transition state. However, for the p-nitrophenyl analogue 1e, for
which the 1,2-dialkynylimidazole has a larger dipole moment than
the Bergman transition state, the opposite solvent effect is expected.
This, together with the slight increase in the Bergman cyclization
barrier for 1e relative to that of 1a�c predicted from the DFT
calculations (Table 2), leads to the prediction that the Bergman
cyclization of 1e in water is significantly slower than that of 1a�c.
The cyclization of the 1,2-dialkynylimdiazoles 1 to the dir-

adical intermediatesA is predicted to be endothermic. In the case
of the 4-phenyl-substituted system 1k, the diradical is 4.8 kcal/mol
higher in energy than the 1,2-dialkynylimidaozle. The cyclization
is even more endothermic for the other 1,2-dialkynylimidazoles,
for which the diradical A is 11.1�12.2 kcal/mol higher in energy
than the reactant 1.
The reactivity of benzenoid diradicals such as A has been

proposed to correlate with the singlet�triplet (S-T) gap; the
larger the energy gap between the singlet and triplet states the
less reactive the diradical.38 The S-T gaps for A are very similar

for 2-phenylethyn analogues 1a�c,e (9.1�9.3 kcal/mol) but are
slightly higher for the 1-phenylethynyl analogue 1i (9.7 kcal/mol)
and the 4-phenyl analogue 1k (10.4 kcal/mol). In all cases, the
S-T gaps for A are much larger than those of p-benzyne and
related, reactive benzenoid diradicals (ca. 2�5 kcal/mol). More
importantly, the barriers for the collapse of A to the cyclic
cumulenes B (TS2) are extremely small, ranging from just 0.8
to 1.3 kcal/mol relative toA for 1a,c,i, and k (Table 2). This leads
to predictions of an exceedingly short lifetime of the diradicals A,
which, combined with the large S-T gap for these diradicals,
makes these species both fleeting and unreactive.
Interestingly, the collapse of the diradical A to afford the cyclic

cumulene B is exothermic, despite the apparent strain of such a
cyclic cumulene. Although strained, cyclic cumulene B is unex-
pectedly energetically stable. Using the group equivalent reaction
approach39 at the B3LYP/6-31G(d,p) level, the calculated ring
strain energy (RSE) of the cyclic cumulene B derived from the
parent 1,2-diethynylimidazole (Figure 3) is 10.7 kcal/mol, which is
lower than the RSE calculated for cyclononane (16.9 kcal/mol).
This relative lack of RSE can be explained by examining the
resonance structure B0 (Figure 3), which contributes significantly
to the overall description of this species as evidenced by it is planar
geometry, large calculated dipole (3.87 D), and short C�N bond
length (1.1839 Å) for the “nitrilium”moiety. Resonance structure
B0 also emphasizes that this species has 10 π electrons and should
be aromatic. Negative nucleus independent chemical shift (NICS)
values are indicative of aromaticity for awide range of hetereocycles.40

The NICS(1)zz value
41 for B (�37.12) confirm that B is aromatic.

Despite the contribution of the resonance from B0, NBO analysis42

reveals that the B3LYP/6-31G(d,p) electron density is best repre-
sented by the Lewis structure B (see Supporting Information).
Regioisomeric phenyl substitution of B has a slight effect on the
energy of this species relative to 1, with the 4-phenyl species (Bk)
lying 10.4 kcal/mol below 1k. The 2-phenyl-substituted case, Bc, is
lower in energy than 1c by 7.2 kcal/mol, and there is a stabilizing
effect of further substitution on the phenyl ring only in the case of the
nitro-substituted series (Be).
Although cumulene B is lower in energy than diradical A, the

barrier for recyclization of B to A (Table 2, column TS2, values
in parentheses) is smaller than that for this initial Bergman

Figure 2. Aza-Bergman rearrangement of 1,2-dialkynylimidazoles.

Table 2. (U)B3LYP/6-31G(d,p) Absolute (h) and Relative
(kcal/mol) Energies of Stationary Points along the Bergman
Cyclization/Rearrangement Pathway for Substituted 1,2-
Dialkynylimidazoles

energy TS1a Aa S-Tb TS2c Ba TS3d Ca

1a �723.8899378 29.9 12.2 9.3 1.3 (20.7) �7.2 14.7 3.3

1b �766.5503445 29.9 12.0 9.2 1.3 (20.6) �7.3 14.8 3.4

1c �609.3964804 30.0 12.0 9.3 1.2 (20.5) �7.3 14.8 3.4

1e �813.8931719 30.7 11.9 9.1 1.1 (21.0) �8.0 15.2 3.3

1i �609.3948681 29.0 11.1 9.7 0.8 (18.2) �6.3 14.1 �0.1

1k �609.3907333 25.9 4.8 10.4 1.2 (16.0) �10.0 15.6 1.8
a Electronic energy + ZPE relative to 1, in kcal/mol. b Sum-corrected
difference in energy between the singlet and triplet states of diradical A,
in kcal/mol. c Electronic energy + ZPE relative to A, in kcal/mol. Values
in parentheses are relative to B. d Electronic energy + ZPE relative to B,
in kcal/mol.

Table 3. Diplole Moments of Substituted 1,2-Dialkynylimi-
dazoles and Bergman Cyclization Transition States

1a TS1a

1a 4.30 4.56

1b 2.98 3.55

1c 2.72 2.97

1e 5.94 4.55

1i 3.47 3.72

1k 2.48 2.62
aDipole moments (Debye) calculated at the B3LYP/6-31G(d,p) level.

Figure 3. Resonance Structure of the intermediate B.
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cyclization. This is in contrast to the case for 2,5-didehydropyr-
idine, for which collapse to the 2-ethynylacrylonitrile (1-aza-
enediyne) is irreversible.16 However, the intermediate B has an
alternative cyclization mode to the carbeneC that competes with
reformation of the diradical A (Figure 2). This cyclization of B to
carbene C has precedent in the cyclization of cyclonona-1,2,4,5-
tetraene to pentalene carbene43 and the more recent work of
McGlinchey on the anomalous cyclization of a sterically hindered
diallene to a cyclopenylidene carbene.44 As shown in Table 2,
TS3 which leads to carbene C is in all cases lower in energy
relative to B than TS2, the transition state for recyclization to the
diradical A. This kinetic preference for cyclization to carbene C
via TS3 versus reformation of A via TS2 is as small as 0.4 kcal/mol
in the case of the 4-phenyl-substituted series Bk but is between
4.1�6.0 kcal/mol for the 1- and 2-phenylsubstituted series
Ba�c,e,i. Thus, cyclization of cumulene B is predicted to lead
to preferential formation of carbene C, which may react by a
variety of pathways leading to the consumption of B.
Since generation of either diradical (A) or carbene (C) reactive

intermediates depends upon the initial formation of the diradical
A, the effect of substitutents on the Bergman cyclization barrier
TS1 and the nature of the diradical A for these substituted 1,2-
dialkynylimidazoles has been examined. The relative barrier for the
initial cyclization, TS1, is lowest for the 4-phenyl substituted
analogue 1k and highest for the p-nitrophenyl substituted anal-
ogue 1e. The diradical intermediateA is predicted to be very short-
lived in all cases, due to the low relative barrier for collapse to the
cyclic cumulene B and the facile subsequent cyclization of B to the
carbene C. However, in the case of the 4-phenyl substituted
analogue 1k, the reformation of the diradical from B, although
kinetically disfavored, is more likely than in the case of the other
analogues examined. However, the S-T splitting for the resulting
diradical, Ak, is larger than that for the other diradicals, indicating
that this species would be less reactive. Thus, it is not likely that any
of these 1,2-dialkynylimidazoles react via the diradical A.
An alternative origin for the observed cytotoxicity of these 1,2-

dialkynylimidazoles may rest in the formation of the carbenes C.
Because the initial, rate-limiting cyclization (TS1) also controls
the rate of formation of carbene C, analogue 1k, which has the
lowest relative TS1 energy, should display enhanced cytotoxicity
relative to the other analogues. Indeed, unlike the other 1,2-
dialkynylimidazoles in Table 2, only 1k is predicted to undergo
cyclization at a significant rate at physiological temperature.45 For
the 1-phenylethynyl analogue 1i, the thermodynamics of carbene
formation from cumulene B is most favorable, and the initial
cyclization (TS1) is lower than that of any of the 2-substituted
analogues 1a�c,e. This leads to the prediction that 1i should be
more cytotoxic than 1a�c,e.
Kinetic Studies. In a previous communication,25 we reported

kinetic studies of the thermolysis of 1a in 1,4-cyclohexadiene to
afford products derived from trapping of carbene Ca. The
disappearance of 1a followed first-order kinetics, with half-lives
of 135 h to 6 min at temperatures of 80 to 150 �C. The
experimentally determined activation energy Ea = 30.0 kcal/mol
is in excellent agreement with that predicted from the DFT
calculations, 29.7 kcal/mol. We sought to expand these kinetic
studies to analogues of 1a in order to identify substituent effects
on the cyclization rate and to compare these kinetic studies with
the computational studies described above as well as cancer cell
cytotoxcity studies (see below).
Solutions of 1a,b,e and internal standard 5,6-benzoquinoline

in 1,4-cyclohexadiene were heated at 110 �C, and the rate of

disappearance of 1 was monitored by LC-MS. In all cases, the
disappearance of 1 followed first-order kinetics, with half-lives
ranging from 16�32 h (Table 4). There is not a strong substituent
effect on the kinetics of cyclization for these three analogues;
the nitro-substituted analogue 1e has the longest half-life, which is
twice as long as that for the other two analogues. Interestingly,
even this modest effect of the p-nitrophenyl substituent is correctly
predicted by the DFT calculations (Table 4), which provide an
estimated Ea for the Bergman cyclization of 1e (30.4 kcal/mol)
that is just slightly higher than that predicted for 1a and 1b
(29.6 kcal/mol in both cases).
Cytotoxicity Studies.Compound 1awas found to be cytotoxic

against a range of human cancer cell lines and to induce apopotosis
in the human nonsmall cell lung cancer cell lineA549.25 In order to
explore the effect of 1,2-dialkynylimidazole structure on biological
activity, the cytotoxicity of the 1,2-dialkynylimidazoles 1a�k was
determined using the AlamarBlue assay46 against the A549 cell line
(Table 4). For comparison, Table 4 also shows the experimental
and computational kinetic parameters for the Bergman cyclization
of a number of these 1,2-dialkynylimidazoles.
Within the 1,2-dialkynylimidazole series 1a�g, the cytotoxi-

city against A549 cells ranges from moderate (IC50 ∼5�6 μM)
for 1c,f to high (IC50 = 0.12�0.5 μM) for 1a,d,e. Both electron-
withdrawing (e.g., 1e) and electron-donating (e.g., 1a) substitu-
ents on the phenyl ring within this series provide highly cytotoxic
analogues; however, this is not uniformly the case (e.g., 1f). The
4-substituted analogue 1k is marginally more cytotoxic than the
1- and 2-substuted analogues 1i and 1c; however, 1k is 10-fold less
cytotoxic than 1a.
These cytotoxicity results contrast with the DFT calculations

and experimental half-lives for Bergman cyclization. The most
cytotoxic analogue in this series, the nitrophenyl substituted
compound 1e, has the longest half-life and highest predicted Ea
for Bergman cyclization. In contrast, the compound predicted to
undergo Bergman cyclization most readily, 1k, is only moder-
ately cytotoxic. Despite nearly identical half-lives from Bergman
cyclization, compounds 1a and 1b have IC50 values that differ by
a factor of 5.
The contrast between the predicted facility with which these

1,2-dialkynylimidazoles undergo Bergman cyclization and their
cytotoxicity against cancer cells led to a more expansive exploration

Table 4. Comparison of Cytotoxicity, Cyclization Rates, and
DFT-Predicted Cyclization Energy of Activation for a Series
of 1,2-Dialkynylimidazoles

compound IC50 (μM)a t1/2 (h)
b Ea (kcal/mol)c

1a 0.5 ( 0.2 17 ( 2 29.7d

1b 2.5 ( 0.9 16 ( 1 29.7

1c 6 ( 3 nde 29.9

1d 0.5 ( 0.1 nde nde

1e 0.12 ( 0.02 32 ( 1 30.5

1f 6 ( 4 nde nde

1g 2.5 ( 0.9 nde nde

1i 5.0 ( 0.3 nde 28.9

1k 2.5 ( 0.9 nde 25.8
a 549 cells, 72 h. b First-order half-life for the disappearance of dialky-
nylimidazole at 110 �C in neat 1,4-cyclohexadiene. c Predicted energy of
activation (Ea = ΔHq + RT) for the Bergman-type cyclization at 37 �C
from B3LYP/6-31G(d,p) DFT calculations. dExperimental Ea at 110 �C
is 30.0 kcal/mol; see ref 25. eNot determined.
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of the structural basis for thecytotoxicity of 1b (Table 5). Within a
wider structural range of 1,2-dialkynylimidazoles 1h�p, there is
little variation in cytotoxicity. Hydroxymethyl (1j), methoxymethyl
(1h), and hydroxyethyl (1n) substitutents on the 2-alkynyl group
are all well tolerated. Variations of the 4-phenyl substituent of 1k
(e.g., 1m) or benzannulation (e.g., 1o) are similarly well tolerated.
In addition, within the 4-substituted and benzannulated series, there
is little effect in going from a 2-ethynyl substituent (1m,1o) to the 2-
p-methoxyphenethynyl substitutent (1n,1p). These results led to a
more careful examination of the effect of the 1-alkynyl substituent.
Both 2-unsubstituted (5a) and 2-substituted (5b) 1-pheny-

lethynylimidazoles are only weakly cytotoxic, as is the 1-methyl-
2-alkynylimidazole 7. However, the 1-ethynylimidazole 6b dis-
plays cytotoxicity on par with that of the 1,2-dialkynylimidazoles
1h�p. As these results implicate the 1-ethynyl group in the
cytotoxicity of the 1,2-dialkynylimidazole 1a, selective modifica-
tion of this group in 1a was explored. Interestingly, thiophenol
selectively adds to the 1-ethynyl group of 1a to afford predomi-
nantly the (Z)-thioenol ether 8 (Scheme 1). This modification of
the 1-ethynyl group leads to greatly reduced cytotoxicity; the
IC50 for 8 is 20-fold higher than that of 1a.
DNA and Protein Cleavage Studies. In order to address the

possible role of DNA or protein cleavage activity as a basis for the
observed cytotoxicity of 1,2-dialkynylimidazoles, selected com-
pounds were assayed for their ability to affect the cleavage of
supercoiled plasmid DNA or BSA. Compounds 1a,e,m at 100 μM
concentration were incubated with supercoiled ΦX174 plasmid
DNA (50 μM base pair) in 50 mM Tris buffer, pH 7.0, at 37 �C
for 16 h. The resulting DNA products were separated by agarose
gel electrophoresis and visualized by ethidium bromide staining.
None of these compounds afforded products (relaxed circular or
linear duplex) of DNA cleavage (see Supporting Information).
Compound 1m (500 μM) was incubated with 25 μM BSA in
50 mM Tris buffer, pH 7, at either 25 or 37 �C for 16 h. The
resulting protein samples were analyzed by 10% SDS�PAGE
and the protein products stained with Coomassie Blue. No
higher-mobility bands corresponding to protein cleavage pro-
ducts were observed (see Supporting Information).

’DISCUSSION AND CONCLUSIONS

DFT calculations of the thermal rearrangement of substituted
1,2-dialkynylimidazoles have been carried out. These calculations
show that the initial Bergman cyclization is the rate-determining

step. The resulting diradical is short-lived and is not expected to
be reactive on the basis of the relatively large S-T gap. Collapse of
the diradical to an aromatic cyclic cumulene/zwitterion is exother-
mic, but this species undergoes facile cyclization to a cyclopentapyr-
azine carbene. This overall energetic landscape is affected relatively
little by substituents, with the exception of the relative height of the
initial Bergman cyclization barrier. Terminal phenyl substituents on
the alkyne groups raise the Bergman barrier by about 5 kcal/mol
relative to the unsubstituted case, whereas phenyl substitution on
the imidazole 4-position or benzannulation has little effect. A para-
nitro substituent on the 2-phenylethynyl position has a modest
effect of increasing the Bergman cyclization barrier, and even this
rather small effect has been confirmed by experiment. It is inter-
esting to note that in related benzannelated enediyne systems, the
opposite trend is observed, in which electron-withdrawing substit-
uents lower the Bergman cyclization barrier.47 The origin of this
difference in substituent effects between these two systemswarrants
further study. Overall, these results further support the applicability
of the BS-UDFT approach for this system.

Interestingly, despite the ability of these 1,2-dialkynylimida-
zoles to undergo Bergman rearrangement to diradical/carbene
intermediates under relatively mild conditions, there is no
correlation between the rate of Bergman cyclization and cyto-
toxicity to A459 cells. Even 1,2-diethynylimidazoles such as 1k
that are predicted to undergo cyclization at physiological tem-
peratures are not as cytotoxic as 1,2-dialkynylimidazoles such
as 1a that do not undergo any appreciable cyclization at this
temperature. The p-nitrophenyl substituted 1,2-dialkynylimida-
zole 1e, which undergoes cyclization at about one-half the rate of
1a, is 4-fold more cytotoxic than 1a.

There is no evidence that the cytotoxicity of these 1,2-dialkynyl-
imidazoles is due toDNA cleavage or nonspecific protein cleavage.
Unlike other cytoxic aza-enediyne analogues that cleave super-
coiled DNA at micromolar concentrations via a hydrogen atom
abstraction from the deoxyribose backbone,22 dialkynylimidazoles
1a,e,m do not cleave supercoiled DNA, even at 100 μM concen-
trations. Certain enediyne analogues have been shown to cleave a
variety of proteins,46 and hydrogen abstraction from proteins is a
mechanism for self-resistance to naturally occurring enediynes.50

However, there is no effect of 1,2-dialkynylimidazole 1m on BSA,
even at concentrations over 100-times higher than the IC50 for this
compound.

These observations rule out a role for an unfacilitated Berg-
man cyclization in the cytotoxicity of these 1,2-dialkynylimida-
zoles. However, it is likely that 1,2-dialkynylimidazole with
Bergman cyclization barriers even lower than 1k can be designed
by encompassing the dialkynes in 9- or 10-membered rings, and
these may function as cytotoxic agents via spontaneous Bergman
cyclization. Alternatively, 1,2-dialkynylimidazoles could be de-
signed to undergo cyclization more rapidly when bound to DNA
or proteins, leading to the production of diradical or carbene
intermediates capable of modifying these binding partners. It is
possible that this sort of facilitated cyclization gives rise to the
enhanced cytotoxicity of certain 1,2-dialkynylimdiazoles examined
here such as 1a,d, and e. Finally, just as certain acyclic enediynes
have been shown to display potent anticancer effects independent
of their Bergman cyclization potential,14 the enhanced cytotoxicity
of the 1,2-dialkynylimidazoles examined here may not involve aza-
Bergman cyclization at all.

An alternative or additional mechanism for the cytotoxicity of
these 1,2-dialkynylimidazoles has been revealed from the study of
structurally related alkynylimidazoles presented here. Although

Table 5. Cytotoxicity of 1,2-Dialkynylimidazoles and Related
1- or 2-Alkynimidazoles

compound IC50 (μM)

1h 1.0 ( 0.6

1j 1.9 ( 0.7

1l 2.0 ( 1.0

1m 2.6 ( 1.4

1n 2.6 ( 1.0

1o 2.0 ( 1.1

1p 2.9 ( 1.4

5a 9.2 ( 4.5

5b >15

6b 1.1 ( 0.9

7 >15

8 10.1 ( 2.8
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not as cytotoxic as the 1,2-dialkynylimidazoles 1a,d, and e, the
N-ethynylimidazole 6b is at least as cytotoxic as the other 1,2-
dialkynylimidazoles examined. Interestingly, the N-ethynyl group
of the 1,2-dialkynylimidazole 1awas found to react selectively with
thiophenol, and this addition abrogates the cytotoxicity of this
compound. This unexpected electrophilic nature of the imidazole
N-ethynyl group bears further study, as it stands in contrast
with the established role of related N-alkynyl heterocycles and
N-alkynylamides as electron-rich, nucleophilic species.51 In light of
this reactivity and the lack of DNA cleavage ability, the 1,2-
dialkynylimidazoles and 1-alkynylimidazoles may have more in
commonwith other heterocyclic, thiol-reactive anticancer agents52

than the enediyne natural products or recently reported DNA-
cleaving cytotoxic lysine�acetylene conjugates.53 Interestingly,
certain 1,2-dialkynylimidazoles such as 1a and 1e are notably
more cytotoxic against A549 cells than thiol-reactive heterocycles
currently in clinical trials.54 Thus, the potential of N-ethynylimi-
dazoles to react with biological thiols deserves further investiga-
tion, and studies exploring this possibility are ongoing.

’EXPERIMENTAL SECTION

General. All reactions were carried out under argon in oven-dried
glassware with magnetic stirring. Unless otherwise noted, all materials
were obtained from commercial suppliers and were used without further
purification. THF was distilled from sodium/benzophenone prior to
use. Flash chromatography was performed with EM Reagent silica gel
(230�400 mesh) using the mobile phase indicated. Melting points
(open capillary) are uncorrected. Unless otherwise noted, 1H and 13C
NMR spectra were determined in CDCl3 on a spectrometer operating at
400 and 100MHz, respectively, and are reported in ppm using solvent as
the internal standard (7.26 ppm for 1H and 77.0 ppm for 13C in CDCl3).
Mass spectra were obtained in the positive mode either by chemical
ionization using methane as the ionizing gas or by electrospray ioniza-
tion. The purity of all test compounds was determined to by >95%
by HPLC.
Typical Procedure for the Synthesis of 1,2-Dialkynylimi-

dazoles: 1-Ethynyl-2-(2-(4-methoxyphenyl)-ethynyl)-1H-ben-
zimidazole (1p). To a solution of 2-iodo-1-(2-triisopropylsilylethyn-
yl)-1H-benzimidazole 4g (212 mg, 0.5 mmol) in Et3N (10 mL) under
argon was added 4-ethynylanisole (0.075 mL, 0.55 mmol), Pd(PPh3)4
(30 mg, 0.026 mmol), and CuI (10 mg, 0.05 mmol). The reaction
mixture was stirred at 50 �C until complete consumption of 4g. The
solvent was removed under reduce pressure, and the residue was purified
by flash chromatography (0�5% EtOAc/hexane) to afford 210 mg
(98%) of the TIPS-protected compound as a yellow crystalline solid. To
this material in THF (10 mL) at �78 �C was added TBAF (0.5 mL of
1 M solution in THF, 0.5 mmol), and the mixture was stirred at�78 �C
until completion. The reaction mixture was quenched at �78 �C with
10 mL of water and extracted with CH2Cl2 (3 � 25 mL). The organic
layers were combined and dried over Na2SO4, and the solvent was
evaporated under reduced pressure. The residue was purified by flash
chromatography (0�20% EtOAc/hexane) to afford 122 mg (92%) of
compound 1p as a white solid. mp 140.1�141.3 �C; 1HNMR (400MHz,
CDCl3) δ 7 75 (d, J = 7.4 Hz, 1H), 7.58 (d, J = 7.4 Hz, 1H), 7.50 (d, J =
8.8 Hz, 2H), 7.37 (p, J = 7.6 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 3.81 (s,
3H), 3.46 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 160.9, 141.7, 138.8,
134.6, 134.0, 125.2, 124.6, 120.4, 114.2, 112.5, 110.7, 96.6, 79.9, 69.7,
64.4, 55.3. MS (CI) 273 (M+1, 100%). HRMS calc for C18H13N2O
(M+H+) 273.1028, found 273.1028. Anal. Calcd. for C18H12N2O: C,
79.39; H, 4.44; N, 10.20. Found: C, 79.35; H, 4.27; N, 10.18
2-(4-tert-Butylphenylethynyl)-1-ethynylimidazole (1b).

Following the general procedure above (flash chromatography; 0�5%

EtOAc/hexane), 128 mg of 1b (75%) was obtained as a white solid. mp
82�84 �C; 1H NMR (400 MHz, CDCl3) δ 1.31 (s, 9H), 3.17 (s, 1H),
7.04 (d, 1H, J = 1.4 Hz), 7.14 (d, 1H, J = 1.4 Hz), 7.37 (dt, 2H, J = 8.6,
2.0 Hz), 7.51 (dt, 2H, J = 8.6, 2.0 Hz). 13C NMR (100 MHz, CDCl3)
δ 31.1, 34.9, 61.8, 77.0, 71.1, 94.3, 118.2, 122.3, 125.5, 129.7, 131.9,
135.9, 153.1. IR (KBr) 3296, 2960, 2868, 2216, 2161, 1529, 1464, 1402,
1274, 1106, 835 cm�1; MS (CI) 249 (M+1, 100%). HRMS (CI) calc for
C17 H17 N2 (M + H+) 249.1392; found, 249.1392. Anal. Calcd. for C17

H17 N2: C, 82.22; H, 6.49; N, 11.28. Found: C, 82.31; H, 6.42; N, 11.22.
2-(4-Acetylphenylethynyl)-1-ethynyl-imidazole (1d). Fol-

lowing the general procedure above (flash chromatography; 0�5%EtOAc/
hexane), 100 mg of 1d (73%) was obtained as a tan solid; mp
176�177 �C; 1H NMR (400 MHz, CDCl3) δ 2.60 (s, 3H), 3.22 (s,
1H), 7.09 (d, 1H, J = 1.6 Hz), 7.19 (d, 1H, J = 1.6 Hz), 7.66 (d, 2H, J =
8.7 Hz), 7.94 (d, 2H, J = 8.7 Hz. 13C NMR (100 MHz, CDCl3) δ 197.1,
137.2, 135.1, 132.1, 130.1, 128.3, 125.9, 122.8, 92.9, 80.1, 77.2, 62.2, 25;
IR (KBr) 3207, 3153, 2120, 1672, 1400, 1271, 1109, 835 cm�1;MS (CI)
235 (M+1, 100%). HRMS (CI) calc for C15 H11 N2 O (M + H+)
235.0871; found, 235.0874. Anal. Calcd. for C15 H10 N2 O: C, 76.91; H,
4.30; N, 11.96. Found: C, 76.40; H, 4.45; N, 11.60.
2-(4-Nitrophenylethynyl)-1-ethynylimidazole (1e). Follow-

ing the general procedure above (flash chromatography; 0�5% EtOAc/
hexane), 77 mg of 1e (71%) was obtained as a yellow solid; mp
160�162 �C; 1H NMR (400 MHz, CDCl3) δ 3.24 (s, 1H), 7.10
(d, 1H, J = 1.2Hz), 7.21 (d, 1H, J = 1.2Hz), 7.37 (d, 2H, J = 9.0Hz), 7.51
(d, 2H, J = 9.0 Hz). 13C NMR (100 MHz, CDCl3) δ 62.4, 70.6, 81.8,
91.6, 123.2, 123.7, 127.9, 130.4, 132.7, 134.5, 147.8. IR (KBr) 3244,
2360, 1593, 1511, 1456, 1402, 1275, 1107, 856 cm�1; MS (CI) 238
(M+1, 100%). HRMS (CI) calc for C13 H8 N3 O2 (M + H+) 238.0617;
found, 238.0617. Anal. Calcd. for C13 H7 N3 O2: C, 65.82; H, 2.97; N,
17.71. Found: C, 65.65; H, 2.94; N, 17.66.
2-(3,5-Bis(trifluoromethyl)phenylethynyl)-1-ethynyl-imi-

dazole (1g). Following the general procedure above (flash chroma-
tography; 0�5% EtOAc/hexane), 124mg of 1g (68%) was obtained as a
tan solid; mp 73.2�74.1 �C; 1H NMR (400 MHz, CDCl3) δ 3.26 (s,
1H), 7.11 (d, 1H, J = 1.6 Hz), 7.21 (d, 1H, J = 1.6 Hz), 7.87 (s, 1H), 7.98
(s, 2H). 13C NMR (100 MHz, CDCl3) δ 7134.3, 132.3 (q, 2C, J = 34
Hz), 131.9, 130.4 (2C), 123.2, 123.0 (q, 2C, J = 270 Hz), 122.9 (q, J =
5 Hz), 90.3, 80.3, 70.5, 62.4. IR (KBr) 2913, 2856, 2164, 1525, 1408,
1369, 1281, 1180, 1136, 899 cm�1; MS (CI) 329 (M+1, 100%). HRMS
(CI) calc for C15 H7 N2 F6 (M+H+) 329.0513; found, 329.0513. Anal.
Calcd. for C15 H6 N2 F6: C, 54.89; H, 1.84; N, 8.54. Found: C, 54.68; H,
1.76; N, 8.56.
3-(1-(3-Hydroxypropyn-1-yl)-1H-imidazol-2-yl)-prop-2-yn-

1-ol (1j). The general procedure above was followed at room tempera-
ture, and the reactionmixture was quenched after 3 h with H2O (0.2 mL).
After removal of the solvent under reduced pressure, the crude was
subjected to flash chromatography without extraction (flash chromatog-
raphy; 0�2% MeOH/EtOAc) to afford 36 mg of 1j (41%) as a white
solid. mp 105�107 �C; 1H NMR (400 MHz, MeOD-d4) δ 7.40 (1H, d,
J = 1.5 Hz), 7.02 (1H, d, J = 1.5 Hz), 4.45 (2H, s), 4.40 (2H, s). 13CNMR
(100 MHz, MeOD-d4) δ 136.1, 129.9, 124.8, 95.3, 73.8, 73.4, 73.0, 50.9,
50.4. IR (KBr) 3322, 3148, 3125, 2358, 2273, 1525, 1471, 1420, 1303,
1130, 1034 cm�1; MS (ESI) 375 (2M+23, 100%). HRMS (ESI) calc for
C9 H9 N2 O2 (M + H+) 177.0654; found, 177.0658.
1,2-Diethynyl-4-phenyl-1H-imidazole (1k). Following the

general procedure above (flash chromatography; 0�5% EtOAc/hexane),
76 mg of 1k (79%) was obtained as a white solid. mp 62��64 �C; 1H
NMR (400 MHz, CDCl3) δ 7.77�7.75 (2H, m), 7.42�7.37 (3H, m),
7.33�7.28 (1H, m), 3.44 (1H, s), 3.24 (1H, s). 13C NMR (100 MHz,
CDCl3) δ 142.1, 134.3, 131.8, 128.7 (2C), 128.1, 125.4 (2C), 117.6, 82.6,
71.6, 70.5, 62.2. IR (KBr) 3389, 3294, 3141, 2598, 2163, 2113, 1494, 1450,
1394, 1189, 1151, 748, 691 cm�1; MS (CI) 193 (M+1, 100%). HRMS
(CI) calc for C13H9 N2 (M +H+) 193.0768; found, 193.0766. Anal. calcd
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for C13 H8 N2 + 1/2 H2O: C, 77.59; H, 4.51; N, 13.29. Found: C. 77.24;
H, 4.43; N, 13.90.
1-Ethynyl-2-(2-(4-methoxyphenyl)-ethynyl)-4-phenyl-1H-

imidazole (1l). Following the general procedure above (flash chro-
matography; 0�10% EtOAc/hexane), 116 mg of 1l (78% overall yield)
was obtained as a white solid. mp 84.9�85.0 �C; 1H NMR (400 MHz,
CDCl3) δ 7.81�7.79 (2H, m), 7.56 (2H, d, J = 9.0 Hz), 7.42�7.38 (3H,
m), 7.31 (1H, tt, J = 7.4, 1.4 Hz), 6.91 (2H, d, J = 9.0 Hz), 3.85 (3H, s),
3.25 (1H, s). 13C NMR (100 MHz, CDCl3) δ 160.6, 141.9, 135.8, 133.6
(2C), 132.0, 128.6 (2C), 127.8, 125.3 (2C), 117.1, 114.1 (2C), 113.0,
94.6, 76.2, 71.0, 62.1, 55.2. IR (KBr) 3269, 3184, 3138, 2216, 2155, 1602,
1521, 1393, 1250, 1022 cm�1; MS (CI) 299 (M+1, 100%). HRMS (CI)
calc for C20 H15 N2 O (M + H+) 299.1184; found, 299.1184. A second
chromatography afforded analytically pure material. Anal. Calcd. for C20

H14 N2 O: C, 80.52; H, 4.73; N, 9.39. Found: C, 80.54; H, 4.55; N, 9.24.
4-(4-Fluorophenyl)-1-ethynyl-2-ethynyl-1H-imidazole (1m).

Following the general procedure described above (flash chromatography;
0�20% EtOAc/hexane), we obtained 7.8 mg of 1m (82% overall yield) as
an off-white solid: mp 89.7�91.5 �C; 1H NMR (400 MHz, CDCl3)
δ 7.75�7.72 (2H, m), 7.34 (1H, s), 7.10�7.06 (2H,m), 3.44 (1H, s), 3.24
(1H, s). 13C NMR (100 MHz, CDCl3) δ 162.6 (d, J = 246 Hz), 141.2,
134.4, 128.1 (d, J = 2.9 Hz), 127.1 (2C, d, J = 8.2 Hz), 117.2, 115.7 (2C, d,
J = 21.6 Hz), 82.7, 71.5, 70.4, 62.3; MS (CI) 211 (M+1, 100%). HRMS
(CI) calc for C13 H8 N2 F (M + H+) 211.0672; found, 211.0668.
4-(4-Fluorophenyl)-1(ethynyl-2-(but-3-yn-1-ol)-1H-imida-

zole (1n). Following the general procedure described above, (flash
chromatography; 0�20% EtOAc/hexane) we obtained 44 mg of 1n
(35% overall yield) as a white solid: mp 146.4�148.0 �C; 1HNMR (400
MHz, CDCl3) δ 7.74�7.70 (2H, m), 7.30 (1H, s), 7.10�7.05 (2H, m),
3.89 (2H, t, J = 6.2 Hz), 3.23 (1H, s), 2.8 (2H, t, J = 6.2 Hz). 13C NMR
(100 MHz, CDCl3) δ 162.6 (d, J = 246 Hz), 140.8, 135.5, 128.2 (d, J =
3 Hz), 127.0 (2C, d, J = 8.2 Hz), 116.6, 115.7 (2C, d, J = 21.6 Hz), 93.5,
70.8, 70.6, 62.0, 60.4, 23.9;MS (CI) 255 (M+1, 100%). HRMS (CI) calc
for C15 H12 N2 O F (M + H+) 255.0934, found 255.0928.
1,2-Diethynyl-1H-benzimidazole (1o). Following the general

procedure above (flash chromatography; 0�5% EtOAc/hexane), 66 mg
of 1o (80%) was obtained as a white solid. mp 78.1�79.2 �C; 1H NMR
(400 MHz, CDCl3) δ 7.80�7.74 (1H, m), 7.56�7.50 (1H, m), 7.44
(1H, td, J = 7.4, 1.2 Hz), 7.38 (1H, td, J = 7.4, 1.2 Hz), 3.53 (1H, s), 3.44
(1H, s). 13C NMR (100 MHz, CDCl3) δ 141.2, 137.1, 134.5, 126.0,
124.9, 121.0, 111.0, 84.2, 72.0, 69.2, 64.6. IR (KBr) 3212, 2149, 2122,
1496, 1447, 1367, 1309, 1266, 1230, 1151 cm�1; MS (CI) 167 (M+1,
100%). HRMS (CI) calc for C11 H7 N2 (M + H+) 167.0609; found,
167.0610. A second chromatography afforded analytically pure material.
Anal. Calcd. for C11 H6N2: C, 79.50; H, 3.64; N, 16.86. Found: C, 79.18;
H, 3.62; N, 16.64.
1-Ethynyl-4-phenyl-imidazole (6b). TBAF (1.93 mL, 1.924

mmol, of a 1 M solution in THF) was added to a solution of 623 mg of
4-phenyl-1-(triisopropylsilyl)ethynyl-1H-imidazole 6a26 in 40 mL of
THF at�78 �C. The reaction mixture was stirred at�78 �C for 15 min
and quenched by the addition of 3 mL of water. The reaction mixture
was extracted with CH2Cl2 (3 � 10 mL), and the combined organic
layer was dried with Na2SO4 and evaporated. The residue was purified
by flash chromatography (50% EtOAc/hexane) to yield 291 mg (90%)
of a white solid. 1H NMR (CDCl3): δ 7.80 (s, 1H), 7.75 (d, J = 8 Hz,
2H), 7.38 (m, 3H), 7.28 (t, J = 7.2 Hz, 1H), 3.04 (s, 1H). 13CNMR (100
MHz, CDCl3): δ 141.9, 140.4, 132.5, 128.7, 127.7, 125.5, 166.6, 71,5,
59.5; MS (CI) 169 (M+1, 100%). HRMS calc for C11H9N2 (M + H+)
169.0766; found, 169.0766.
1-Methyl-2-((4-methoxyphenyl)ethynyl)-1H-imidazole (7).

To a solution of 1-tert-butoxycarbonyl-2-iodo-1H-imidazole28 (0.29 g,
1mmol) in Et3N (20mL) was added 4-methoxyphenylacetylene (0.16mL,
1.2mmol), Pd(PPh3)4 (30mg, 0.026mmol), andCuI (10mg, 0.05mmol).
The reaction mixture was stirred at 50 �C until the iodoimidazole was

completely consumed. The reaction mixture was filtered. The filtrate was
evaporated, and the residue was purified by flash chromatography (20%
EtOAc/hexane) to afford 1-(tert-butoxycarbonyl)-2-((4-methoxyphenyl)-
ethynyl)-1H-imidazole in quantitative yield.To thismaterial (0.29 g, 1mmol)
in CH2Cl2 (10 mL) at �5 �C was added TFA (10 mL), and the reaction
mixture was stirred at �5 �C for 2 h. The reaction mixture was neutralized
withNaHCO3(20mL) andextractedwith ethyl acetate (20mL) three times.
The organic layers were combined and dried over Na2SO4, and the solvent
was evaporated under reduced pressure. The residue was dissolved in THF
(20 mL) at 0 �C, and LHMDS (1.1 mL of 1M solution in THF, 1.1 mmol)
was added. The reaction mixture was stirred at 0 �C for 30 min. To the
reactionmixture was addedMeI (125μL, 2mmol), and the reactionmixture
was stirred at 0 �Cuntil completion. The reactionmixturewas quenchedwith
water (20mL) and extractedwith CH2Cl2 (20mL) three times. The organic
layerswere combined anddried overNa2SO4, and the solventwas evaporated
under reduced pressure. The residue was purified by flash chromatography
(50% EtOAc/hexane) to afford 1-methyl-2-((4-methoxyphenyl)ethynyl)-
1H-imidazole 7 (123 mg, 58% yield) as white needles; mp 62�64 �C; 1H
NMR (400 MHz, CDCl3) δ 7.49 (2H, d, J = 8.8 Hz), 7.06 (1H, d, J =
1.2 Hz), 6.91 (1H, d, J = 1.2Hz), 6.88 (2H, d, J = 8.8 Hz), 3.82 (3H, s), 3.76
(3H, s). 13C NMR (100 MHz, CDCl3) δ 160.1, 133.2 (2C), 132.8, 130.6,
121.1, 114.1 (2C), 113.9, 92.6, 55.3, 33.5. IR (KBr) 3111, 1602, 1521, 1467,
1433, 1404, 1290, 1249, 1176, 1156, 1137, 1109, 1026, 843, 811, 751,
702 cm�1; MS (CI) 213 (M+1, 100%). HRMS (CI) calc for C13 H13 N2 O
(M + H+) 213.1027; found, 213.1022. Anal. Calcd. for C13 H13 N2 O: C,
73.56; H, 5.70; N, 13.20. Found: C, 73.47; H, 5.67; N, 13.19.
(Z)-2-(4-Methoxyphenyl)ethynyl-1-(2-(phenylthiol)vinyl)-

1H-imidazole (8). To a solution of 1a (20 mg, 0.09 mmol) in THF
(2 mL) was added thiophenol (0.1 mmol, 0.01 mL). The reaction
mixture was stirred at room temperature for 5 days. The reactionmixture
was concentrated, and the residue was purified by flash chromatography
(30% EtOAc/hexane) to afford 8 as a brown thick oil (13 mg, 43%
yield). 1HNMR (400MHz, CDCl3) δ 7.71 (1H, s), 7.53�7.50 (2H, m),
7.47�7.44 (2H, m), 7.39�7.35 (2H, m), 7.33�7.29 (1H, m), 7.20 (1H,
d, J = 8.4 Hz), 6.91�6.88 (2H, m), 6.17 (2H, d, J = 8.4 Hz), 3.83 (3H, s).
13C NMR (100 MHz, CDCl3) δ 160.4, 134.3, 133.4 (2C), 132.6, 130.1
(2C), 129.4 (2C), 127.7, 121.1, 119.1, 115.5, 114.1 (2C), 113.5, 99.2,
77.2, 55.3; MS (CI) 333 (M+1, 100%). HRMS (CI) calc for C20 H17 N2

O S (M + H+) 333.1062; found, 333.1063.
Kinetic Study of the Thermolysis of 1,2-Dialkynylimida-

zoles 1a�c,e. A solution of 1 (0.05 mmol) and 5,6-benzoquinoline
(0.05 mmol) in 3 mL of 1,4-cyclohexadiene was prepared. Individual
aliquots (300 μL) of this solution were sealed in tubes and heated at
110 �C. At regular time periods, aliquots were removed, allowed to cool
to room temperature, and subject to evaporation under vacuum. The
residue was dissolved in 1 mL of an acetonitrile/water (50/50) mixture.
This solution was injected in a Thermo-Finnigan LTQ XL LC-MS using
a C18 short pad column. The analytes were eluted at 0.5 mL/min using a
gradient (5�95%) of acetonitrile in water over 4 min followed by 95%
acetonitrile for 1.5 min with MS detection. The mass spectra were
recorded in positive mode using ESI as the ionization technique and
subsequently analyzed using the software Xcalibur. Plots of peak-area-
ratio of the starting 1,2-dialkynylimidazoles 1 versus time were subjected
to nonlinear least-squares fitting to obtain first-order rate constants.
Supercoiled Plasmid DNA Cleavage Assay. The DNA clea-

vage efficiency for these 1,2-dialkynylimidazoles was determined by
incubation with solutions of supercoiled (Form I)ΦX174 plasmid DNA
(Fermentas, 50 μM base pairs) in 50 mM N,N,N-tris(hydroxymethyl)-
aminomethane (Tris) buffer at pH 7. The reaction mixtures containing
100 μM test compound, 100 μM 1-propargyl-2-(2-(4-methoxyphe-
nyl)ethynyl)pyridinium triflate22a as positive control, or vehicle (13%
(v/v) DMSO) were incubated for 16 h at 37 �C. DNA products were
separated by agarose gel electrophoresis [1� Tris-borate-N,N,N0,N0-
ethylenediaminetetraacetic acid (EDTA) (TBE) at 90 V for 1 h] and
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stained with ethidium bromide (0.25 μg/mL), and the images were
analyzed using a fluorimager with ImageQuant software. The degree of
cleavage of Form I DNA was determined using eq 1.

Percent cleavage ¼ ð2� ½Form III� + ½Form II�Þ
ð2� ½Form III� + ½Form II� + ½Form I�Þ � 100

ð1Þ

where Form II refers to relaxed, circular DNA, and Form III is linear,
duplex DNA. The reported, normalized percent cleavage accounts for
cleavage in control samples under the reaction conditions employed, and
this was calculated according to eq 2.

Normalized percent cleavage ¼ %cleavageðdrugÞ �%cleavageðcontrolÞ
100�%cleavage control

ð2Þ

Protein Cleavage Assay. Bovine serum albumin (25 μM, Fisher
Bioreagent) was incubated alone or with 0.5 mM of 1,2-dialkynylimi-
dazole 1m in 50 mM Tris buffer at pH 7 at 25 or 37 �C for 16 h. The
protein samples were analyzed by 10% SDS�PAGE and stained with
Coomassie Blue.
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