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Novel carbon allotropes have long been pursued in
synthetic chemistry and materials science, and gra-
phene has been the most well-investigated carbon
nanostructure in the past decade. However, an anal-
ogous carbon pentaheptite with equal numbers
of pentagons and heptagons has not yet been
synthesized because designing and synthesizing
nonhexagon motifs along two dimensions is chal-
lenging. During the synthesis of a pentaheptite sub-
structure (or named nanopentaheptite, NPH), which
contain four pentagon-heptagon pairs and one hep-
talene unit, unexpected cyclopenta[eflheptalene-
into-phenanthrene rearrangements were observed
for the first time, yielding two novel compounds
(NPH-R1 and NPH-R2). Experimental and theoretical
results demonstrated that the NPH series exhibits

Introduction

Carbon allotropes composed entirely of sp? hybridized
carbons, including fullerenes (OD),’ carbon nanotubes
(1ID),2 and graphene (2D),®> have been the most well-
investigated class of carbon nanostructures over the past
30 years. Since it was first isolated in 2004, graphene has
attracted much attention owing to its extremely high
tensile strength, transparency, and conductivity, which

narrower energy gaps than that of their hexagonal
analog with similar size (e.g., hexa-peri-hexabenzo-
coronene, HBC). Our work reported herein, based on
the azulene chemistry, provides new insights into the
preparation of novel carbon allotrope pentaheptite
nanostructures.
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makes it a promising material for next-generation elec-
tronic and photonic applications.®** However, the
application of graphene in field-effect transistor devices
has been limited due to its zero bandgap.® Graphene
molecules, which can be regarded as subunits of gra-
phene, have been intensively investigated during the
past two decades through bottom-up strategies; through
these strategies, the size and edge topologies of gra-
phene molecules can be atomically precisely controlled
after their physical and chemical properties are

Citation: CCS Chem. 2024, Just Published. DOI: 10.31635/ccschem.024.202404765

Link to VoR: https://doi.org/10.31635/ccschem.024.202404765



mailto:juliu@hku.hk
https://doi.org/10.31635/ccschem.024.202404765
https://doi.org/10.31635/ccschem.024.202404765

@CCS

RESEARCH ARTICLE

Chemlstry

(@)

1o

Graphene, first isolated in 2004

%

MES v’
v|75

V7273

th g
V74 % N \
NPH~1
VIe

Pentaheptite, first proposed in 1996

(O -
AN
/ g m————— A
I \
' oD
|
I i
1 Cyclopenta[eflheptalene 1
! To (Stone- II
I Thrower-Wales ||
I process) 1
I
|
| Oy
1
l w2
| NPH-1 (Not observed) | Phenanthrene ,’|
I w g mmm————
1 Rearrangement :
! I
r O OQQC@ |
! . 1
\ OQ OO Q@ QO J
\ NPH-R1 NPH-R2 Y
e o e e e e -

Figure 1| (a) The structures of graphene and HBC. (b) The structures of pentaheptite and several substructures of
nanopentaheptites. (c) The rearrangement phenomenon during the arylation in this work.

investigated.>™ For instance, hexa-peri-hexabenzocoro-
nene (I, HBC, Figure 1a), which is a classic example of
molecular graphene, has been widely studied as a mo-
lecular material in organic electronics.®™" Although
these nanocarbons exhibiting a variety of properties
have attracted extensive attention as functional mole-
cules, the pursuit of new sp? carbon allotropes with novel
structures exhibits great importance when considering
the extraordinary electronic, optical, and magnetic prop-
erties of sp? carbon atoms.®™° Very recently, Gottfried
and coworkers*® reported a new sp? carbon allotrope
containing four-, six-, and eight-membered rings, namely
a biphenylene network, with metallic features rather than
dielectric characteristics, showing enormous potential
applications in carbon-based circuitry.

Although the development of carbon allotropes with
different topological sp?-carbon atoms has grown
rapidly,*°*? performing atomically precise synthesis of
theoretically predicted nonbenzenoid carbon allotropes,
such as pentaheptite,** T-graphene,**** and R-haecke-
lite,** remains challenging. Among them, pentaheptite
(Figure 1b), which was first proposed by Crespi in 1996,
is a metallic isomer of graphene with equal numbers of
pentagons and heptagons, and is metastable compared
with graphene.®® It has been predicted that with a dra-
matically increased density of states at the Fermi level,
pentaheptite could yield a higher superconducting tran-
sition temperature (7.).** In recent years, many efforts
have been dedicated to designing and synthesizing car-
bon molecules with joined pentagonal and heptagonal

rings (5-7 pairs), which have also attracted growing
interest due to their unique physicochemical properties,
for example, open-shell or abnormal anti-Kasha emission
behavior.*”-%” However, an atomically precise synthesis
of pentaheptite nanostructures remains elusive even
though considerable effort has been expended to predict
their physiochemical properties.

Azulene (ll, Figure 1b), which can be regarded as a
minimum unit of pentaheptite, has attracted much atten-
tion due to its extraordinary chemical and physical prop-
erties.t%4% Azupyrene (lll, Figure 1b), a well-known
Stone-Wales defect in graphene, is the second-smallest
unit of pentaheptite, and only sporadic investigations
into its derivatives have been performed due to the
difficulties in preparation.®°>>¢°""" Several similar size sub-
structures of pentaheptite compared with azupyrene
(IV=VIII, Figure 1b) have been achieved in the 20th cen-
tury.”>”” However, a larger sized unit of pentaheptite has
not been achieved since Anderson et al.?® reported the
first synthesis and characterization of azupyrene in
1968. Further development in this domain is hindered
because azulene exhibits high rearrangement activities
(e.g., azulene into naphthalene) not only in solution”
but also in solid form.”*® In this work, we have attempted
to synthesize NPH-1 in solution via an intramolecular
arylation reaction of 1,17,3,3”-tetrabromo-2,2":1,1":2",2"-
quaterazulene (Figure 1c¢). Interestingly, two novel rear-
rangement compounds, azuleno[2,1-c]Jazuleno[1,2":5,6]
cycloheptal[3,4]azuleno[7,8,1-mna]phenanthrene (NPH-
R1) and azuleno[1,2-flbenzo[c]cyclohepta[2,3]indeno
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[4,5,6,7-pgrltetraphene (NPH-R2), were obtained (Fig-
ure 1c), which involve the first discovery of cyclopenta
[eflheptalene to phenanthrene rearrangements (also
could be defined as Stone-Thrower-Wales progress) in
the experiment. The plausible rearrangement mechanism
is proposed. From the ultraviolet-visible (UV-vis) ab-
sorption measurements, the optical energy gaps (E,°")
of NPH-R1 and NPH-R2 are estimated to be 2.03 and
2.37 eV, respectively. This result reveals that the NPH
series with nonbenzenoid topologies has smaller energy
gaps than that of benzenoid HBC (£, = 2.7 eV),”° de-
spite the similar size of the NPH series (C40) and HBC
(C42). Nucleus-independent chemical shifts (NICS), the
calculated anisotropy of the induced current density
(ACID), and 2D iso-chemical shielding surface (ICSS)
maps demonstrate that all peripheral azulene units in
NPH-R1 and NPH-R2 display aromatic features (Figure 4
and Supporting Information Figure S18). Our work
reported herein addresses the instability of five-seven
membered rings and the challenges involved in the syn-
thesis of a new novel 2D carbon allotrope pentaheptite.

Experimental Methods
Materials and methods

Dichloromethane (DCM), toluene (Tol), and tetrahydro-
furan (THF) were dehydrated by solvent purification
system (Inert) prior to use. All other reagents were pur-
chased without any further purification. 2-lodoazulene
(D& and 2-(1,3-dibromoazulen-2-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (2)% were synthesized according to
the reported literature. Further experimental details re-
garding the preparation of intermediates and target
compounds are available in the Supporting Information
Figures S1-S12.

Preparative thin layer chromatography (P02015, Ana-
Itech Brand Silica Gel GF TLC Plates 2000 pm 20 x 20 cm)
was bought from Miles Scientific Company (Newark, DE,
United States) and used as received. The UV-vis spec-
troscopy was conducted on an Agilent Cary 60. The
fluorescent spectra were investigated using a Cary
eclipse fluorescence spectrophotometer (Agilent Tech-
nologies, Santa Clara, CA, United States). Melting points
were investigated with a Stuart Scientific SMP1 Analogue
Melting Point Apparatus (Norrscope Ltd. Bicknacre,
United Kingdom). High resolution mass spectra were
obtained on a Bruker Q-Tof Maxis Il mass spectrometer,
a DFS high resolution magnetic sector mass spectrome-
ter, and a Bruker Autoflex MALDI-TOF (Bruker Corpora-
tion, Billerica, MA, United States). Accurate masses from
high-resolution mass spectra were reported for the mo-
lecular ion [MT*, [M+HT", [M+Na]*, or [M+K]". 'H nuclear
magnetic resonance (NMR) and C NMR spectra were
obtained on a Bruker 400 or 500 spectrometer (400/

500 MHz for H, 101/126 MHz for C). Chemical shifts
are reported as parts per million (ppm) with residual
solvent signals as internal standard [DCM-d2 (CD,Cl,),
8 = 5.32 ppm for 'H NMR, & = 54.00 ppm for *C NMR].8
Data for 'H NMR were presented as following: chemical
shifts (5, ppm), multiplicity (s = singlet, d = doublet, t =
triplet, g = quartet, dd = doublet of doublets, tt = triplet of
triplets, td = triplet of doublets, and m = multiplet), cou-
pling constant (Hz), and integration.

Results and Discussion
Design and synthesis

To synthesize the target molecule, we chose azulene
derivatives, the smallest units of pentaheptite, 2-iodoa-
zulene (1)®? and 2-(1,3-dibromoazulen-2-yl)-4,4,5,5-tetra-
methyl-1,3,2-dioxaborolane (2)% as the starting building
blocks (Scheme 1). Through the Suzuki-Miyaura coupling
reaction and followed by the Scholl reaction, key com-
pound 4 was obtained as a dark green solid in approxi-
mately 18% yield. The structure of 4 was confirmed with
NMR and high-resolution mass spectrometry. In the final
step, an unexpected rearrangement of the cyclopenta
[eflheptalene unit into phenanthrene was observed dur-
ing intramolecular arylation of 4, affording NPH-R1 and
NPH-R2 in 1% and 4% yields, respectively. The desired
compound NPH-1 was not observed.

The global optimum and low energy structure of NPH-1
was 1.55 eV higher than that of NPH-R1 based on the
density functional theory (DFT) calculation at MO62X/
6-31g (d,p) level (Supporting Information Table S4). The
structure of NPH-R1 was 1.89 eV higher than that of NPH-
R2 at the same theoretical level (Supporting Information
Table S4). It was therefore not surprising that NPH-1
tended to rearrange into NPH-R1 and NPH-R2 during
suitable reaction conditions. Plausible mechanisms were
proposed for the cyclopentalef]lheptalene to phenan-
threne rearrangement, which involved the arenium ion
pathway or Pd catalyst pathway (Supporting Information
Figures S21 and S22). The arenium ion pathway was first
considered assuming the rearrangement started from
NPH-1 (Supporting Information Figure S21). Through the
protonation of NPH-1 at position 1 of ring E, NPH-2 could
be generated with the energy barrier 56 kcal/mol. Due to
the high energy barrier for protonation as well as the lack
of acidic conditions during the reaction, the arenium ion
rearrangement pathway seemed unreasonable. Another
possible rearrangement mechanism might occur during
the arylation, such as Pd-catalyzed rearrangement (Sup-
porting Information Figure S22 and Table S5). To simplify
the calculation, we ignored the effect of ligand and used
NPH-P1 as the start material. The critical rearrangement
step involved the formation transition states of NPH-
TS2, NPH-TS3, and/or NPH-TS5. The intrinsic reaction
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coordinate paths showed that all the transition states of
NPH-TSs could afford the desired starting materials and
products (Supporting Information Figures S23-S25).
Among them, the path of NPH-TS2 broke the transan-
nular bond (cyclopentadienyl and cycloheptatrienyl) in
the azulene unit (highlight in blue in Supporting Informa-
tion Figure S22) to form the naphthalene unit (NPH-P5)
via 1,2 migration. The required activation energy was
greater than the path of NPH-TS3, which formed NPH-
PS5 through the triangle ring in the azulene unit (highlight
in blue in Supporting Information Figure S22). The first
rearrangement therefore tended to form NPH-TS3
through the triangle ring, giving the phenanthrene unit
(NPH-P6). Similarly, the second rearrangement also pre-
ferred the formation of NPH-TS5 via triangle unit to
generate the naphthalene unit (NPH-P9), which thereaf-
ter dissociated Pd to give NPH-R2. It was worth noting
that due to the rigid structure of NPH-P8, the activation
energy for the formation of NPH-TS5 was larger than that
of NPH-TS3, therefore, it was not surprising that NPH-R1
could form in the reaction.

Single-crystal analyses of NPH-R1
and NPH-R2

Single crystals of NPH-R1 and NPH-R2 were obtained
by slowly evaporating DCM/hexane (Hex) and DCM/

methanol (MeOH) mixtures, respectively (Supporting In-
formation Table S1). As shown in Figure 2a,b,d,e, NPH-R1
and NPH-R2 adopted butterfly-like conformations with
double-helical structures, in which NPH-R2 possessed
double [5]helicenes with pentagon-heptagon pairs. The
sums of torsional angles for the inner helicene rims (¢,
highlighted in black) of NPH-R1 were 48.5° for [4]heli-
cene and 46.4° for [5]helicene, which were slightly smal-
ler than those of NPH-R2 (53.5° and 47.3° for each helical
substructure) due to the negative curvature of the cen-
tral heptagonal ring C in NPH-R1. The dihedral angles
between the mean planes of the terminal rings (0,
highlighted in blue) in NPH-R1 and NPH-R2 were 42.0°
(left) and 36.2° (right) as well as 42.4° (left) and 38.9°
(right), respectively. These dihedral angles demonstrated
that both NPH-R1 and NPH-R2 were not perfectly cen-
trosymmetric, and NPH-R2 was more twisted than NPH-
R1. The alternating bond lengths of NPH-R1 and NPH-R2
indicated poor local aromaticity.®®*” The bond lengths
of the armchair edges betweenrings B, C, and G as well as
rings D, H, and | in NPH-R1 displayed double bond
characteristics.

In the solid state, NPH-R1 and NPH-R2 were packed ina
sandwich herringbone style (Figure 2g,h). However, the
intermolecular interactions of NPH-R1 and NPH-R2
exhibited different behaviors. NPH-R1 was packed via
C-H---m interactions (black numbers) operating between
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Figure 2 | Single-crystal structures of NPH-R1 and NPH-R2. (a) Front view of NPH-R1. (b) Side view of NPH-RI.
(c) Packing structures of NPH-R1 in the lattice unit. (d) Front view of NPH-R2. (e) Side view of NPH-R2. (f) Packing
structures of NPH-R2 in the lattice unit. (9) Packing style of NPH-R1. (h) Packing style of NPH-R2. For c, f, g, and h,
orange: MM, gray: PP. Abbreviations: B = bond, and D = distance.

adjacent dimers with carbon-to-hydrogen distances of
2.70-2.88 A and van der Waals’' forces (VdW, green
numbers) with hydrogen-to-hydrogen distances of
2.29-2.33 A (Figure 2c). The same configuration for
NPH-R1 (PP/PP and MM/MM) was arranged with an in-
termolecular n-n stacking distance of 3.37 A between a
heptagon and naphthalene (Figure 2g and Supporting
Information Figure S13, highlighted in blue). In contrast,
NPH-R2 was mainly packed through n-= interactions with
carbon-to-carbon distances of 3.28-3.39 A (Figure 2f).
The crystals of NPH-R1 and NPH-R2 were racemates of
PP-/MM-NPH-R1 and PP-/MM-NPH-R2 because there
were two pairs of enantiomers in one unit cell. The
mesomeric structures of PM-NPH-R1 and PM-NPH-R2
were not observed in the solid state. The DFT calcula-
tions at the B3LYP-311G(d,p) level predicted that the
activation energies of PM-NPH-R1 to MM-NPH-R1, MM-
NPH-R1 to MP-NPH-R1, and MP-NPH-R1 to PP-NPH-R1
were 15.14, 12.87, and 14.76 kcal/mol, respectively (Sup-
porting Information Figure S20a). The activation ener-
gies of MP-NPH-R2 to MM-NPH-R2 and MM-NPH-R2 to
MP-NPH-R2 were calculated as 15.33 and 18.17 kcal/mol
at the same level (Supporting Information Figure S20b).
These theoretical results demonstrated that the

conformational isomers of both NPH-R1 and NPH-R2
could flip freely at room temperature.

Optical and electrochemical properties of
NPH-R1 and NPH-R2

The powders of NPH-R1 and NPH-R2 are both red-brown,
while their similar hexagonal allotrope tBu-HBC is yellow,
which could be attributed to the incorporation of azulene
units into NPH-R1 and NPH-R2 and subsequent pertur-
bation in their electronic structures. The solubilities of
unsubstituted NPH-R1 and NPH-R2 were excellent in
common organic solutions, including DCM, chloroform
(CHCI3), and THF. Interestingly, in dilute DCM solution,
NPH-R1 showed a red color, while NPH-R2 displayed an
orange color (Figure 3a). UV-vis absorption spectra of
NPH-R1 and NPH-R2 were recorded in DCM (Figure 3a
and Supporting Information Figure S14). Based on time-
dependent density functional theory (TD-DFT) calcula-
tions at the B3LYP/6-311G(d,p) level, several very weak
absorptions of NPH-R1 were observed at 700-1000 nm
corresponding to nearly forbidden SO—S1 (f = 0.0495)
and forbidden SO—-S2 (f = 0.0000) transitions (Support-
ing Information Table S2). Similarly, the weak tail
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Figure 3 | Spectroscopic and electrochemical characterization of NPH-RT and NPH-R2. (a) UV-vis spectra of NPH-R1
(red), NPH-R2 (blue), and tBu-HBC (black). (b) CVs of NPH-R1 (red) and NPH-R2 (blue). Scan rate: 50 m\//s. The
brightness of the samples in solution and their solid states were increased by 10% and 30%, respectively.
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Figure 4 | Theoretical calculations of the NPH series. (a) Molecular orbitals of the NPH series and HBC. (b) NICS(1zz-
avg calculation for the NPH series and HBC. (c) Calculated 2D ICSSzz maps for the NPH series and HBC.
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absorption appearing at 600-700 nm for NPH-R2 was
ascribed to the SO to S1 transition due to a very weak
oscillator strength (f = 0.0098) (Supporting Information
Table S3). More significant redshifts were observed for
both NPH-R1 and NPH-R2 than for tBu-HBC (approxi-
mately 465 nm). These bathochromic shifts indicated
much smaller optical energy gaps (E,°") for NPH-R1
(2.03 eV) and NPH-R2 (2.37 eV) compared with that of
HBC (2.70 eV) on the basis of onset absorptions (Agnset)-
Both NPH-R1 and NPH-R2 displayed weak anti-kasha
fluorescence at around 500 nm (Supporting Information
Figures S15 and S16).

A cyclic voltammogram (CV) determined spectrum for
NPH-R1in DCM (Figure 3b, red line) showed that NPH-R1
had one reversible oxidation wave at 0.42 V and two
reversible reduction waves at —0.99 and -1.38 V, and an
irreversible reduction potential of —1.62 V. Interestingly,
the CV spectrum of NPH-R2 in DCM (Figure 3b, blue line)
exhibited one reversible oxidation potential at 0.52 V as
well as two reversible reduction potentials at —1.25 and
-1.43 V, while the monomeric helical azulene-embedded
[5]helicene ([5]AzH) showed only one irreversible oxi-
dation process and one reversible reduction process.®!
These results demonstrated that NPH-R2 with double
[5JAzH units exhibited better redox behavior than
[5]JAzH. Both NPH-R1 and NPH-R2 showed narrower
reversible oxidation waves than tBu-HBC (1.06 V, Sup-
porting Information Figure S17). The lowest unoccupied
molecular orbital (LUMO)/highest occupied molecular
orbital (HOMO) energy levels of NPH-R1 and NPH-R2
were calculated with the formula (ELumo/momo =
—(Ered®™ Y/ Eo ™t — Epc + 4.8) eV) to be —3.79/-5.20 eV
and —-3.53/-5.30 eV. Accordingly, the electrochemical
energy gaps (E,~) of NPH-R1 and NPH-R2 were calcu-
lated to be 1.41 and 1.77 eV, respectively.

Frontier molecular orbital and aromaticity
analyse

TD-DFT calculations were carried out to study the
electronic characteristics of these NPH series. Geometry
optimization was performed at the B3LYP level with the
6-311G (d, p) basis set using the Gaussian16 package. As
shown in Figure 4a, the NPH series exhibited a signifi-
cantly smaller energy gap (from 1.75 to 2.45 eV) than that
of HBC (3.57 eV). The LUMO distribution of NPH-series
displayed a trend to disperse in nonalternant topologies
(pentagons and heptagons). The local aromaticity of
these NPH-series was investigated by the NICS calculat-
ed at GIAO-B3LYP/6-311+g (2d,p) level and ICSS maps at
B3LYP/6-31+g (d) level. The peripheral pentagon-hepta-
gon pairs in NPH-R1 and NPH-R2 showed aromatic
features with negative value in NICSzz calculation
(Figure 4b), which could also be supported by the mag-
netically shielded cavity in 2D and 3D (Figure 4c and
Supporting Information Figure S19).85%8 The peripheral

heptagons adjacent to extra fused heptagons (rings C) in
NPH-1, however, displayed antiaromatic properties. The
aromaticity of extra fused heptagons in NPH-1 and NPH-
R1 exhibited strong antiaromatic properties (26.87 for
NPH-1, 16.08 for NPH-R1) as also corroborated by 2D
ICSS (Supporting Information Figure S19) results. Ac-
cordingly, these four consecutive heptagons in NPH-1
possess antiaromatic features, which could explain the
instability of NPH-1, thus leading to the rearrangement.
The remaining heptagons (ring A) in [5]helicenes of
NPH-R1 and NPH-R2 exhibit aromatic characteristics,
which is consistent with [5]AzH.®" ACID (Supporting In-
formation Figure S18) was calculated at CSGT-RB3LYP/
6-311-g (d) level and further supported the local aroma-
ticity of the NPH-series. The ring currents in NPH-series
were closely matched with the results from NICS
calculations.

Conclusion

In summary, we demonstrated the attempted synthesis
of a substructure of pentaheptite. The designed nano-
pentaheptite NPH-1 was not observed via the direct
arylation reaction, interestingly, two nanocarbons
(NPH-R1 and NPH-R2) were obtained owing to the likely
cyclopentaleflheptalene into phenanthrene rearrange-
ments, which was first observed in the experiment. The
unambiguous crystallographic characterizations of NPH-
R1and NPH-R2 showed that both molecules possess two
helical structures, demonstrating butterfly-like geome-
tries. All the NPH series (C40) displayed narrow optical
(2.03 eV for NPH-R1 and 2.37 eV for NPH-R2) and elec-
tronic (1.41eV for NPH-R1and 1.77 eV for NPH-R2) energy
gaps compared with the similarly sized HBC (C4») con-
taining only six-membered rings. The possible rearrange-
ment mechanism of cyclopentaleflheptalene into
phenanthrene was proposed. Our work reported herein
indicated that the synthesizing nanopentaheptite in so-
lution is challenging due to unexpected rearrangements.
Nevertheless, our group is investigating other strategies
to prepare these novel pentahepite nanostructures.

Supporting Information

Supporting Information is available and includes experi-
mental details and complete characterization of the new-
ly prepared products, including NMR spectra and details
of DFT calculations.
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