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ABSTRACT: 9-Ethynylfluorenyl radical derivatives were readily prepared in situ and underwent simultaneous intermolecular
coupling reactions. Interestingly, the dimerization process took place in either a head-to-tail or a head-to-head mode between the
acetylenic or the allenic resonance forms dependent on the terminal substituents, which could be well explained by their different
spin distribution and steric hindrance effects. The structures of the products were confirmed by X-ray crystallographic and other
spectroscopic analyses. It was also found that the newly generated dipropinyl dimers underwent a rearrangement and ring-
cyclization reaction at room temperature, eventually giving unique difluorenylidene cyclobutene derivatives.

Carbon-centered radicals have attracted much attention due
to their important role as reactive intermediates in

constructing complicated polycyclic aromatic hydrocarbons
(PAHs) and their potential applications as organic magnetic
materials.1 The key challenge is to stabilize the radical, which is
usually highly reactive toward other substances or environ-
mental media such as oxygen and water. The fulvenallenyl
radical (Figure 1a, left), usually produced by flash pyrolysis of
hydrocarbons,2 has been investigated as the major intermediate
for the formation of PAHs.3 Both the cyclopentadienyl and the
allenyl resonance forms contribute significantly to its ground-
state geometry, and there are high spin densities at both the
ipso-carbon in the five-membered ring and the terminal allenyl
carbon. The high reactivity of the fulvenallenyl radical led to
unpredictable products in the subsequent reactions. We became
interested in the doubly benzannulated fulvenallenyl raidical,
the so-called 9-ethylfluorenyl radical (EFR), which is expected
to be much more stable due to the kinetic blocking and
thermodynamic delocalization of the unpaired electron (Figure
1a, right).4

Computational models suggested that the fulvenallenyl
radical potentially produced PAHs in sooting aromatic flames

by self-reaction and cross-reactions,3a,b,5 but direct experimental
proof was lacking. In the case of EFR, the highest spin density is
thought to localize at the 9-fluorenyl position (head, carbon
“d”) and the terminal allenyl site (tail, carbon “e”) based a
simple resonance form analysis (Figure 1a, right), and thus,
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Figure 1. (a) Resonance structures of the fulvenallenyl radicals (left)
and 9-ethynylfluoroenyl radical EFR (right). (b) Possible dimer
structures D1−D3 via radical−radical coupling reaction.
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intermolecular radical−radical coupling could take place to give
dimers with three possible linkage modes: head-to-tail (D1),
head-to-head (D2), and tail-to-tail (D3) (Figure 1b). In this
paper, we demonstrate the regioselective dimerization of the in
situ generated EFR derivatives with different substitutions at
the terminal alkyne and the subsequent interesting rearrange-
ment and ring-cyclization reaction, which eventually led to the
formation of a unique difluorenylidene cyclobutene structure.
The synthetic route used to generate EFR radicals with

different substituents (TMS, trimethylsilyl; TIPS, triisopropyl-
silyl; Mes, mesityl) is shown in Scheme 1. Addition of the

lithiated alkyne reagents6 to the commercially available 9-
fluorenone- or the 2,7-bismesityl-substituted 9-fluorenone 1
afforded the corresponding alcohol precursors 2. A character-
istic deep color indicative of EFR formation appeared in time
periods from several minutes to 1 h after treatment of the
hydroxyl precursors 2 with SnCl2 in dry dichloromethane
(DCM) at room temperature, the as-generated radicals were
further converted into the dimers 3 (R1 = H, R2 = TMS), 4 (R1

= H, R2 = TIPS), or 5 (R1 = H/Mes, R2 = Mes) within 30 min,
and the color of the solution became light over the time.
Compound 3 was obtained as a white crystalline substance

showing adequate stability at ambient temperature, consistent
with previously reported propargyl allene compounds,7 when
the reduction of the TMS-substituted alcohol precursor 2 was
conducted at room temperature for 3 h. Compound 3 can be
also synthesized at low temperature (−20 to ∼−78 °C). The
clearly correlated 13C NMR resonances for the propargyl and
allenyl functional groups (Figure S12) suggest that the
dimerization took place in a head-to-tail mode (D1 type),
and the structure of 3 was further confirmed by X-ray
crystallographic analysis (vide infra). The UV−vis absorption
spectrum of 3 in DCM displays intense absorbance in the range
of 250−360 nm, with the lowest energy absorption maximum
(λmax) at 324 nm (Figure 2).
Treatment of larger bulky TIPS-substituted hydroxyl

precursor 2 with reductant SnCl2 at −78 °C or room
temperature gave 4 as a white powder in 26% isolated yield.
Because of the large steric hindrance, the dimerization of the
TIPS-protected EFR proceeded less efficiently. Compound 4
shows a slightly blue-shifted absorption spectrum compared to
3, with λmax at 322 nm (Figure 2). No resonance peak appears

above 190 ppm in the 13C NMR spectrum of 4 (Figure S14),
indicating that it does not possess an allenic unit (a 13C NMR
peak at 205 ppm was observe for 3). The direct head-to-head
linkage (D2 type) was further confirmed by X-ray crystallo-
graphic analysis (vide infra).
In contrast to 4, reduction of Mes-substituted precursors 2 at

room temperature or −78 °C finally gave a yellow solid 6a (R1

= H, R2 = Mes)/6b (R1 = Mes, R2 = Mes) within 2 h. The main
absorption bands of 6a/6b are red-shifted to λmax = 365 and
372 nm, respectively (Figure 2 and Figure S1), indicating a
relatively longer conjugation length formed in comparison with
the former dimers. Interestingly, a white intermediate 5a (R1 =
H, R2 = Mes) with the main absorption band λmax at 330 nm
was isolated when the reaction was conducted at −78 °C before
formation of 6a. This white compound was quantitatively
converted into the yellow 6a in solution at room temperature,
suggesting that 5a is an intermediate state. However,
compound 5a was found to have poor solubility. Therefore,
two mesityl groups were attached onto the 2,7-positions of the
parent fluorene unit to improve both solubility and stability. A
white compound 5b (R1 = Mes, R2 = Mes) with good solubility
was then isolated, and it was slowly converted into a yellowish
compound 6b in solution over several days. It exhibits a similar
absorption spectrum to 4, with λmax at 265 nm (Figure 2).
Single crystals suitable for X-ray crystallographic analysis

(Figure 3) were obtained for 3, 4, 5b, and 6a,b via slow

Scheme 1. Synthesis of the EFR Derivatives and the
Subsequent Dimerization and Ring-Cyclization Reactions

Figure 2. UV−vis absorption spectra of 3, 4, 5a, and 6a in DCM.

Figure 3. X-ray crystallographic structures of 3, 4, 5b, and 6a,b;
hydrogen atoms and solvent molecules are omitted for clarity.
Ellipsoids drawn at 30% probability level.
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diffusion of methanol to their chloroform solutions at room
temperature (3, 4, 6a, 6b) or at 0 °C (5b), though all efforts
failed with 5a. It is clear that 3 has a propargyl allenic structure
via a head-to-tail dimerization process, while 4 and 5b show a
direct head-to-head linkage, consistent with the NMR and UV−
vis absorption spectroscopic analyses. The distance linking the
dimer is extremely long (1.605−1.610 Å) due to the steric
repulsion between the two fluorenyl units. Interestingly,
compounds 6a/6b exhibit a unique difluorenylidene cyclo-
butene framework. The congested surroundings of the bulky
mesityl and fluorenyl groups in 6a makes a propeller-like,
nonplanar conformation for the molecule, and a twist angle of
about 5.8° is observed for the four-membered ring. This angle
is further enlarged to be ∼13.9° in 6b due to the even more
severe steric repulsion.
The as-formed dimers 5a/5b seem to be only metastable,

leading to a highly contorted difluorenylidene cyclobutene
structure in high yield which was rarely reported.8 The
formation of the cyclobutene quinodimethane moiety directly
from the dialkyl intermediates poses a challenging mechanistic
problem, and thus, a thermally induced rearrangement process9

may be involved (Scheme 2). The situation, generating a tail-to-

tail linked diallene-like structure A, becomes more reasonable.
To monitor the speculated rearrangement intermediate, the
time-dependent 13C NMR spectra (Figure S2) were recorded
in CDCl3. The characteristic allene peak could be observed at a
chemical shift of 206 ppm after standing for 34 h at room
temperature, indicating a probable conversation from the bis-
propargyl to the diallenic intermediate in solution. Like most
cyclobutanes promoted by 1,2-addition of allenic derivative
itself,10 the proposed diallene A can undergo intramolecular
rotation and then accomplish intramolecular electrocycliza-
tion11 to give the final difluorenylidene cyclobutene products
6a/6b. For intermediates 5a/5b, they are stable enough for
separation presumably due to their rigid conformation, which
restrains molecular motion, especially in the solid state. It
should be noted that thermal conversion of the propargyl allene
(prepared from bromoallene) into the diallene structure was
previously reported, and subsequent electrocyclization to
cyclobutene can only be achieved by using transition-metal
catalyst.8 Our new approach toward difluorenylidene cyclo-
butene derivatives using the dimerization of 9-ethynylfluorenyl
radical followed by rearrangement and ring-cyclization is
obviously more convenient and efficient.
To better understand the chemical reactivity of radical

species EFR, the optimized geometric structures and the spin
density distributions were calculated at the UB3LYP/6-31G (d,
p) level (Figure 4). The spin densities at the a, b, c positions
(Figure 1) of the fluorenyl moiety are in the range of 0.095−
0.137 (Table 1), indicating that the two benzenoid rings largely
share the electron-spin density over the cyclopentadienyl
backbone. This result agrees well with our initial intention to

decrease the spin density on the head of the fulvenallenyl
radical. The d, e positions of EPR have the largest amplitudes of
0.500−0.547 and 0.326−0.352, respectively. The ratios between
the d/e positions are 1.53 for EFR-TMS and 1.57 for EFR-
TIPS, respectively. This implies that the head d site of EFR-
TIPS is more reactive than that of EFR-TMS. In addition,
compared to the TMS group, the larger TIPS group greatly
blocks the reactive e site in the allenic form, and thus both
effects account for their different dimerization processes. The
attachment of the bulky mesityl group to the tail of the 9-
ethynylfluoroenyl moiety leads to spin delocalization even
extended to the mesityl group. The ratio between d/e positions
of EFR-Mes is similar to that of EPR-TMS, but the steric
overcrowding resultant from mesityl group facilitates the
formation of the dipropinyl products. These results suggest
that the different dimeric products result from the combined
effect of both the spin distribution and steric hindrance.
In summary, we observed regioselective dimerization and

subsequent ring cyclization processes of a series of substituted
9-ethynylfluorenyl radicals. Our structural and spectroscopic
characterizations revealed that the TMS end-caped substrate
featured a head-to-tail dimerization process, while the bulkier
groups such as TIPS- and Mes-substituted analogues preferred
a head-to-head homocoupling, which can be explained by their
different spin distribution and steric hindrance effect. Moreover,
it was also found that the Mes-substituted EFR dimeric can
undergo rearrangement and ring-cyclization reaction at room
temperature, eventually leading to the formation of the unique
difluorenylidene cyclobutene structure in high yield. Our
studies demonstrated the rich chemistry of reactive radical
species and the possible formation of unique structures which
cannot be approached easily by ordinary chemistry.
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Scheme 2. Proposed Mechanism for the Formation of 6a/6b

Figure 4. Spin-density distribution maps of EFRs with different
substituents.

Table 1. Carbon Spin Densities Calculated at the UB3LYP/
6-31G (d, p) Level

site EFR-TMS EFR-TIPS EFR-Mes

a 0.103 0.103 0.095
b 0.139 0.139 0.125
c 0.144 0.143 0.123
d 0.546 0.546 0.500
e 0.358 0.347 0.326
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