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The Bergman cyclization of enediynes1 (1) plays the key role in
the mode of actionof the enediyne antitumor drugs, such as
calicheamicinγ1.2 The cyclization is not spontaneous at ambient
temperatures. It takes place in vivo, after a trigger reaction brings
the edges of the enediyne with its six-conjugatedπ e- close enough,
so that cyclization forms the active benzene biradical.3

Cross-conjugated enediynes (2), also referred to as Y-enediynes,4

are branched isomers of linear enediynes. Compounds of this class
serve as building blocks of novel carbon allotropes,5 conjugated
polymers,5,6 and radialenes,7 and are also used as precursors for
bowl-shaped fullerene fragments.8 Unlike linear enediynes, cross-
conjugated enediynes cannot follow the Bergman cycloaromatiza-
tion pathway because five carbon atoms are involved (i.e., the
methylenediyne moiety) with only fiveπ e-, which is insufficient
for aromatization. However, under reductive conditions the cy-
clization may be feasible by generating a product with a Hu¨ckel
number ofπ electrons. In this study we illustrate this principle and
demonstrate for the first time an anionic cyclization of a cross-
conjugated enediyne that results in formation of a five-membered
ring.9-11

Reduction of312 with potassium was carried out in vacuo at 258
K in an extended NMR tube.13 Brief contact between the organic
solution and the potassium mirror broadens the NMR spectrum,
which is attributed to formation of a radical anion. Further reduction
yields a highly complex NMR spectrum, and after a few hours,
during which the solution changes its color several times, it finally
turns brown together with brown precipitation, and a clear NMR
spectrum of a single species is observed.

Full assignment of the1H and 13C NMR spectra of the final
species using 2D techniques as well as characterization of the
oxidized product leads to the conclusion that the result of reduction

of 3 is a cycloaromatization product, i.e., 3′,4′-diphenyldibenzo-
[a,c]pentafulvalene dianion (42-).14

The 1H NMR spectrum of42- shows ABCD and AA′BB′C
patterns that correspond to the fluorene and the phenyl groups,
respectively, and a singlet atδ 6.52, which is not in line with the
structure of the starting material. This singlet shows a through-
space correlation to H-1/H-8 and H-ortho, and a C-H correlation
to a sp2 hybridized carbon atom resonating atδ 118.9, to which it
also shows a long-range (three-bond) C-H correlation. Two other
long-range C-H correlations are to C-ipsoand C-3′/C-4′. The latter
correlation is possible only if the singlet is attributed to a hydrogen
atom attached to a five-membered ring that is located between the
fluorene and the phenyl rings, i.e., H-2′/H-5′.

Under thermal conditions3 undergoes a so-called Hopf cycliza-
tion15 to yield5.12 Recurrence of such a cyclization under the above
reductive conditions, either on one side or both (to yield52- or
62-, respectively), is ruled out on the grounds of the evidence of
formation of a five-membered ring, the existence of a single
fluorenyl ABCD pattern, and the through-space correlation between
H-2′/H-5′ and H-1/H-8.

The transformation of the triple bonds into part of a five-
membered ring is indicated by the absence of13C NMR chemical
shifts that are typical for sp hybridized carbons. The absence of
the anisotropic effect of the acetylene groups accounts for the
similarity in the chemical shifts of H-1 and H-4 (δ 8.04 and 8.02,
respectively), whereas in the starting material3, H-1 is shifted
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downfield by 1.1 ppm from H-4 (δ 8.72 and 7.73, respectively)
due to this effect.

Quenching the anionic solution with iodine yields neutral reddish-
brown oil (32%).16 It exhibits totally different1H and 13C NMR
spectra than of the starting material3, showing no chemical shifts
typical of an sp-hybridized carbon. The interpretation of the NMR
spectra speaks for4 as the structure of the neutral hydrocarbon.
The HRMS analysis of4 is in line with the addition of two hydrogen
atoms (DCI-HRMS: calcd 381.1643, found 381.1602).

The reductive cyclization follows a multistep mechanism as
evidenced by the multiple color changes, and from observing highly
complex NMR spectra of several distinct patterns in equilibrium.
The presence of a cyclopentadienyl anion moiety in the product is
made possible only if the five carbon atoms of the methylenediyne
fragment undergo reduction, cyclization, and proton or hydrogen
atom abstraction.17 We are now attempting to establish the order
of these steps and the intermediates involved by both experiment
and calculation.

Table 1 shows the differences between the13C NMR spectra of
4 and42- that are indicative of the charge density residing on each
carbon atom.18 The most striking shift upfield, by 47.4 ppm, is of
the acidic C-9. The carbons of the five-membered ring also show
a relatively high upfield shift in the anionic state. These two
observations are in accord with viewing42- as composed of
covalently linked fluorenyl and substituted cyclopentadienyl anions.
The phenyl substituents withdraw relatively small amounts of charge
from the cyclopentadienyl. The fluorenyl unit exhibits a charge
alternation effect,19 whereas over the cyclopentadienyl ring the
charge is almost evenly distributed. The total shift upfield (∑∆δ)
sums up to 324 ppm, which is in the expected range for a dianion
(∑∆δ ) ca.. 320).18

This reaction offers a new approach for the synthesis of
fulvalenes. This and other practical points of view are of great
interest as are the theoretical and mechanistic aspects of this novel
anionic cyclization.
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Table 1. 1H and 13C NMR Chemical Shifts (ppm) of 4 and the Potassium Salt of 42- a

position:

1,8 2,7 3,6 4,5 4a,4b 9 8a,9a 1′ 2′,5′ 3′,4′ ipso ortho meta para

4 δC 128.0 128.4 130.6 128.8 143.0 143.0 139.6 142.2 122.5 137.2 149.6 128.7 129.3 128.4
δH 8.30 7.34 7.40 7.77 7.41 7.30 7.37 7.30

42- δC 114.5 119.7 108.1 118.8 123.2 95.6 133.3 119.0 107.5 118.9 144.2 127.2 127.3 120.2
δH 7.98 6.87 6.42 7.93 6.52 7.45 7.01 6.75
∆δC 13.5 8.7 22.5 2.0 19.8 47.4 6.3 23.2 15.0 18.3 5.4 1.5 2.0 8.2

a 400.1 and 100.6 MHz (1H and13C NMR, respectively), THF-d8, room temperature and 260 K, for4 and42-, respectively.
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