
Subscriber access provided by Northern Illinois University

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Communication

Synthesis of Oligoparaphenylene-Derived Nanohoops Employing
Anthracene Photodimerization-Cycloreversion Strategy

Ze-Ao Huang, Chen Chen, Xiao-Di Yang, Xiang-Bing Fan,
Wen Zhou, Chen-Ho Tung, Li-Zhu Wu, and Huan Cong

J. Am. Chem. Soc., Just Accepted Manuscript • DOI: 10.1021/jacs.6b07673 • Publication Date (Web): 19 Aug 2016

Downloaded from http://pubs.acs.org on August 19, 2016

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



Synthesis of Oligoparaphenylene-Derived Nanohoops Employing 

Anthracene Photodimerization-Cycloreversion Strategy 

Ze-Ao Huang,† Chen Chen,† Xiao-Di Yang,*,‡ Xiang-Bing Fan,† Wen Zhou,§ Chen-Ho Tung,†  
Li-Zhu Wu,† and Huan Cong*,† 
† Key Laboratory of Photochemical Conversion and Optoelectronic Materials, Technical Institute of Physics and 
Chemistry & University of Chinese Academy of Sciences, Chinese Academy of Sciences, Beijing, 100190, China 
‡ Laboratory of Advanced Materials, Fudan University, Shanghai, 200438, China 
§ Beijing National Laboratory for Molecular Sciences (BNLMS), College of Chemistry and Molecular Engineering, 
Peking University, Beijing, 100871, China 

Supporting Information Placeholder

ABSTRACT: The century-old, yet synthetically underex-
plored anthracene photodimerization/cycloreversion reac-
tions have been employed as the key steps to access highly 
strained aromatic hydrocarbons. Herein, we report the 
chemical syntheses of oligoparaphenylene-derived nano-
hoops in 5 steps or less, featuring a rigid dianthracene 
synthon. The newly synthesized nanohoops display intri-
guing experimental and computational properties. 

The highly strained, non-planar aromatic hydrocarbons 
are aggressively pursued synthetic targets for decades be-
cause of their unusual structures and distinct properties. The 
seemingly counterintuitive bond connections and forced 
geometries present considerable synthetic challenges which 
have, in turn, inspired creative molecular designs and im-
pressive synthetic solutions.1 In particular, significant pro-
gress has been reported recently on the syntheses of cyclo-
paraphenylenes (CPP’s) and related non-planar oligopara-
phenylenes.2 To date, most successful synthetic approaches 
have employed three types of craftily designed L-shaped 
synthons3 in order to overcome these molecules’ non-trivial 
strain energy (Scheme 1a). 

We envision that the rigid yet reversible dianthracene scaf-
fold,4 when appropriately functionalized, would serve as a 
new X-shaped building block toward strained aromatics such 
as non-planar oligoparaphenylenes (Scheme 1b). Particularly, 
this strategy complements aforementioned synthetic ap-
proaches by (1) establishing a dual-arched core structure with 
around 50-degree bent angle, and (2) enabling late-stage ring 
expansion via photodimer cycloreversion. Although the cen-
tury-old anthracene photodimerization has been extensively 
studied with versatile applications including polymers and 
molecular switches,5 the reaction’s synthetic uses remain 
limited6 largely due to a number of technical hurdles associ-
ated 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 oligopara-
phenylene molecule (1) exhibiting attractive optoelectronic 
properties and synthetic utility toward nanohoop 2. 

Scheme 1. Synthetic Design  

 

Our study commenced with the [4+4] photodimerization 
of 2,6-dibromoanthracene (3, Scheme 2). The reaction clean-
ly generated a mixture of two barely soluble stereoisomers 
under the irradiation of a xenon lamp. Refluxing benzene 
was found optimal for best dissolving the starting material  
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Scheme 2.  Synthesis of 1 Employing A Dianthracene-derived Key Synthon 
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Reagents and conditions: (a) benzene, xenon lamp, 80 oC, 24 h (4a/4b 65:35), then recrystalized in CHCl3; (b) Pd(OAc)2, S-
Phos, B2pin2, K3PO4, 1,4-dioxane, 70 oC, 24 h; (c) Pd(OAc)2, S-Phos, B2pin2, K3PO4, 1,4-dioxane, 80 oC, 20 h; (d) benzene, xenon 
lamp, 30 oC, 12 h (5a/5b 20:80), then recrystalized in EtOAc; (e) 7, Pd(OAc)2, dppf, K2CO3, Ag2O, PhMe/H2O, 80 oC, 24 h; (f) 
Ni(cod)2, 2,2‘-bipyridyl, THF, 65 oC, 24 h; (g) sodium napthalenide, THF, -78 oC, 1 h, then quenched with I2. 

and the products, and one of the photodimers was more sol-
uble in hot chloroform than the other one. Thus the less sol-
uble isomer 4a was isolated by recrystalization with 35% 
yield. Palladium-catalyzed Miyaura borylation7 of 4a smooth-
ly afforded tetraborate 5a (84% yield), the stereochemistry of 
which was unambiguously confirmed to be head-to-head (H-
H) by X-ray crystallography.8 The head-to-tail (H-T)dimer 5b 
can be obtained from 3 by reversing the order of photodimer-
ization and borylation steps. The quantitative dimer for-
mation from bis-borylated anthracene 6 favored the less hin-
dered 5b over 5a likely due to increased sterics, thus recrys-
talization with ethyl acetate allowed isolation of the H-
Tisomer 5b with 54% yield. 

With pure isomers 5a and 5b in hand, Suzuki cross-
coupling9 with Jasti’s cyclohexadiene-derived synthon 7 10 
stitched four new C-C bonds in a single step with good effi-
ciency. In both reactions, greater than 80% yield per bond 
formation can be achieved.  

The macrocycle-closing step was expected to be most chal-
lenging and crucial, since molecular strain builds up signifi-
cantly. Similar steps in CPP (and related compounds) synthe-
ses were reported employing coupling strategies, albeit with 
low to moderate yields.2a It turned out that treatment of the 
tetrabromides 8a/8b with nickel-mediated Yamamoto cou-
pling conditions11 led to contrasting results. Although trace 
signal of desired mass can be observed by MALDI-TOF anal-
ysis of the complex crude reaction mixture from the H-H 
isomer 8a, isolation of either mono- or bis-cyclized products 
were 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 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 napthalenide3a effectively afforded 
the target molecule 1 as a yellow solid. 

  

Figure 1. ORTEP drawing of 1 with the thermal ellipsoids 
shown at a 50% probability. 

The X-ray crystallography analysis of a single crystal of 18 
confirmed the propeller-like dual-curve structure that devi-
ated somewhat from C2 symmetry (Figure 1). With four 
bridge-head sp3 carbons connecting a total of sixteen ben-
zene rings on both sides, the furthest ipso-carbons within a 
single molecule 1 were 2.8 nm apart, and the width of one 
macrocycle was measured 0.85 nm. In comparison, the diam-
eters of [6]- and [7]CPP’s are 0.79 nm and 0.95 nm, respec-
tively.12 The oligoparaphenylene subunits became heavily yet 
unevenly bent, with torsional angles between adjacent ben-
zene rings broadly ranging from 7.2o to 43.6o (24.8o on aver-
age). Notably, the two “propeller blades” were almost or-
thogonal to each other, exhibiting a 75o dihedral angle be-
tween the two furthest C(ipso)-C(ipso) bonds. The average 
bond lengths for C(sp2)-C(sp2) within a benzene unit and 
C(ipso)-C(ipso) were 1.39 Å and 1.48 Å, respectively, which 
were in accordance with the CPP’s.12 In the crystalline state, a 
unit cell of racemic 1 contained a pair of opposite enantio-
mers which alternatively packed on top of each other with 
good alignment (Figure S11). 

Next, the synthetic utility of 1 was explored by inducing 
cycloreversion of its dianthracene core (Scheme 3). The 
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Scheme 3. Synthesis of 2 via Cycloreversion  
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Reagents and conditions: (a) 8-watt 254 nm UV lamp, 
CH2Cl2, 25 oC, 3h; (b) toluene, 110 oC, 12 h; (c) o-
dichlorobenzene, 175 oC, in dark, 18 h. 

concurrent ring expansion should afford the anthracene-
incorporated aromatic macrocycle 2, a new nanohoop poten-
tially applicable for bottom-up syntheses of carbon nano-
tubes (CNT).13 The challenging aspect for the ring expansion 
is that neither 1 nor 2 has polar functional groups, therefore 
excessive by-product formation or incomplete starting mate-
rial conversion would complicate product purification. The 
photo-induced cycloreversion6b of 1 under 254 nm UV light 
led to decomposition into a complex mixture. This result was 
echoed by the absence of the characteristic UV-Vis absorp-
tion 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 heat-
ing 1 in o-dichlorobenzene at 175 oC for 18 h in dark cleanly 
produced the desired product 2 with 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 stereoiso-
mers as a result of rotation of the anthracene units.15 In order 
to gain further structural information of 2, we performed 
preliminary density functional theory (DFT) calculation with 
Gaussian 09 package (Figure 2),16 showing two thermody-
namically favored conformers corresponding to the sidewall 

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

fragment of chiral(18,14) and armchair(16,16) CNT’s, respec-
tively. The two conformers exhibited minimal energy differ-
ence (0.8 kcal/mol) based on their computationally opti-
mized geometries. Notably, the calculated energy barriers to 
interconvert between the two conformers were less than 10 
kcal/mol. This result indicated rapid rotations of the anthra-
cene units at ambient temperature, thus was consistent with 
the observed NMR spectra of 2. 

Molecules 1 and 2 exhibited intriguing photophysical 
properties compared with structurally related CPP’s (Figure 
3). The octaparaphenylene-containing 1 was paired with 
[8]CPP, highlighting the effect of interrupted vs. cyclic con-
jugated aromatic loops. 1 showed an absorbance maximum at 
336 nm, consistent with the CPPs’ common λmax between 336 
nm and 340 nm.12 A shoulder peak was observed spanning 
from 350 nm 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 based on similar diameters, thus showcasing the 
effect of anthracene as a photophysically functional moiety.18 
The absorbance maximum of 2 was slightly blue-shifted to 
329 nm, with shoulder peaks at 395 and 418 nm that corre-
sponded to DFT calculated transitions involving 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 non-radiative 
pathways of the photo-excited state due to the rotation of 
the anthracene units (cf. Figure 2).  

 

Figure 3. Photophysical data and DFT calculated 
HOMO/LUMO gap. aRef. 12; bRef. 18; cRef. 19; dAverage gap 
calculated based on optimized conformers A and B of 2. See 
the Supporting Information. 

In conclusion, chemical syntheses of highly strained oligo-
paraphenylene molecules 1 and 2 has been achieved with 27% 
yield over 4 steps and 20% yield over 5 steps, respectively. 
Key synthetic features include a rigid anthracene-
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photodimer synthon, late-stage ring expansion through cy-
cloreversion, and high-yielding macrocycle formation using 
Yamamoto coupling. Both 1 and 2 display attractive proper-
ties experimentally and theoretically, suggesting their poten-
tial utility as organic optoelectronic materials and building 
blocks for bottom-up carbon nanotube synthesis. Further 
synthetic applications of the anthracene photodimerization/ 
cycloreversion strategy are under investigation and will be 
reported in due course. 
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