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ABSTRACT

Three extended [4]radialenes with two tricyclic rings connected with exocyclic butatriene units have been synthesized. The compounds,
possessing thioxanthene and dihydroanthracene moieties as the terminal substituents, show a fast rotation around the butatriene bonds at
ambient temperatures (∆Gq ) 13.7 and 14.9 kcal/mol, respectively). In contrast, the fluorene-substituted analogue shows a much higher
rotational barrier (∆Gq ) 17.8 kcal/mol) of the butatriene bonds due to the reduced steric repulsion between the two fluorene moieties at the
ground state.

There has been considerable recent interest in the restricted
rotation of single and double bonds because of their potential
use in molecular-scale motors, thermochromic devices,
molecular switches, and chemosensors.1 Thus, the thermal
and photochemical rotation of double bonds has been
employed for the bottom-up construction of molecular
motors.2,3 In addition, overcrowded homomerous and het-
eromerous bistricyclic aromatic enes have been synthesized

to investigate thermochromism, photochromism, and photo-
and thermoswitchable properties.4 We now report on a twin-
rotor system with a very low energy barrier to the rotation
of two cumulenic double bonds linked to a crowded
[4]radialene skeleton.

Previously, we reported the nickel-catalyzed dimerization
of tetraarylhexapentaenes to afford deep blue [4]radialene
derivatives extended by cumulative double bonds.5 We also
reported that these [4]radialenes were synthesized by way
of a stepwise route.5 We have now synthesized three new
[4]radialenes1a-c because the proximity of the terminal
aromatic moieties may exhibit intriguing features or proper-
ties and because high HOMO or low LUMO levels of these
[4]radialenes may result in a narrow HOMO-LUMO gap
and an unusual light absorption behavior.

The extended [4]radialenes1a-cwere synthesized using
the pathway outlined in Scheme 1. The palladium-catalyzed
cross-coupling reaction of 1,2-dibromo-3,4-bis(diphenyl-
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methylene)cyclobutene (2)6 with the propargyl alcohols3a-c
proceeded under Sonogashira’s conditions to afford the
corresponding enediynediols4a-c in 37, 62, and 68% yields,
respectively. The reductive dehydroxylation of4a-cat low
temperatures gave the corresponding [4]radialene derivatives
1a-c in 93, 61, and 49% yields, respectively.7

These new extended [4]radialenes1a-cexhibited a deep
color in solution (1a, dark brown;1b, dark green;1c, dark
blue). The electronic spectra of1a and1b showed intense
absorption bands tailing up to the near infrared region with
maxima of 754 nm (logε 4.47) and 688 nm (logε 4.44),
respectively. The corresponding absorption band of1cshifted
hypso- and hypochromically with the absorption maximum
at 583 nm (logε 3.93). Since the octaheptaene possessing
two fluorene moieties as the terminal groups showed
absorption maxima at 540 and 597 nm,8 the longest absorp-
tion maxima of 1a-c may mainly reflect the maximum
conjugation of theπ-system, together with the effect of
twisted double or cumulenic bonds.

To elucidate the structural features of1, X-ray crystal-
lographic analysis of1awas carried out.9 As shown in Figure
1, 1a has approximateC2-symmetry with a 2-fold axis
passing through the midpoints of the C(1)-C(2) and C(3)-

C(4) bonds. The four-membered ring is almost planar, in
contrast to the puckered geometries hitherto reported for the
substituted [4]radialenes.10 The four phenyl groups are
twisted in the same sense to adopt a half-propeller conforma-
tion, and the two diphenylmethylene groups repel each other
and buttress the butatriene bonds so that the thioxanthene
rings get closer and significantly twist to relieve the repulsion.
The butatriene bonds bend out of the four-membered ring
plane by 6.5-7.1°, and the two thioxanthene rings are twisted
by 14.5 and 25°, the face-to-face distance between the closely
located carbons being 3.42-3.46 Å (Figure 1b). Interestingly,
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Scheme 1. Synthesis of Extended [4]Radialenes1a-ca

a Reagents and conditions: (a) PdCl2(PPh3)2, CuI, Et3N, 85 °C,
2 h; (b) SnCl2‚2H2O, HCl, ether,-65 °C, 30 min.

Figure 1. ORTEP drawing of extended [4]radialene1a. (a) Top
view. (b) Side view of the two thioxanthene moieties. Selected bond
lengths (Å): C(1)-C(2), 1.525(3); C(2)-C(3), 1.485(3); C(3)-
C(4), 1.459(3); C(4)-C(1), 1.490(3); C(1)-C(5), 1.353(3); C(2)-
C(6), 1.353(3); C(3)-C(7), 1.364(3); C(7)-C(8), 1.218(3); C(8)-
C(9), 1.375(3); C(4)-C(10), 1.357(3); C(10)-C(11), 1.216(3);
C(11)-C(12), 1.361(3). Selected bond angles (deg): C(1)-C(2)-
C(3), 88.8(2); C(2)-C(3)-C(4), 91.4(2); C(3)-C(4)-C(1),
91.2(3); C(1)-C(2)-C(6), 140.1(2); C(3)-C(2)-C(6), 130.9(2);
C(2)-C(3)-C(7), 139.4(2); C(4)-C(3)-C(7), 128.3(2); C(1)-
C(4)-C(10), 138.7(2); C(3)-C(7)-C(8), 169.0(3); C(7)-C(8)-
C(9), 177.7(3).
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the butatriene units show clear bond alternations with shorter
C(sp)-C(sp) bonds (averaged 1.217 Å) and longer C(sp)-
C(sp2) bonds (averaged 1.364 Å) as compared with the
corresponding bond lengths (1.260 and 1.348 Å, respectively)
of tetraphenylbutatriene,11 presumably due to the bending
and twisting of the butatriene bonds in1a.

Since we could not carry out the X-ray crystallographic
analysis for 1b and 1c, density functional calculations
[B3LYP/6-31G(d)] were performed for these compounds as
well as with1a (Figure 2). All of the compounds1a-care

C2-symmetric. The calculated structure of1aagrees well with
that obtained by the X-ray analysis. The structure of1b is
calculated to be similarly deformed as1a, and the two
dihydroanthracene rings are twisted and mutually overlapped.
The distance between the closest carbons is 3.61 Å. In
contrast, the molecular deformation in1c is less noticeable,
the twist angles of the fluorene rings with the four-membered
ring plane being ca. 11° and the distance between the two
closest hydrogens being 2.3 Å.

The 1H NMR spectrum of1a was dependent on the
temperature, as shown in Figure 3. The signals of the phenyl
groups were sharp throughout the temperature range exam-
ined, indicating that the rotation of the phenyl groups is fast
on the NMR time scale, and their chemical shifts are similar
to those in2. The signals of the thioxanthene moieties were
quite broad at ambient temperatures, split into eight separate
signals upon lowering the temperature, and coalesced into
four signals at high temperatures. This behavior was reason-
ably ascribed to the internal rotation about the cumulene
bonds. Decoupling and qualitative saturation transfer experi-
ments at low temperatures enabled the signal assignments
given in Figure 3. Coalescence of the H4 and H5 signals
(∆ν ) 52 Hz) took place at 15°C, which gave a rate constant
of kc ) 116 s-1. Quantitative saturation transfer experiments
(H2 was irradiated, and H7 was observed) at-20 ( 1 °C

gave a rate constant of 3.6( 0.4 s-1.12 A similar temperature
dependence of the1H NMR spectrum was also observed in
1b at a higher temperature range than in1a. The exchange
rate was estimated ask ) 3.5 ( 0.4 s-1 at 0 °C by the
saturation transfer method. The free energies of activation
for the cumulenic bond rotation were deduced to be∆Gq )
13.7 and 14.9 kcal/mol for1a (in CDCl3 at -20 °C) and1b
(in CDCl3 at 0 °C), respectively.

In contrast with the cases of1a and 1b, the 1H NMR
spectrum of1cat room temperature showed sharp and well-
resolved signals, suggesting that the energy barrier to bond
rotation in 1c is fairly high. In fact, the free energy of
activation for the rotation was found to be∆Gq ) 17.8 kcal/
mol in C2D2Cl4 at 27°C by saturation transfer studies.

To discuss the observed energy barriers, the stability of
both the ground states and the transition states for rotation
should be considered. As shown in Figures 1 and 2, the inner
wings of the thioxanthene and dihydroanthracene rings in
1a and 1b significantly twist and overlap each other, the
shortest C‚‚‚C distance being the sum of the van der Waals
radii (3.4 Å). In the case of1c, however, the fluorene rings
do not overlap, although they are twisted to some extent
because of the H‚‚‚H repulsion. In accordance with these
structural features, the H7 proton shows a large upfield shift
in 1a (δ 6.06 at-50 °C) and1b (δ 6.03 at-30 °C) in the
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Figure 2. Optimized molecular structures of1b and1c (B3LYP/
6-31G(d)). Figure 3. 1H NMR spectra of1a in CDCl3 at 60 and-50 °C.
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1H NMR spectra (CDCl3) due to the shielding effect of the
confronting aromatic ring, while the upfield shift is moderate
in 1c (δ 7.10 at 22 °C in C2D2Cl4). These molecular
deformations naturally cause the destabilization of the ground
state, which will be more severe in1a and 1b than in 1c.
Thus, the molecular deformations in1a-c at the ground-
state allow us to estimate the order of the destabilization as
1a g 1b > 1c.

A unique feature of the overcrowding in1a-c is the
unsymmetrical steric interactions of the aromatic rings on
both terminals of the bis-cumulenic linkage, although the
known barriers for the thermal bond rotation of double bonds

have been mainly investigated in terms of the motion of
fundamentally symmetrical olefinic and cumulenic bonds.
A plausible bond rotation process is depicted in Scheme 2.
The butatriene bonds will rotate one at a time by way of the
transition state5, rather than simultaneously by way of6,
because6 is considered to be far less stable than5. This
diradicaloid transition state5 will be stabilized by conjugation
of these radicals with both the tricyclic aromatic system and
the extended [4]radialene frame. The contribution of the latter
conjugation will be similar in1a-c, while the conjugation
in the terminal moieties will significantly depend on X. In
1a, the sulfur atom will participate in the conjugation, and
the transition state for1a will be stabilized more effectively
than those for1b and1c.

These considerations satisfactorily explain not only the fact
that the rotational barriers for1a-c are much lower than
those for 1,4-dialkyl-1,4-diaryl- and tetraarylbutatrienes and
a bis-butatriene derivative (20-30 kcal/mol)13,14but also the
order of the barrier,1a < 1b < 1c.

To our knowledge, the∆Gq value of 13.7 kcal/mol for1a
is the lowest so far reported for the energy barriers to rotation
around an olefinic or cumulenic bond by way of a diradi-
caloid transition state.4,15
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Scheme 2. Bond Rotation of Extended [4]Radialenes1
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