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ABSTRACT: The century-old yet synthetically underex-
plored anthracene photodimerization−cycloreversion
reactions have been employed as the key steps to access
highly strained aromatic hydrocarbons. Herein we report
the chemical syntheses of oligoparaphenylene-derived
nanohoops in five steps or less featuring a rigid dianthra-
cene synthon. The newly synthesized nanohoops display
intriguing experimental and computational properties.

Highly strained, nonplanar aromatic hydrocarbons have
been aggressively pursued synthetic targets for decades

because of their unusual structures and distinct properties.
The seemingly counterintuitive bond connections and forced
geometries present considerable synthetic challenges that in
turn have inspired creative molecular designs and impressive
synthetic solutions.1 In particular, significant progress has been
reported recently on the syntheses of cycloparaphenylenes
(CPPs) and related nonplanar oligoparaphenylenes.2 To date,
most successful synthetic approaches have employed three
types of craftily designed L-shaped synthons3 in order to over-
come these molecules’ nontrivial strain energy (Scheme 1a).
We envisioned that the rigid yet reversible dianthracene

scaffold,4 when appropriately functionalized, would serve as a
new X-shaped building block toward strained aromatics such as
nonplanar oligoparaphenylenes (Scheme 1b). In particular, this
strategy would complement the aforementioned synthetic
approaches by (1) establishing a dual-arched core structure
with a bending angle of around 50° and (2) enabling late-stage
ring expansion via photodimer cycloreversion. Although the
century-old anthracene photodimerization has been exten-
sively studied with versatile applications including polymers and
molecular switches,5 the reaction’s synthetic uses remain
limited,6 largely because of a number of technical hurdles
associated with the photodimers such as isomer separation and
poor solubility.4 Here we disclose the preparation and crystal
structure of a dianthracene-derived dual-curve oligoparapheny-
lene molecule, 1, exhibiting attractive optoelectronic properties
and synthetic utility toward nanohoop 2.
Our study commenced with the [4 + 4] photodimerization of

2,6-dibromoanthracene (3) (Scheme 2). The reaction cleanly
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generated a mixture of two barely soluble stereoisomers under
irradiation with a xenon lamp. Refluxing benzene was found
to be optimal for best dissolving the starting material and the
products, and one of the photodimers was more soluble in hot
chloroform than the other one. Thus, the less soluble isomer 4a
was isolated by recrystallization in 35% yield. Palladium-catalyzed
Miyaura borylation7 of 4a smoothly afforded tetraborate 5a
(84% yield), the stereochemistry of which was unambiguously
confirmed to be head-to-head (H−H) by X-ray crystallog-
raphy.8 The head-to-tail (H−T) dimer 5b could be obtained
from 3 by reversing the order of the photodimerization and
borylation steps. The quantitative dimer formation from bis-
borylated anthracene 6 favored the less hindered 5b over 5a,
likely because of increased sterics, and recrystallization with
ethyl acetate thus allowed isolation of the H-T isomer 5b in
54% yield.
With pure isomers 5a and 5b in hand, Suzuki cross-coupling9

with Jasti’s cyclohexadiene-derived synthon 710 stitched four
new C−C bonds in a single step with good efficiency. In both
reactions, greater than 80% yield per bond formation was
achieved.
The macrocycle-closing step was expected to be the most

challenging and crucial, since molecular strain builds up sig-
nificantly. Similar steps employing coupling strategies were
reported in the syntheses of CPPs and related compounds,
albeit with low to moderate yields.2a It turned out that sub-
jecting tetrabromides 8a and 8b to nickel-mediated Yamamoto
coupling conditions11 led to contrasting results. Although a
trace signal of the desired mass could be observed by MALDI-
TOF analysis of the complex crude reaction mixture from
the H−H isomer 8a, isolation of either mono- or biscyclized
products was unsuccessful. In sharp contrast, treatment of
the H−T isomer 8b with Ni(cod)2/2,2′-bipyridyl furnished
exclusively the desired double cyclization with a 95% yield of 9b
(>97% yield per bond formation!). To the best of our knowledge,

this result represents the highest yield among similar strained
macrocycle formations, still less in the case of forming two
highly strained rings in a single step. Final reduction of 9b with
freshly made sodium naphthalenide3a effectively afforded the
target molecule 1 as a yellow solid.
X-ray crystallographic analysis of a single crystal of 18 confirmed

the propeller-like dual-curve structure, which deviated some-
what from C2 symmetry (Figure 1). With four bridgehead sp3

carbons connecting a total of 16 benzene rings on both sides,
the furthest ipso-carbons within a single 1 molecule
are 2.8 nm apart, and the width of one macrocycle was mea-
sured as 0.85 nm. In comparison, the diameters of [6]- and
[7]CPPs are 0.79 and 0.95 nm, respectively.12 The oligo-
paraphenylene subunits are heavily yet unevenly bent, with
torsional angles between adjacent benzene rings broadly
ranging from 7.2° to 43.6° (24.8° on average). Notably,
the two “propeller blades” are almost orthogonal to each
other, exhibiting a dihedral angle of 75° between the two fur-
thest C(ipso)−C(ipso) bonds. The average bond lengths
for C(sp2)−C(sp2) within a benzene unit and C(ipso)−
C(ipso) are 1.39 and 1.48 Å, respectively, which are in
accordance with the CPPs.12 In the crystalline state, a unit
cell of racemic 1 contains a pair of opposite enantiomers that
alternatively pack on top of each other with good alignment
(Figure S11).

Scheme 2. Synthesis of 1 Employing a Dianthracene-Derived Key Synthona

aReagents and conditions: (a) benzene, xenon lamp, 80 °C, 24 h (4a:4b = 65:35), then recrystallization in CHCl3; (b) Pd(OAc)2, S-Phos, B2pin2,
K3PO4, 1,4-dioxane, 70 °C, 24 h; (c) Pd(OAc)2, S-Phos, B2pin2, K3PO4, 1,4-dioxane, 80 °C, 20 h; (d) benzene, xenon lamp, 30 °C, 12 h (5a:5b =
20:80), then recrystallization in EtOAc; (e) 7, Pd(OAc)2, dppf, K2CO3, Ag2O, PhMe/H2O, 80 °C, 24 h; (f) Ni(cod)2, 2,2′-bipyridyl, THF, 65 °C,
24 h; (g) sodium naphthalenide, THF, −78 °C, 1 h, then quenching with I2.

Figure 1. ORTEP drawing of 1 with the thermal ellipsoids shown at
50% probability.
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Next, the synthetic utility of 1 was explored by inducing cyclo-
reversion of its dianthracene core (Scheme 3). The concurrent

ring expansion should afford the anthracene-incorporated
aromatic macrocycle 2, a new nanohoop potentially applic-
able for bottom-up syntheses of carbon nanotubes (CNTs).13

The challenging aspect for the ring expansion is that neither 1
nor 2 has polar functional groups, and therefore, excessive
byproduct formation or incomplete starting material conver-
sion would complicate product purification. The photoinduced
cycloreversion6b of 1 under 254 nm UV light led to decom-
position into a complex mixture. This result was echoed by
the absence of the characteristic UV−vis absorption of the
dianthracene unit in 1 (cf. Figure 3), likely due to its extended
conjugated structure. We then investigated thermally induced
conditions,4c,6a and 1 was found intact after hours in refluxing
toluene. After an extensive survey of solvents with higher boiling
points, we established that heating 1 in o-dichlorobenzene at
175 °C for 18 h in the dark cleanly produced the desired
product 2 in 72% isolated yield.
Compound 2 was characterized by NMR and mass spec-

trometry, showing only simple 1H and 13C NMR spectra.14

With the incorporation of two 2,6-disubstituted anthracene
units, the nanohoop 2 was expected to generate stereoisomers
as a result of rotation of the anthracene units.15 In order to gain

further structural information on 2, we performed preliminary
density functional theory (DFT) calculations with Gaussian 0916

(Figure 2), which showed two thermodynamically favored
conformers corresponding to the sidewall fragments of
chiral(18,14) and armchair(16,16) CNTs. The two conformers
exhibited a minimal energy difference (0.8 kcal/mol) based on
their computationally optimized geometries. Notably, the cal-
culated energy barriers for interconversion between the two
conformers were less than 10 kcal/mol. This result indicated
rapid rotations of the anthracene units at ambient temperature
and thus was consistent with the observed NMR spectra of 2.
Molecules 1 and 2 exhibited intriguing photophysical pro-

perties compared with structurally related CPPs (Figure 3).
The octaparaphenylene-containing 1 was paired with [8]CPP,
highlighting the effect of interrupted versus cyclic conjugated
aromatic loops. 1 showed an absorption maximum at 336 nm,
consistent with the CPPs’ common λmax between 336 and
340 nm.12 A shoulder peak was observed spanning from 350 to
450 nm, which can be assigned to transitions including HOMO
→ LUMO and HOMO−1 → LUMO/HOMO → LUMO+1
(Table S12).14 The fluorescence emission of 1 was blue-shifted
with a much higher quantum yield of 0.59 and a much shorter
singlet lifetime of 2.4 ns.17

The anthracene-incorporated nanohoop 2 was compared to
[16]CPP on the basis of their similar diameters, thus show-
casing the effect of anthracene as a photophysically functional
moiety.18 The absorption maximum of 2 was slightly blue-
shifted to 329 nm, with shoulder peaks at 395 and 418 nm that
corresponded to DFT-calculated transitions involving the
HOMO, LUMO, and adjacent molecular orbitals (Tables S13
and S14).14 2 showed red-shifted dual maxima at 441 and
464 nm, consistent with a smaller calculated HOMO−LUMO
gap.19 The lower quantum yield of 2 may be related to nonradi-
ative decay pathways of the photoexcited state due to rotation
of the anthracene units (cf. Figure 2).
In conclusion, chemical syntheses of highly strained oligo-

paraphenylene molecules 1 and 2 have been achieved in 27%
yield over four steps and 20% yield over five steps, respectively.

Figure 3. Photophysical data and DFT-calculated HOMO−LUMO
gaps. Notes: afrom ref 12; bfrom ref 18; cfrom ref 19; daverage gap
calculated on the basis of optimized conformers A and B of 2 (see the
Supporting Information).

Figure 2. DFT-calculated conformers and rotation barriers (in
kcal/mol) of 2.

Scheme 3. Synthesis of 2 via Cycloreversiona

aReagents and conditions: (a) 8 W 254 nm UV lamp, CH2Cl2, 25 °C,
3 h; (b) toluene, 110 °C, 12 h; (c) o-dichlorobenzene, 175 °C, in the
dark, 18 h.
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Key synthetic features include a rigid anthracene photodimer
synthon, late-stage ring expansion through cycloreversion, and
high-yielding macrocycle formation via Yamamoto coupling.
Both 1 and 2 display attractive properties experimentally and
theoretically, suggesting their potential utility as organic opto-
electronic materials and building blocks for bottom-up carbon
nanotube synthesis. Further synthetic applications of the anthra-
cene photodimerization−cycloreversion strategy are under inves-
tigation and will be reported in due course.
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