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ABSTRACT

The Bergman cyclization of benzannelated enediynes is highly sensitive to ortho substitution. This finding opens possibilities for the rational
design of conformer-specific and pH-dependent DNA-cleaving agents.

The thermal cyclization of (Z)-enediynes (the Bergman
cyclization)1 has a number of practical applications in the
design of DNA-cleaving agents,2 the development of poly-
meric materials with enhanced thermal properties,3and
synthesis of polycyclic compounds.4 Introduction of func-
tional groups in benzannelated enediynes can provide a
straightforward and synthetically viable way to control both
the cyclization rate and molecular recognition of the enediyne
moiety by DNA. Although the reactivity of heterocyclic
enediynes5 shows considerable variation, only slight changes
in the cyclization barrier were found forpara-substituted
benzene analogues.6,7 The developing radical centers are

orthogonal to the aromaticπ-system, and therefore, the para
substituents influence reactivity predominantly via the field
effect.7 Electron-acceptor substituents are generally found
to accelerate the cyclization as suggested by Koga and
Morokuma8 because electron repulsion between the occupied
in-plane alkyne π-orbitals should increase the cyclization
barrier. A number of experimental results are consistent with
this suggestion.9

The present study was prompted by our experimental
finding of an accelerating effect by an electron-donating
OMe group at the ortho position.10 Although the effect is
subtles2,3-diethynylanisole is only two times more reactive
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Scheme 1. Bergman Cyclization of Benzannelated Enediynes
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than 1,2-diethynylbenzene at 170°C11 (Table 2, Supporting
Information)sthe direction of the change is unexpected. The
accelerating influence of an electron-donor substituent clearly
contradicts with the simple premise of the Koga-Morokuma
hypothesis.

Intrigued by this result we undertook this theoretical
analysis of the “proximity effect”12 of ortho substituents in
the Bergman cyclization. Below, we report our finding that
the cyclization step is highly sensitive to the nature of ortho

substitution. We also evaluate specific mechanisms account-
ing for this phenomenon.

All geometries were computed13,14 using either the re-
stricted (reactant) or broken-spin unrestricted (TS and
diradical product)15 B3LYP/6-31G** method which has been
shown to provide reasonable accuracy for the Bergman
cyclization.16,17 The computational results are summarized
in Table 1.

In agreement with the experimental results of Russell and
co-workers,7 the influence of para substituents on the
cyclization is small. The activation energies for the neutral
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in thin capillaries (at the height where no dead volume was observed) after
freeze-pump-thaw degassing and placed in an oil bath, the temperature
being maintained at 170°C with a “Temp-O-Trol” temperature controller
((0.2 °C). The range of reaction times corresponded to 2-3 half-lives.
The reaction mixtures were diluted with hexane and analyzed by analytical
HPLC. The cyclization of 1,2-diethynyl benzene was studied under the same
conditions (see Supporting Information). Importantly, the presence of an
ortho substituent did not decrease the efficiency of the Bergman cyclization

as indicated by the yield of OMe-naphthalene (67%). The yield of
naphthalene in the cyclization of 1,2-diethynylbenzene was 73%. Products
formed by recombination of naphthyl and cyclohexadienyl radicals constitute
the rest of the reaction mixtures.
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Table 1. Activation Barriers and Reaction Energies (kcal mol-1) for Bergman Cyclizations ofortho- andpara-Substituted
1,2-Diethylnylbenzenes Calculated at the B3LYP/6-31G** Level; Data forpara-Substituted Cases Given in Parentheses

a Planar and nonplanar conformers of NH2, synandanti conformers of OH, CHO, and OMe, and staggered and eclipsed conformations of OMe group
were considered.b δE ) Eortho - Epara, difference in the absolute energies between ortho and para isomers.δER is the difference for the enediynes, andδETS
is for transition states.c The ZPE correction is in the range of 0.2-0.8 kcal mol-1.

Scheme 2a

a Reagents and conditions: (a) (1) NaOH, Hg(OAc)2, (2) KI,
I2; (b) (1) MeI, (2) N2H4, FeCl3, (3) NaNO2, KCl, KI; (c) Pd(PPh3)2,
(1) Cu(I), HCCSiMe3, (2) K2CO3, MeOH.
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substituents lie within a range of only 0.6 kcal/mol (Table
1). A larger decrease in the activation energy for a positively
charged substituent (NH3+) demonstrates the predominant
role of the field effect.

The field effect of electronegative substituents decreases
electron density at the terminal acetylenic atoms thus
alleviating the electron repulsion. We found that this simple
rationale is supported by an excellent correlation of the

products of natural atomic charges18,19 at the acetylenic
carbons with the activation energy (Figure 1).

However, the influence of ortho substituents on the
activation energy is not limited to the field effect, as indicated
by large deviations from the above correlation (Table 1 and
Figure 1). As a result the accessible range of activation
energies is much larger, from 27.7 to 32.3 kcal/mol. At 37
°C, all other factors being equal, it corresponds to an almost
2000-fold change in the reaction rate!18 This difference is
especially remarkable since the electronic effects of ortho
and para substituents are often considered similar.12

Further insight into the role of ortho substituents is
provided from the difference in absolute energies between
ortho- andpara-substituted enediynes (δER) as well as their
cyclized TSs (δETS) given in Table 1. Positive values ofδER

and δETS are indicative of steric repulsion and lower
stabilities of the ortho compounds compared to those of the
corresponding para compounds. Negative values ofδER and
δETS indicate that ortho isomer is more stable as a result of
stabilizing interactions of the substituent with the enediyne
moiety. It is important to note here that only difference
betweenδER andδETS and not the sign of theδEs determines
the effect of the substituent on the cyclization rate.

Sterically compact ortho substituents such as Me, OH,anti-
OMe, F, Cl, and CN destabilize the ground and transition
states to a similar degree. As a result, changes in the
activation energy are minor. The net effect of these substit-
uents on the cyclization rate is similar to that of the para
substituents, and the corresponding computational data fit
well into the correlation in Figure 1.
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Figure 1. Correlation between the calculated activation energy of the Bergman cyclization and the product of natural charges at the
terminal acetylenic atoms of benzannelated enediynes. Only para substituents obey the correlation.
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On the other hand, the presence ofortho-NO2, NH2, NH3
+,

CHO, CF3, andsyn-OMe groups results in large changes in
the activation energy. Depending on the substituent, three
different factors account for these changes: steric assistance20

(decrease in steric destabilization in TS), extra stabilization
of the TS, and decrease in TS stabilization. The first two
factors decrease the activation energy.

syn-CHO, NO2, CF3, and syn-OMe facilitate the cyclization
through steric assistance. The ground state is destabilized
by steric factors as reflected in the decreased C1-C6 distances
for the ortho isomers and higher energies of the latter (more
than 5 kcal/mol forsyn-OMe and NO2). The steric effects
are alleviated in the TS where the acetylene moiety is bent
away from the ortho substituent.

An interesting feature of sterically demanding substituents
is the dependence of the activation energy on the conforma-
tion. This conformational dependence of the Bergman
cyclization may provide an additional way to control
reactivity of enediynes in vivo when binding to the minor
groove of DNA is conformer specific.

However, Curtin-Hammett analysis shows thatsyn-
conformers are unlikely to contribute significantly to the rate
of the Bergman cyclization of 2,3-diethynylanisole because
these conformers are destabilized significantly compared with
the lowest energy (a,s)-conformer (3.9 kcal mol-1 (s,s) and
6.5 kcal mol-1 (s,e)). Although the 2-fold difference in the
reaction rates for cyclization of 1,2-diethynylbenzene and
2,3-diethynylanisole is consistent with the small difference
(0.2 kcal mol-1) in the computed barrier, theory predicts the
anisole to belessreactive. Thus, at this stage, theory does
not provide a definitive explanation for the subtle increase
in the reactivity of theortho-OMe enediyne. An intriguing
possibility is that the diradical is trapped intramolecularly
by theortho-methoxy group.21 This trapping might prevent
the retro-Bergman ring opening and make the cyclization
step irreversible. We plan to seek further insight into the
details of the hydrogen atom abstraction using isotope
labeling and to carry out additional kinetic studies to
determine the rate-limiting step in the cycloaromatization
cascade.

CH3, NH2, and syn-OH increase the activation energy
because they stabilize the starting material by a hydrogen
bond between the X-H moiety andin-plane acetylenic
π-orbital. The strength of the hydrogen bond increases with
the electronegativity of X.22 This interaction results in an
increase of the C1-C6 distance and outward bending of the
acetylene group. As the reaction proceeds, the stabilizing

interaction disappears since the overlap ofσ*X-H orbital and
the in-planeπ-bond decreases as a result of inward bending
of the acetylene moiety away from the X-H group.

In contrast, in the case of a positively charged functional
group, NH3

+, the strength of hydrogen bondingincreasesat
the beginning of the cyclization step, thus providing extra
stabilization to the TS. This accelerating effect can be
attributed to a larger electrostatic component in the H-
bonding in the case of a positively charged group and to a
concomitant strong through-space electron transfer from the
adjacentin-plane π-bond of acetylene moiety to the am-
monium group. As a result, population of thisπ bond is
markedly decreased (Table 3, Supporting Information), thus
decreasing electron repulsion in the transition state.

The large decrease in the activation energy upon proto-
nation is important because cancer cells are more acidic (pH
5.523) than normal cells. At this pH, anilines are protonated
noticeably.24 Hence, the fact that protonation of theortho-
amino group decreases the activation energy by 3.9 kcal/
mol (and thus can speed up the reaction by the factor of 600
at 37°C) can be used in the design of tumor-specific DNA
cleaving agents.16, 25

In conclusion, we have found that the Bergman cyclization
of aromatic enediynes is highly sensitive to ortho substitution
as a result of a combination of electronic, steric, and
electrostatic effects. This finding opens possibilities for the
rational design of and conformer-specific and pH-dependent
DNA-cleaving agents.
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