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ABSTRACT:   Contorted  carbon structures have drawn much attention  in the past  decade  for their rich three-dimensional 
geometries, enhanced solubility,  and tunable electronic properties. We report a modular method to synthesize contorted polycyclic 
conjugated hydrocarbons containing  helical moieties in controlled  topologies. This strategy  leverages our previously reported 
streamlined  synthesis of π-systems containing  four-membered  cyclobutadienoids  (CBDs), whose catalyzed cycloaddition   with 
alkynes affords helical structures. Interestingly, we observed exclusive nonbay region regioselectivity in the C−C bond activation of 
CBDs in our system, which is opposite to the scarce previous examples of [N]phenylene activation that led to the formation of linear 
phenacene structures.  The quantitative  and regioselective nonbay region alkyne cycloaddition  yielded a variety of helical carbon 
structures with their topologies predetermined by the CBD-containing  precursor hydrocarbons. The cycloaddition can be inhibited 
by methyl substituents exocyclic to the four-membered ring, thus allowing selective activation of only certain desired CBD units 
while leaving the others intact. Calculation  elucidated the basis for the observed regioselectivity. The described method provides a 
new route to multihelical  aromatic hydrocarbons with complex yet defined geometries, facilitating the further exploration of such 
fascinating carbon structures. 

 
 

INTRODUCTION 

Polycyclic  conjugated  hydrocarbons  (PCHs) are important 
functional nanocarbon   materials  for  organic optical and 
electronic  applications.1−7   Introducing  four-membered rings 
into PCHs imparts cyclobutadienoid (CBD) character, and the 

C−C bonds connecting  the two adjacent benzenoids in the 
four-membered   ring are   relatively    weak.8     As   a   result, 
biphenylene, the simplest PCH containing a four-membered 
ring, can be activated by a range of metal catalysts via oxidative 

addition to form dibenzometallocycles.9−14   Previous studies 
have demonstrated the possibility of catalyzed cycloaddition  of 
biphenylene with π-bonds, such as alkynes and alkenes.9,15−17

 

However, only two reports  describe the activation of PCHs 
larger  than biphenylene  containing  more than one four- 

membered ring.18,19   Vollhardt  and co-workers reported alkyne 
cycloaddition to angular [3] and [4]phenylenes, which contain 
3 and 4 benzenoids,  respectively,  that are  fused  with four- 
membered rings, and the cycloaddition  occurred selectively in 
the bay region (the inner rim of angular [N]phenylenes) to 

 
produce phenacene structures in moderate yields (Scheme 1a), 

and  a mixture  of singly and multiply activated  products  was 

observed.18 Kotora and co-workers reported Iridium-catalyzed 

cycloaddition of various alkynes to biphenylene, and double 

cycloaddition to [3]phenylenes  also yielded [5]phenacene  in 

relatively low yields  as a  result  of bay region cycloaddition 

(Scheme  1a).19 Alternatively,  if the alkyne  insertion  could 

occur in  the nonbay region, helical benzo-phenathrene 

structures would be formed (Scheme 1b). Curved or contorted 

PCHs have  captivated   increasing   interest due to  their 

enhanced solubility  and thus processability compared to planar 
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Scheme 1. Opposite Regioselectivity in Alkyne Cycloaddition to [3]phenylene (a) and PCHs Described in This Work (b) 
Leads to Topologically Different Products 

 
 
 
 
 
 
 
 
 
 
 

 

 
carbon structures,  rich chiral geometries  that serve as structural 
elements  for more complex three-dimensional  topologies  of 
carbon structures, and tunable optoelectronic  properties and 
functions.20−31    Thus, modular and efficient chemistry  to 
synthesize curved nanocarbon structures is highly  desired. 

Our group  has recently  developed an efficient  method  to 
access a variety  of CBD-containing  PCHs, using bromoarenes 
and benzooxanorbornadienes  (oNBEs) as  building 
blocks.32−36   In this synthetic strategy, catalytic arene-(oxa)- 

Table 1. Optimization of Palladium-Catalyzed CANAL 
between TMS-oNBE 1 and Bromobenzene 
 
 
 
 
 
 

entry cat. [L]  base yield (%)a 

 

norbornene annulation (CANAL) between bromoarenes and 1 Pd(OAc)2 tBu3P·HBF4 NaOPh 34 

oNBEs yielded annulated areno-cyclobutene structures, which 2 Pd(acac)2 tBu3P·HBF4 NaOPh 74 

can be then aromatized under acidic conditions  to generate 3 Pd(acac)2 Johnphos NaOPh 45 

PCHs containing fused CBDs. Herein, we report  an efficient 4 Pd(acac)2 PCy3 NaOPh 34 

and completely  selective nonbay region alkyne cycloaddition 5 Pd(PPh3)4  NaOPh 9 

into various PCHs containing  CBDs, giving rise to a diverse 6 Pd(acac)2 tBu3P·HBF4 Cs2CO3 0 

range of curved conjugated structures with new and predefined 
topologies. Further,  we discovered that substitution  exocyclic 
to a CBD  prevents its activation, and thus, desired CBDs can 
be  selectively  activated   or preserved  in  PCHs containing 
multiple  CBD  rings using strategically designed substitution. 

 
RESULTS AND DISCUSSION 

Synthesis of Nonsubstituted CBD-Containing  PCHs. 
In  our previously  reported CANAL reactions,   dimethyl 
substitution   at  the bridge head  positions   of oNBEs was 
required to prevent an undesired ring-opening  reaction of 

oNBEs and facilitate the aromatization.32     However,  this 
requirement  constrains the design of PCH structures. Addi- 
tionally,  in our preliminary   study,  we  have found that the 
synthesized PCHs  with the methyl  substituents exocyclic to 
the CBD cannot  be  activated  by common  transition-metal 
catalysts  known to activate  biphenylene  (Scheme  S1).  To 
circumvent this constraint and bestow the design freedom, we 
sought a removable substitution  strategy, where the substituent 
must be  tolerated   under CANAL conditions  and easily 
removed  during the aromatization   step.  The trimethylsilyl 
(TMS) group  is the desired candidate  since it satisfies these 
criteria  and is easy to install and remove. We first synthesized 
benzooxanorbornadiene  1 containing   a  TMS substituent  at 
one bridge head position. Model CANAL  reaction between 1 
and bromobenzene   was  conducted   using our previously 
reported  conditions,  5 mol %  Pd(OAc)2,  Johnphos ligand, 

and Cs2CO3;  however,  no desired  annulated  product was 

observed  while most of the starting   materials  have  been 
consumed. Inspired  by a report  by Zhou  and co-workers on 
annulation between norbornene and aryl halides using NaOPh 

as the base,37 we attempted  new conditions  using 10 mol % 
Pd(OAc)2,  20 mol %  tBu3P·HBF4,  and 1.5 equiv. NaOPh 
(entry 1, Table  1) and  obtained  a 34% yield of the desired 

aBased on 1H NMR integration  against an internal standard. 

 
product for  the model reaction.  After exploring    a  few 

conditions with different Pd sources and ligands (entries  2− 
5 in Tables  1 and S1),  we  found that using 10 mol % 
Pd(acac)2, 20 mol % tBu3P·HBF4, and 1.5 equiv. NaOPh  gave 
the highest  yield of 74%  among  the explored  conditions. 
Changing the Pd source to Pd(PPh3)4  or changing the base to 
Cs2CO3   gave little or no desired product, respectively (entries 
5−6, Table 1). Using the optimized conditions, we synthesized 
3b−e (Table 2) via CANAL between 1 and 1-bromonaph- 
thalene, 2-bromonaphthalene, 1-bromo-7-t-butylpyrene,  and 9- 
bromophenanthrene,  respectively, in 34−76%  yields.  Satisfy- 
ingly,  we also synthesized more  extended CANAL products 
 
Table 2. Synthesis of Unsubstituted CBD-Containing PCHs 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
aConditions: HCl, toluene/EtOH, 80 °C, 12 h. 
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3f−i (Table 2) containing two four-membered rings in 48− 
76% yields, using 1,2-dibromobenzene, 1,8-dibromonaphtha- 
lene, 1,5-dibromonaphthalene, and 1,8-dibromophenanthrene, 
respectively,    as  the starting materials.   With  the TMS- 

substituted CANAL products 3a−i on hands, we aromatized 
them under acidic conditions,  using concentrated  HCl  in 

iPrOH/CHCl3  at 80 °C. Delightfully,  aromatization  was 
achieved  with simultaneous  removal  of the TMS group to 

yield unsubstituted PCHs in 30−74% yields. Pure products 
4a−g (Table 2) were isolated by filtration  after precipitation in 
methanol  or column chromatography.  For 4g,  using con- 
centrated HCl in toluene/ethanol  at 80 °C increased the yield 
from 30 to 74%.  4h and 4i exhibited  sparse solubility   in 
common nonpolar solvents even at elevated temperatures, and 
their crude  products  were  used for the subsequent alkyne 
cycloaddition  (vide  inf ra).  The V-shaped   4g is   a   new 
regioisomer  of  the [3]naphthylene  family that we  have 
previously  reported.33 Interestingly,  4g has   significantly 
enhanced solubility   compared  to the regioisomeric  angular 
[3]naphthylene  4h. A detailed study of new [3]naphthylene 
isomers and effects of antiaromaticity will be reported in due 
course. 

Regioselective Alkyne  Cycloaddition.  Vollhardt and 
Kotora have   shown that angular  [N]phenylenes  can   be 
transformed into phenacene structures via bay region alkyne 
cycloaddition.18,19 With a series of new CBD-containing PCHs 
on hand, we  studied  their catalytic  activation  and alkyne 
cycloaddition. Using conditions identical to those reported by 

Kotora,19  compounds 4a−d (Table 3) were reacted each with 
a stoichiometric  (to CBD) amount of diphenylacetylene in the 
presence   of  10 mol  %   [Ir(cod)Cl]2,   20 mol  %   1,2- 
bis(diphenylphosphino)ethne  (dppe) in toluene  at  130 °C 
for 18−36  h. Delightfully,   a single product  was obtained  in 
nearly quantitative  yields (95 to 98%) for each reaction.  In 
contrast, compound  4b-Me2 with two exocyclic  methyl 

substituents  did not undergo  any  reaction  under the same 
conditions,  suggesting that the absence  of exocyclic  sub- 
stituents  is important   for successful  CBD activation.  Using 
dimethyl  acetylenedicarboxylate or bis(trimethylsilyl)acetylene 
gave  no or low conversion,  presumably  due to unfavorable 
electronics or steric hindrance, respectively. We then examined 
the regioselectivity  of alkyne  cycloaddition.  The 1H NMR 
spectrum  of the activated  product from the angular  [2]- 
naphthylene 4c showed a singlet at 9.65 ppm and a doublet at 
9.30 ppm (Figure  2a); the chemical shifts and the splitting 

pattern  suggested a helical benzo[a]tetraphene moiety.38  This 
molecular  topology was   further confirmed  by the NOE 
experiment, which showed a clear correlation  between protons 
H1  and H2  in the inner rim of 5c (Figure  S1). The NMR 

experiments  indicated   exclusive  nonbay region activation, 
leading  to the formation  of a  helically contorted  product. 
This is in stark contrast to the bay region selectivity observed 
in previous [N]phenylene activation, which results in a linear 

 

Table 3. Alkyne Cycloaddition of CBD-Containing PCHs 

phenacene  topology.18,19    We  also  attempted  the  alkyne                   
cycloaddition  under identical  conditions  on compound  4e 
with a  CBD-fused   phenanthrene   moiety,   but 4e remained 
unreacted  after 24 h,  further suggesting  that the observed 
activation only occurs at the nonbay region. 

Study  of  the  Regioselectivity  for  Nonbay  Region    
Activation.  We next set  out to understand  the observed 
opposite regioselectivity to that reported on the activation of 
[N]phenylene.  The previous  computational   study of  the 
catalytic  activation  of [N]phenylene  showed  that the first 

metal cycloaddition in the bay region  formed  a more  stable 
transition state   (TS)  structure  than the nonbay region 
cycloaddition,   which  was rationalized  as the stabilization of 
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Figure 1. Free-energy profile and intermediates for the alkyne cycloaddition reaction of 4c with [Ir(cod)Cl]2  and dppe, showing the observed 
nonbay addition pathway (blue)  and the unobserved bay addition pathway (red). All energies (in kcal/mol) were calculated at the M06-2X/6-311+ 
+G(d,p)-SDD/SMD(toluene)//B3LYP/6-31G(d)-SDD level with free-energy corrections at 428 K and 0.2 M. 

 
Scheme 2. Bay Region Cycloaddition  for Compound 4f 

 

 
 

 
 
 
 
 
 

 
the polarized metal−carbon  bond by the neighboring CBD 
ring.18 However,  the product  via  bay region  alkyne cyclo- 
addition  has higher  energy compared  to the nonbay region 
cycloaddition product due to the steric hindrance of the phenyl 
substituents on one side of the formed  phenacene structures. 
The second metal cycloaddition  from the bay region  is still 
favored due to the stabilization of the metal complex by the 
neighboring phenyl group from the first alkyne cycloaddition. 
Thus, the CBD activation  of  angular   [N]phenylene   is 
kinetically controlled with more  stable TS in the generation 
of bay region cycloaddition  intermediates. 

To understand our observed nonbay  region  selectivity,  we 
computationally   investigated  the Ir-catalyzed  alkyne  cyclo- 
addition of  angular  [2]naphthylene.   We determined  the 
geometries and thermal free energies of the starting materials, 
key transition  states, intermediates, and products of both bay 
and nonbay region reaction pathways using density functional 
theory at the B3LYP/6-31G(d)-Ir-SDD  level, and then, single- 
point electronic energy corrections were obtained at the M06- 
2X/6-311++G(d,p)-Ir-SDD  level (Figure 1). The irreversible 
oxidative addition  step was determined  to be rate limiting.  The 

intermediate  (ii  in  Figure 1)  for  the alkyne-bound   Ir 
metallocycle from the bay region activation  was 6.6 kcal/mol 
more stable  than that from the nonbay  region activation. 
However, the TS for nonbay oxidative addition (TS1 in Figure 
1) is  5.4  kcal/mol more stable  than that for bay oxidative 
addition,  suggesting that the reaction selectivity is kinetically 
controlled  in the oxidative  addition of the Ir  complex  to 
[2]naphthylene. The free energies of the observed helical final 
product  5c and the unobserved zig-zag product  p are identical. 
Therefore,   the reaction kinetics rather than product 
thermodynamics  play the determining  role in the observed 
exclusive regioselectivity. The previously proposed stabilization 
of the metal complex by the neighboring CBD ring in angular 
[N]phenylene would not exist in our CBD-containing PCHs 
due to the long distance between CBD rings. We believe that 
this lack of stabilization of the metallocycle from the bay region 
activation primarily  accounts for our observed opposite nonbay 
region activation,  which is less sterically hindered. 

To  further test   the  hypothesis   that  the  opposite 
regioselectivity  is substrate-controlled,  we synthesized a new 
substrate  4f via  the CANAL method,  featuring  an  angular 
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Figure 2. Partial 1H NMR spectra of compounds 5c, 5g, 5h, and 5i. 
 

[3]phenylene  core structure  that closely   resembles  the 
[3]phenylene  substrate Vollhardt  and Kotora have previously 
used. We performed the cycloaddition on 4f under identical 
conditions  used for the substrates in Table 3. The activation of 
4f proceeded much slower than the other substrates with only 
∼50% conversion by NMR  spectroscopy after 20 h, resulting in 
a mixture  of singly activated product 5f’ and doubly activated 
product 5f (Scheme 2). Further prolonged reaction time led to 
alkyne trimerization  and incomplete conversion of 4f (Table 
3), which made the separation difficult.  NMR spectra of the 
products   agreed  with  those   reported for  [N]phenylene 

cycloaddition,18,19    indicating the formation of  phenacene 
structures. Thus, this observation  suggests that the opposite 
cycloaddition  regioselectivity  is substrate-dependent and the 
proximity  between CBD rings in [N]phenylenes (fused with 
one benzenoid in between)  may account for the previously 
reported  bay  region selectivity  and moderate  yields using 
[N]phenylenes. 

Synthesis of Helical PCHs via Multiple Regioselective 
Alkyne Cycloadditions. We further took advantage of the 
nonbay region regioselectivity to synthesize helical and curved 
carbon structures with defined topologies from extended CBD- 
containing  PCHs by  performing  multiple alkyne cyclo- 
additions. For V-shaped [3]naphthylene   4g, selective nonbay 
region alkyne cycloaddition  cleanly produced    a   helical 
molecule 5g in 85% isolated yield (Table 3). Proton 1 (H1) 

in 4g was shifted from 6.9 to 8.3 ppm (Figure 2b) upon alkyne 
cycloaddition, supporting the nonbay region activation to form 

a helical  product  structure.38    Additionally,   a group of new 
multiplets  between 7.25 and 7.40 ppm was integrated into 20 

protons, corresponding to the four phenyl substituents in the 
product  5g.  These  clear  NMR features indicated  the high 
efficiency   and selectivity   of  the double nonbay region 
cycloaddition. For angular [3]naphthylene   4h,  the alkyne 
cycloaddition  proceeded regioselectively to generate an S- 
shaped core structure 5h as indicated  by a singlet at 9.59 ppm 
and a  doublet   at  9.23  ppm (Figure 2c), similar to those 
observed  in compound 5c (Figure  2a). Compound 4i also 
underwent clean nonbay region alkyne cycloaddition to yield a 
W-shaped molecule  5i (Figure  2d). Due to the very  sparse 
solubility  of 4h and 4i,  the activation   reaction   began  as a 
suspension but became a homogeneous solution within  18 h of 
the reaction  and yielded  significantly  more soluble, doubly 
inserted  pure products  5h and 5i  in 61 and 67%  yield, 
respectively, after column chromatography (Table 3). 

Single crystals of 5g, 5h, and 5i suitable for X-ray diffraction 
were  all obtained  by slow diffusion  of methanol  into their 

chloroform solutions at 25 °C (Figures 3 and S2). Their crystal 
structures unambiguously proved the nonbay region selectivity 
and the curved structures of products. The structure of 5g can 
be seen as a [6]helicene  core with two benzo groups fused at 

the C3−C32  and C19−C24  bonds. The twist angle  of the 
helical  turn (ring B to G) in 5g is  measured  to be  32.6°, 
smaller than that in [6]helicene (58.5°). The crystal structures 
of 5h and 5i show  an  S-shaped and a W-shaped topology, 
respectively. In 5h, the two terminal  naphthalene wings are 
slightly twisted and both bend to the same side relative to the 

central chrysene with a twist angle of 35.2° between rings B 
and E. In 5i, the two terminal naphthalene wings also bend to 
the same side  relative  to the central  picene with a  slightly 

https://doi.org/10.1021/jacs.2c02457?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as
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Figure 3. Single-crystal structures of 5g, 5h, and 5i resulting from 
exclusive nonbay region alkyne cycloaddition  to the CBD-containing 
PCHs. Hydrogen atoms are omitted  for clarity. 

 

 

smaller twist angle of 29.1° between rings B and E. The degree 
of distortion in 5h and 5i is comparable to that in [4]helicene 

(27°).39    These  crystal structures  confirmed   that selective 
nonbay region CBD activation is a viable method to synthesize 
helical carbon structures. 

The optical and redox properties of compounds 5g−i were 
investigated by UV−vis spectroscopy and cyclic voltammetry. 
5g exhibited λonset  at 461 nm, corresponding to an optical  gap 
of 2.69 eV (Figures 4 and S3). 5h and 5i showed more blue- 
shifted λonset of 441 and 430 nm (Figures 4 and S3) with an 

optical gap   of  2.80  and 2.89  eV,  respectively.  We also 
performed  time-dependent  density  functional  theory (TD- 

 

DFT) at the B3LYP/6-311+G*  level of theory to calculate the 
highest occupied molecular orbital−lowest unoccupied molec- 
ular orbital (HOMO−LUMO) energy  gaps to be 2.85, 2.75, 
and 2.87 eV for 5g, 5h, and 5i, respectively (Table 4), which 
are close to the measured optical  gaps. The  redox properties  of 
5g−i were also examined by cyclic voltammetry in dichloro- 
methane (Figure S4). Within the solvent window, compound 
5g showed multiple  irreversible  oxidation  peaks, while 5h and 
5i showed two reversible oxidation  peaks. The first oxidation 
potential of 5g is at + 0.676 V (vs Fc/Fc

+), corresponding to a 

HOMO level  of −5.48  eV. Similarly,  the first oxidation 
potential of 5h and 5i was measured to be +0.658 and +0.735 
V (vs Fc/Fc

+), respectively. The HOMO level of 5h and 5i was 

calculated to be −5.46 and −5.53 eV, respectively (Table 4). 
Since  we  observed  that exocyclic  dimethyl substituents 

inhibit CBD activation, strategically designed substitution  and 
nonsubstitution  can be used to control the activation only for 
the desired CBD rings to further control the topology and 
electronic properties of the formed  π-systems. To this end, we 
demonstrated  selective CBD activation   using  a dibenzo[4]- 
phenylene 4j. CANAL  reaction between 1,8-dibromobipheny- 
lene  and dimethyl oNBE under our previously  reported 
conditions (20 mol % Pd(acac)2   and 40 mol % JohnPhos,  4 

equiv. Cs2CO3    in  THF)  furnished  the desired   doubly 

annulated   product 3j  in  30%  isolated   yield. Then, its 
aromatization using HCl in iPrOH/CHCl3 gave 4j as a yellow 

precipitant in a  49%  yield after filtration. 4j contains three 
CBD rings,  and only the central  CBD ring contains  no 
exocyclic substitution (Figure 5a). Compound 4j showed λonset 

of 505 nm (Figure 6), corresponding to forbidden HOMO to 
LUMO + 1 and HOMO − 1 to LUMO transitions  based on 
TD-DFT calculation. 

Alkyne cycloaddition on 4j was performed  using 2 equiv. 
diphenylacetylene in the presence of the 10 mol % [Ir(cod)- 

Cl]2, dppe ligand in toluene at 130 °C and gave 5j in a 47% 
yield after column chromatography (Figure 5a). Compared to 
4j, 5j showed  a blue-shifted   λonset to 398 nm and significant 
changes in the absorption profile (Figure 6). Protons H1 (6.57 
ppm) and H2 (6.45 ppm) in 4j were shifted to 7.10 and 7.03 
ppm,  respectively, in 5j (Figure  5b), while  signals from the 
fused naphthalenoids  and the two methyl  substituents were 
slightly shifted upfield (Figure S5). New multiplet signals from 
7.13 to 7.20 ppm were integrated into 10 protons. All of the 
spectroscopic evidence indicates that only the central CBD was 
activated while the side CBD units remained intact, despite the 
excess alkyne  used, and the selective nonbay region activation 
resulted in a strained  U-shaped  structure.  Single-crystal 
structure of 5j from X-ray crystallographic  analysis confirmed 
its helical U-shape topology  (Figure 7a), showing a dramatic 
deviation from planarity  due to the steric repulsion  between 
the inner  methyl  groups, whose respective carbon atoms are 
4.12 Å apart. The inner rim of the molecule displays a helically 
curved  shape. The central phenanthrene moiety is distorted 

from planarity with a measured dihedral angle (C8−C9−C10− 
C11) of  22.4°  for  the inner rim. The two CBD-fused 
naphthalenoid   arms  are  bent in  opposite  directions   away 
from the central  phenanthrene  plane about  22.0 and 33.2° 
relative to the phenanthrenoid plane. The naphthalenoid arms 
are also slightly  twisted  out of the plane  due to the steric 
repulsion from the inner rim methyl  substituents. Harmonic 
oscillator model of aromaticity (HOMA) analysis was used to 
quantify the degree of bond alternation.40,41  Similar to what we 

Figure 4. UV−vis  spectra of 5g, 5h, and 5i in CHCl3 solution. have previously  observed in [3]naphthylenes,33  the B (or H) 
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Table 4. Optical, Electrochemical, and Computational  Data for Compounds  5g, 5h, and 5i 
 

opticala electrochemicalb calculationc
 

 

compound λmax [nm] λonset [nm] Egap  [eV]  Eox  [V] HOMO [eV] LUMO [eV]  Egap  [eV] oscillator strength 

5g 451 461 2.69  0.676 −5.48 −2.79  2.85 0.0025 

5h 429 441 2.80  0.658 −5.46 −2.66  2.75 0.251 

5i 413 430 2.89  0.735 −5.53 −2.65  2.87 0.507 

aOptical spectra were obtained in CHCl3 solution at 298 K; the optical gap was estimated from the absorption edge (λonset). 
bElectrochemical data 

were obtained  at a scan rate of 10 mV/s in DCM containing 0.1 M nBu4NPF6  using a glassy carbon working  electrode  and F +/F  as an external 

standard. HOMO and LUMO energy levels in eV were calculated from the reversible half-potential waves using the equation, HOMO = −(4.80 + 
Eox), LUMO = HOMO + Egap. 

cTD-DFT calculations were performed at the B3LYP/6-311+G*  level of theory. 

 
 

 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5. (a) Synthesis of angular dibenzo[4]phenylene  and its selective alkyne insertion into the central CBD subunit. (b) Partial 1H NMR spectra 
of compounds 4j and 5j. 
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than the C7−C32  bond fused  to naphthalenoid (1.449  Å). 
This example  demonstrates   the power of  the presented 
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Figure 6. UV−vis  spectra of 4j and 5j in CHCl3 solution. 
 

 
ring in terminal  naphthalenoids  has a HOMA value of 0.207 
(Figure 7b)  as  compared    to  HOMA  value  of  0.736 in 
naphthalene  and shows a strong propensity of bond alternation 
to minimize the antiaromaticity of CBD. The bond in the D 
ring that is fused to CBD is 1.411 Å long, longer than that in 
phenanthrene (1.381 Å), while the bonds exocyclic to CBD 
(inner rim C8−C9 = 1.393 Å and outer rim C30−C31 = 1.384 
Å) are shorter than those in phenanthrene (1.413 and 1.406 Å, 
respectively).  The E  ring in phenanthrenoid   has a HOMA 
value of 0.339 (Figure 7b) as compared   to HOMA value of 
0.455  in corresponding  ring of phenanthrene  and shows  a 

distinct  bond length difference between the C26−C27 bond 

(1.372 Å)  and all of the other bonds (1.431−1.452  Å), 
suggesting π-bond localization  at this bond as expected from  a 
phenanthrene structure, but this bond is still longer than the 
corresponding bond in phenanthrene (1.357  Å). The CBD 
rings in 5j also exhibit  interesting  bonding  asymmetry. The 
bond lengths of the CBD rings are all unequal. The inner rim 
C7−C8 bond is 1.512 Å long, longer than the outer rim C31− 
C32 bond, which is 1.489 Å long, presumably due to the steric 
repulsion  imposed by the stacking methyl  substituents. The 
C8−C31 bond (1.411 Å) fused to phenanthrenoid is shorter 

synthetic  strategy  in accessing unusual  curved  PCHs with 
defined topologies. The remarkable  regioselectivity   is set by 
the topology  of precursor  molecules  and the presence  or 
absence of the exocyclic substitution  of CBD rings. 
 

CONCLUSIONS 

In  summary,  we  report a   modular method to  synthesize 
contorted conjugated  hydrocarbons  with defined  and un- 
precedented topologies via highly  efficient  and regioselective 
alkyne cycloaddition  into the nonbay regions of a variety  of 
CBD-containing  PCHs, which can  be  synthesized  by our 
previously reported  annulation  chemistry in two steps  from 
readily available arene building  blocks. Further,  it was found 
that the otherwise  efficient alkyne cycloaddition   can  be 
inhibited by placing substitution   exocyclic  to  the four- 
membered rings. The helical contorted  PCHs are interesting 
structural   elements  for  more complex  three-dimensional 
carbon structures. Efforts are underway to apply this method 
to  multialkyne   structures  and synthesize   more extended 
contorted  carbon structures, which will be reported  in due 
course. 
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