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Abstract:

With the name “phenine” given to 1,3,5-trisubstituted benzene for a fundamental

trigonal planar unit to weave nanometer-sized networks, a series of curved nanocarbon molecules
have been designed and synthesized. Since the 67-phenine units were amenable to modern biaryl
coupling reactions mediated by transition metals, concise syntheses of >400m-nanocarbon molecules
were readily achieved. In addition, the phenine design allowed for installing of heteroatoms and/or
transition metals doped at specific positions of the large m-systems of the nanocarbon molecules.
Fundamental tools were also developed to specify and describe the locations of defects/dopants,
quantify pyramidalizations of trigonal panels and estimate molecular Gauss curvatures of the
discrete surface. Unique features of phenine nanocarbons, such as stereoisomerism, entropy-driven
molecular assembly and effects of dopants on electronic/magnetic characteristics, were revealed

during the first half-decade of investigations.
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1. Introduction

At the dawn of a structural theory leading to
a valence bond theory in organic chemistry, Auguste
Laurent coined the name “phéne” for benzene and its
derivatives.!)?) The term originated from the Greek
words pheno/phainein (= to shine),} referring its
discovery in illuminating gas by Faraday.?)*) Modern
chemical terms such as “phenyl” and “phenylene” are,
therefore, commemorating important contributions
of Laurent in organic chemistry. With an emphasis
on classification/nomenclature, Laurent summarized
his systematic understanding of organic chemistry
in a book, “Chemical Method”, which was finalized
on his deathbed.”) In this book, we also find his
legitimate concerns: “...when we reflect upon the
absence of all system, all momenclature, for the
classification and denomination of this multitude of
bodies, we demand with some anziety, whether, in a
few years’ time, it will be possible for us to direct
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ourselves in the labyrinth of organic chemistry”.
Almost 170 years later, we wonder if he would be
delighted to find how today’s chemists explore the
labyrinth by finding various paths on the firm basis of
well-organized, modern organic chemistry.5

Even after two centuries of development, in-
troducing a conceptual term still seems to be valid
for directing us to unique explorations in the field of
organic chemistry.”) By coining the term “phenine”
and using it as a light to illuminate our path, we
have explored the labyrinth since 2017 (Fig. 1).} The
labyrinth filled with large sp*carbon networks was
explored by a series of nanocarbon “molecules”
comprising networks of phenine, i.e., 1,3,5-trisubsti-
tuted benzene, with the hope of obtaining a
structural bases to understand the chemistry of
nanocarbons. In this account, we wish to overview
our first 5 years of study on “phenine nanocarbons”.

2. Phenine design for nanocarbon molecules

Upon being connected in networks, the trigonal
planar sp>carbon atoms naturally result in planar 7-
systems to afford two dimensional sheets of graphite/

§  The TUPAC preferred name for methine/phenine should
be methanetriyl/benzene-1,3,5-triyl, although the term is rarely
used. See Ref. 6.
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Fig. 1. Phenine design. The term “phenine” was coined by

applying the “methyl/methylene/methine” nomenclature system
to the pheéne series of “phenyl/phenylene”.

graphene. Introducing curvature to sp’carbon net-
works is hence challenging and intriguing, as
demonstrated by the pioneering syntheses of [n]cir-
culenes. The first example of a curved organic 7-
molecule was [5]circulene,® ") which was originally
designated as corannulene.'V)'2** Later, interest in
the synthesis/chemistry of curved m-molecules was
dramatically ignited and fueled by the discoveries
of nanocarbons, i.e., fullerenes and carbon nano-
tubes,'®1%) which recently led chemists to extensive
studies of nanocarbons as “molecular entities”.'”) The
positive curvature of [5]|circulene was inverted to
negative curvature (see below for a detailed discus-
sion on molecular curvature) when the polygon at the
center was expanded to a heptagon in [7]circulene.16>
The molecular shape was further contorted when
the central polygon was changed to an octagon in
[8]circulene.'V'®) Nonetheless, there exists an intrin-
sic problem in the synthesis of curved organic 7-
molecules, which can be understood by examining
the synthesis of the series of [n]circulenes. As shown
in Fig. 2, each [n]circulene was independently elabo-
rated by one-off, unique combinations of various
reactions. Thus, although the structures are relevant,
synthetic routes for each target need to be devised
independently.

Although many curved organic m-molecules are
currently being designed and synthesized,'?2% the
syntheses unavoidably rely on one-off synthetic
strategies. We thus envisaged that a common
versatile strategy should accelerate the growth of
this emerging field by expanding a structural library
of nanocarbon molecules. Considering that one of
the reasons for one-off syntheses was our inability to

" The structure of [5|circulene led to a hypothetical

proposal of Cgo. See Refs. 11 and 12.
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handle an sp?-carbon atom as an isolated unit, we
came to the idea of using “phenine” as an alternative
trigonal planar unit to design carbonaceous net-
works. This idea was also stimulated by the develop-
ments of modern biaryl coupling reactions.?") Robust-
ness and versatility of the phenine design for the
synthesis of unique nanocarbon molecules can be seen
in various molecular structures that appear in this
account. With four types of coupling reactions
utilized thus far (Fig. 3),2272" various molecules,
including one with >4007 electrons and >7000 Da,
were synthesized. We will first describe fundamental
hydrocarbon molecules (Fig. 2). Although the syn-
thesis started from nanocarbon molecules that
mimicked existing sp? molecules, we immediately
reached hypothetical yet-to-be-synthesized mole-
cules.

3. Hydrocarbon phenine nanocarbons

3.1. “Omphalos + periphery’: Phenine [n]cir-
culenes. The phenine design stemmed from our
investigations of cycloarylenes. We took our first step
in cycloarylene macrocycles by exploring of oligo-
meric macrocyclization via coupling for the synthesis.
We found that Ni-mediated Yamamoto coupling was
particularly suitable for macrocyclization, which led
to the first synthesis of naphthylene macrocycles
([n]cyclo-2,7-naphthylenes; [n]CNAP)?) and to the
revised synthesis of phenylene macrocycles ([n]|cyclo-
meta-phenylenes; [n]CMP)?) (Fig. 4). Another im-
portant step for the phenine design was site-selective
borylation of [n]CMP by Ishiyama-Miyaura-Hartwig
C-H borylation.?”3) This highly efficient perboryla-
tion allowed us to use the [n]CMP macrocycles as an
“omphalos” for the synthesis of phenine [n]circulenes.

Our phenine design of a series of [n]circulenes
started in 2017. In brief, phenine [n|circulenes and
their expanded derivatives were synthesized by one
common strategy: periphery-forming units are intro-
duced on a polygonal [n|/CMP omphalos, and
subsequent periphery-closing reactions complete the
synthesis. The first example was phenine [5]circulene
1 (Fig. 2 and Fig. 5a).%) On a pentagonal omphalos
of [5]CMP 9 (n=15), five terphenyl units (10) were
introduced by Suzuki-Miyaura coupling, and the
periphery was completed by closing hexagons of
phenine by Ni-mediated Yamamoto coupling to
afford phenine [5]circulene 1 (CygoHys0, 2073 Da,
1207 electrons). The overall yield of 1 having 25
biaryl bonds was 3% from 1,3-dibromobenzene. The
X-ray crystallographic analysis unequivocally re-
vealed the bowl-shaped structure of 1 (Fig. 5b).
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Fig. 2. Nanocarbon molecules designed by assembly of a planar trigonal unit. (a) Molecules with sp’carbon atoms. (b) Molecules with
phenine. See Fig. 3 for colors of biaryl bond-forming reactions.
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Fig. 3. (Color online) Biaryl coupling reactions used for phenine
design (until 2022).
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During synthetic studies toward [60]fullerene
(Cg0),%39) a unique hydrocarbon, i.e., pentacyclo-
pental[5]circulene (PCC; see Fig. 2), was conceived
as an attractive candidate for synthetic intermedi-
ates.’) 39 Among various “Cs” units from bisec-
tional retrosynthetic analysis, “cyclopenta-fused”
[5]circulene, PCC, thus turned out to be the simplest
bisection with the highest symmetry. Because of its
difficult synthetic task, PCC still remains hypo-
thetical, and an alternative synthetic route has been
elaborated for the synthesis of [60|fullerene. We
noticed that the phenine design can readily tolerate
an extension of the network by enlarging periphery-
forming units. Thus, in place of the “terphenyl”
periphery-forming unit for 1, we designed and
introduced a “pentagon” periphery-forming unit and
succeeded in the synthesis of phenine PCC (4)
(Fig. 2).Y Five pentagon units (13) were thus
introduced to iodinated omphalos (12) by Suzuki-
Miyaura coupling to afford a starfish-shaped precur-
sor (14) (Fig. 5). Iododesilylation of 14 and subse-
quent periphery-closing reactions by Yamamoto
coupling afforded phenine PCC 4 (CayoH;so,
2824 Da, 1807 electrons). As pentagons play an
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Fig. 4. Synthesis of cycloarylene macrocycles.

important role in inducing curved structures, the
assembly of pentagons has been proposed to be a
kinetically favorable path for the formation of
[60]fullerene.*’) The overall yield of phenine PCC 4
with 40 biaryl bonds was 5% from 1,3-dibromo-5-
(trimethylsilyl)benzene. Unexpectedly, crystal struc-
tures of phenine PCC were severely deformed in a
highly curled, oval shape (Fig. 5b). Detailed analyses
via the introduction of geometric measures revealed
the origin of the structural deformation (see below).

By adopting heptagonal omphalos, the molecu-
lar shape was altered to a negatively curved saddle
in the form of phenine [7]circulene (2) (Fig. 2).%2) The
[7]CMP omphalos was obtained from our one-pot
[n]CMP synthesis (Fig. 4), and an identical two-step
transformation was adopted to synthesize phenine
[7]circulene (2) (CaeqHaig, 2902 Da, 1687 electrons).
Because the number of biaryl bonds increased, the
overall yield of 2, having 35 biaryl bonds, dropped
to 0.1% from 1,3-dibromobenzene. A gigantic saddle
shape of 2 was revealed by X-ray crystallography
(Fig. 5b), which was further studied in detail
including the molecular Gauss curvature (see below).

Although the phenine design from the [n|CMP
omphalos was successful for [5]- and [7]circulenes, the
lack of synthetic access to larger [n]CMP congeners
hampered further explorations (see Fig. 4).*31f We
thus developed a “4+ 4” dimerization route to
synthesize [8]CMP.*) Believing that this route could
apply to other large [n|CMP congeners, we devised a
unique optimization method by design-of-experi-
ments (DoE) optimizations supplemented by ma-

' For chemical terms, nonexperts may refer “TUPAC Gold
Book (https://goldbook.iupac.org)”. We thank a reviewer for
bringing our attention to this point. For example, see Ref. 43.
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Fig. 5. Phenine [n]circulenes from “omphalos + periphery” synthesis. (a) Synthesis. (b) Space-filling models show crystal structures. One
representative structure for each congener is shown.
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chine-learning (ML) predictions. To synthesize di-
brominated quaterphenyl (17), Iyoda coupling was
adopted to preassemble three biaryl bonds in this
precursor, which was subsequently subjected to a
dimeric macrocyclization for the octagonal omphalos.
As dimeric macrocyclization inevitably involves
complicated competitions of multiple inter- and
intramolecular reactions, the DoE + ML method
was devised. In short, three major factors (M=
equivalent of Ni(cod)y, T'= addition time of quater-
phenyl, C=final concentration of quaterphenyl)
were varied in three levels by filling the most efficient,
DoE-directed combinations of 9 cells out of 81 cells
of the synthetic parameter space. The data were
then supplemented by ML predictions to obtain a
heatmap for an overall view of the parameter space
(Fig. 6). The synthesis of [§]CMP 18 was accom-
plished by using the optimum conditions derived
from the DoE 4+ ML method. While the oligomeric
macrocyclization of dibromobenzene afforded 18 in
a 1% yield (Fig. 4), the three-step synthesis recorded
a 47% yield from dibromobenzene. The octagonal
omphalos was then converted to phenine [8]circulene
3 (Cys6Ha40, 3317 Da, 1927 electrons) by three-step
transformations via Ishiyama-Miyaura-Hartwig C-H
borylation, Suzuki-Miyaura coupling and Yamamoto
coupling. The overall yield of 3, having 40 biaryl
bonds, was 7% from 1,3-dibromobenzene, which was
even larger than those of 1 and 2. As shown in Fig. 6,
the crystal structure was highly contorted in a saddle
shape. To disclose the curvature quantitatively,
we adopted the discrete surface theory of geometry
and defined the molecular Gauss curvature in this
molecule (see below).

3.2. “Hoop + edge’> Phenine nanotubes.
Recent years have witnessed an ever-growing interest
in the bottom-up synthesis of hoop-shaped nano-
carbons because their radially oriented m-systems
can serve as models to bring about an in-depth
understanding of the unique properties of single-wall
carbon nanotubes. Although a variety of such nano-
carbon molecules, including [n]|cyclo-para-phenylenes
([7]CPPs; so-called nanohoops), have been synthe-
sized to date,?)*)™) the bottom-up synthesis of
nanometer-sized architectures still poses a consider-
able challenge to chemists, particularly, in terms of
the “lengths” of molecules.*” We envisaged that our
phenine design could readily construct nanometer-
sized hoops and cylinders.

We first started with the synthesis of “phenine
nanohoops”, i.e., phenine [n]CPP (Fig. 7a), via the
assembly of phenine hexagons.”” The phenine
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Fig. 6. (Color online) Synthesis of phenine [8]circulenes 3. De-

sign-of-experiments optimizations were supplemented by ma-
chine learning predictions to synthesize the octagonal omphalos.
A space-filling model shows the crystal structure.

hexagon (23) was prepared by “3 4+ 3” cyclization
with terphenyl (22), which was synthesized from
dibromobenzene (8) via Miyaura borylation and
Suzuki-Miyaura coupling. After installing boryl
groups, the phenine hexagons were cyclized by Pt-
mediated coupling to afford a series of oligomers. The
yields were 3% for the trimer [phenine [3]CPP 25
(Cis6Hig2, 2037Da, 1087 electrons)], 6% for the
tetramer [phenine [4|CPP 26 (CgsHais, 2716 Da,
1447 electrons)| and 3% for the pentamer [phenine
[5]CPP 27 (Co0Hazg, 3395Da, 1807 electrons)].
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Fig. 7.
crystal structures.

Crystallographic analysis of phenine [n]CPPs showed
severely deformed shapes for larger congeners (26
and 27) (Fig. 7b) and, in combination with theoret-
ical and spectroscopic analyses, revealed the occur-
rence of dynamic structural fluctuations in solution.

(9,9)-pNT 36 (R=tBu)

(15,15)-pNT 37

(12,12)-pNT 5

“Hoop + edge” strategy. (a) Syntheses of pNTs (5, 36 and 37) and phenine CPP (25, 26 and 27). (b) Space-filling models show

Phenine nanotubes (pNTs) were then synthe-
sized.” The structures of pNT molecules are unique
in that vacancy defects are embedded and distributed
on the structures of carbon nanotubes (CNTs). The
synthesis of pNT was completed by furnishing “edges”
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on the phenine nanohoops (Fig. 7a). By replacing
the t-Bu substituents of phenine [n|CPP (25-27),
trimethylsilyl-functionalized  phenine nanohoops
(32—34) were prepared. On the edge of the nano-
hoops, 16 phenine units were installed via iododesi-
lylation and Suzuki-Miyaura coupling, and the edges
were stitched by Yamamoto coupling to furnish pNT
molecule 5 (Cszp4Hogs, 3917 Da, 2407 electrons). In the
9-step transformation from 1,3-dibromobenzene, 52
biaryl bonds in pNT molecule 5 were formed with
an overall yield of 0.7%, which corresponded to 91%
bond-forming efficiency per biaryl bond. The length
index (%) of 5 was 7.0,"”) which recorded the longest
discrete nanotube molecule to date. Single-crystal
X-ray crystallographic analysis revealed a nano-
meter-sized cylindrical structure with vacancy de-
fects periodically introduced in the structure of the
(12,12)-CNT molecule (Fig. 7b). Upon the kind
requests of a reviewer of the original paper, we
preliminarily completed the synthesis of narrowed
and widened pNTs. Thus, minor nanohoop congeners
33 and 34 were isolated from the Pt-mediated
cyclization and were subjected to the edge-closing
process to afford (9,9)-pNT 36 (CaosHjos, 2938 Da,
1807 electrons) and (15,15)-pNT 37 (CsgoHsso,
4897 Da, 3007 electrons).

3.3. “Transannulation’: Phenine polluxenes.
Phenine nanocarbons from a pentagon, hexagon,
heptagon and octagon have been shown in the
examples described above. How about larger poly-
gons? Are there any unique features? With a
decagon, we found a molecule that could answer an
interesting question originating from mathematics.”
On July 11, 2009, Professor Motoko Kotani, a
mathematician, asked the following question: “Can
you synthesize a decagonal network of sp’-carbon
atoms?” The question referred to a hypothetical
network proposed by Sunada in 2008.°3) By scruti-
nizing the structures of diamond, Sunada found
“strong isotropy” and “maximal symmetry” as im-
portant features that could define the beauty of the
network. Furthermore, he noticed that these
two key features could also be maintained, even
when the four-hand tetravalent vertices of diamond
were replaced by three-hand, trivalent vertices by
fulfilling structural requirements: the trivalent verti-
ces need to be assembled in an array of decagonal
cages. The network designated as the K lattice was
mathematically rediscovered and was indeed visited
many times with different names. The network has

# See Supporting Information of Ref. 52 for further details.
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even been examined as a hypothetical carbonaceous
network of sp?-carbon atoms.”® However, the net-
work forces two adjacent vertices to have nonplanar,
twisted orientations, which severely lowers its stabil-
ity and jeopardizes its existence.??)-%)

During our explorations of the phenine design,
the question of Professor Kotani somehow returned
to us, which led us to the synthesis of “phenine
polluxene”. In our work, the imaginary network of
the carbonaceous K, lattice and its minimum cage
were named pollux and polluxene, respectively,
considering that this entity was also referred to as a
diamond twin, and the synthesis of a phenine version
of polluxene was accomplished.

The unique network of polluxene comprises 14
vertices that form triply fused decagons. For the
synthesis of phenine polluxene (6), a “transannula-
tion route” was developed (Fig. 8). The first deca-
gonal macrocycle (41) was synthesized by “5 + 57
cyclization of quinquephenyl (40) that was prepared
from 1,3-dibromo-5-t-butylbenzene (21) via Iyoda
coupling, Suzuki-Miyaura coupling and Ishiyama-
Miyaura-Hartwig C-H borylation. The decagonal
ring was then furnished with two biphenyl units by
Suzuki-Miyaura coupling, and the bascule biphenyl
bridges were finally closed by Yamamoto coupling to
afford phenine polluxene 6 (Ci30Hi50, 1735 Da, 84w
electrons). In the 6-step synthesis from 21, 14 biaryl
bonds were formed with an overall yield of 3.6%,
which corresponded to 80% bond-forming efficiency
per biaryl bond. Single-crystal X-ray crystallographic
analysis revealed a Ds-cage structure composed of
triply fused decagons of phenine vertices.

An interesting feature of the pollux network is
its unique stereoisomerism: unlike a diamond net-
work, “nonsuperposability” coexists with “strong
isotropy” and “maximal symmetry” in this network.
In the crystal, two enantiomeric conformers were
indeed found and were designated the (P)- and (M)-
forms, which described the helicity of three bridges
around the C3 main axis of the molecule. In phenine
polluxene, there are 15 biaryl bonds, and biaryl
atropisomerism can give rise to 5600 nonredundant
isomers (see below). However, because of flexible
biaryl linkages, stereochemical rigidity, i.e., a neces-
sary condition for chirality, did not exist with 6.
Chiral polluxene was then realized by installing an
ortho-dimethylated linkage. The “transannulation
route” was versatile enough to tolerate concise
installation of substituents, and two versions of chiral
phenine polluxene were synthesized. A congener (44)
with two ortho-methyl groups and two meta-me-
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Fig. 8. Synthesis of phenine polluxene 6. Space-filling models show crystal structures of the (P)-enantiomer as a representative example.
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Fig. 9. (Color online) Chiral phenine polluxene 44. Optical

resolution was achieved by high-performance liquid chromatog-
raphy (HPLC) with chiral columns.

thoxy groups installed on one bridge was suitable
for optical resolution with a chiral column (Fig. 9).
The optical resolution afforded (P)- and (M)-forms
of phenine polluxene 44 with stable chirality, which
represents an important feature of the chiral three-
dimensional network of phenine pollux.

4. Doped phenine nanocarbons

4.1. Nitrogen-doped phenine nanotubes.
The versatility of the phenine design has also been
demonstrated in its application of heteroatom
doping. While doped nanocarbons are attracting
much attention in materials science, with nitro-
gen-doped carbon nanotubes being the first exam-

) in-depth, atomic-level understandings of

ples, 575
dopant effects have been severely hampered by the

lack of doped nanocarbon “molecules”. The phenine
design readily allows for the replacement of phenine
with doped congeners, and 2,4,6-trisubstituted pyr-
idine was adopted for the first demonstration. Thus,
following the synthetic route of pNT, N-doped
phenine nanotubes (NpNTs) were synthesized
(Fig. 10a).9 Starting from 1-bromo-3-chlorobenzene
45, we prepared N-doped [6]CMP 51 in 5 steps.
The nitrogen dopants in 51 were compatible in the
subsequent transformations of Pt-mediated macro-
cyclization, iododesilylation, Suzuki-Miyaura cou-
pling and edge closure by Yamamoto coupling to
afford NpNT 55 (0296H256Ng, 3925 Da, 2407 + 16n
electrons). From 1-bromo-3-chlorobenzene 45, 52
biaryl bonds in NpNT 55 were formed in 10 steps
with an overall yield of 1.4% to embed 8 pyridinic
nitrogen dopants with the structure. Single-crystal
X-ray crystallographic analysis confirmed the N-
doped cylindrical structure, and crystallographic
charge density analyses revealed lone-pair electrons
on the nitrogen dopants (Fig. 10b). Structural
descriptions and electronic properties of NpNTs are
described below.

In principle, three distinct atomic types of N-
dopants, i.e., pyridinic, pyrrolic and graphitic nitro-
gen atoms, should be possible and should dramati-
cally alter the dopant effects. However, such atomic-
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(Color online) Nitrogen-doped pNT. (a) Synthesis of NpNTs 55 and 56. (b) Space-filling models show crystal structures. For

NpNT 55, an experimental deformation map of the lone-pair electrons is shown. For NpNT 56, a packing structure of a unique helical

assembly is shown.

level structures could not be defined with nano-
carbons (chemical species), which resulted in a
controversial discussion on the role of the N-
dopants.®V%3) By introducing pyrrolic nitrogen
atoms at the edge of the NpNT cylinder, we
succeeded in synthesizing NpNT 56, which has
pyrrolic and pyridinic nitrogen atoms doped at
specific positions.®) The synthesis of second-gener-
ation NpNT 56 was straightforward with the
phenine design (Fig. 10a). In place of the t-butyl
group, carbazolyl-functionalized phenine units were
installed at the edge of hoop 54, and NpNT 56
(Cs50Hyg6Noy, 7466 Da, 4647 + 16n electrons) was
obtained by the edge-closure reaction utilizing
Yamamoto coupling. This molecule provided an

interesting test case for examining the electronic
contributions of nitrogen dopants (see below). The
molecular structure of NpNT 56 was unequivocally
confirmed by single-crystal X-ray crystallographic
analysis (Fig. 10b). To the best of our knowledge,
this molecule represents the largest synthetic mole-
cule with C, H and N elements to be identified by
X-ray crystallographic analysis. The analysis re-
vealed that 16 carbazolyl groups at the rim of NpNT
56 were oriented in a cross-shaped fashion with
respect to the cylindrical core. The carbazole rims
render the cylindrical molecules aligned in a helical
array. Right-handed and left-handed helices with a
pitch of 3.6nm coexisted in the crystal to form a
racemic crystal.
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4.2. N- and M-doped phenine nanocarbons.
The nitrogen dopant was found to be effective in
promoting oligomeric macrocyclization in a metal-
templated manner. Thus, a unique synthetic method,
named “metal-templated oligomeric macrocyclization
via coupling (MOMC)”, was developed (Fig. 11a).5%
Several years after our initial, unsuccessful attempts
at MOMC,%) we found that dramatic change could
be brought about simply by using an excess amount
of Ni(cod)s. Thus, when dihalogenated pyridine 57
was subjected to Yamamoto coupling by using 10
equivalents of a Ni complex, one compound was
selectively obtained in a 53% yield. Unexpectedly,
the compound retained Ni after workups and
chromatography and was a paramagnetic complex.
Single-crystal X-ray crystallographic analysis re-
vealed a rare pentagonal bipyramidal Ni(Il) center
located in a cyclic oligopyridyl with 5 panels (COPy-
5) (NiCly*58; Fig. 11b). The MOMC was concise
enough for a scale-up synthesis and enabled the
preparation of 1.77g of NiCly*58 (57% yield) in one
batch. Unique paramagnetic characteristics in nu-
clear magnetic resonance (NMR) spectra and de-
tailed structural evaluations are described below.

The MOMC method was concise and amenable
to m-extension (Fig. 11a). Thus, the presence of a
terphenyl substituent on dihalogenated pyridine
did not affect the reaction, and MOMC of 59
afforded NiCly*60 in a 46% yield. Subsequent
iododesilylation and periphery-closing reactions pro-
ceeded in the presence of the Ni center, and N/Ni-
doped, bowl-shaped phenine nanocarbons, NiCly*62
(0155H145N5N1012, 2207 Da, 1207 + 10n + 8d elec-
trons) were synthesized. Single-crystal X-ray diffrac-
tion analysis of NiCly*62 revealed a contorted, bowl-
shaped structure with a pentagonal bipyramidal Ni
center located at the center of a 3-nm bowl
(Fig. 11b).

5. Methods for structural analyses/descriptions

5.1. Coordinate nomenclature: Defining lo-
cations of defects in nanotubes. For any chemistry
discussions based on molecular structures, specifica-
tion and designation of structures are undoubtedly
important. For instance, ortho, meta and para
prefixes are essential for any discussion/comparisons
of disubstituted benzene isomers, which deepens
our understanding of molecular science via struc-
ture-property relationship studies.®”% With het-
eroatoms doped at the specific positions of NpNT
nanotubes, various possible “isomers” emerge, and
designations/specifications of the structures are
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Fig. 11. (Color online) Heteroatom doping of nanocarbon mole-
cules by metal-templated oligomeric macrocyclization via
coupling (MOMC). (a) Synthesis. (b) Space-filling models show
crystal structures of NiCly*58 and NiCly*62. Chlorine atoms are
shown as green balls.
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origin &2
(0,0

o : replaced atom (N)
: replaced atom (H)

: replaced bond

replaced atoms: N,
depleted atoms: o
replaced bonds:
depleted bonds: - - -

(C-N, C-H)

Fig. 12.
geometric features of NpNT 55.

indispensable. We thus decided to develop descrip-
tors that can specify the locations of heteroatoms.
Periodic honeycomb networks of CNTs are suitable
for vector descriptors, and nomenclatures with unit
vectors (a; and ay) on the oblique coordinate system
(OCS) have been established by physicists.” For
instance, the chiral index, (n,m) from Cj = na; +
may, is widely accepted as a vector nomenclature
to specify CNTs. We have also adopted this vector
nomenclature to define the lengths of finite-length
CNT molecules.*”™) In the cylindrical structure of
pNTs, dopants and defects were located at specific
positions of parent CNTs, and systematic descriptors
have been developed for their specifications/desig-
nations. When we viewed pNT/NpNT as defective,
porous CNTs, four types of structural defects were
observed: replaced atoms, depleted atoms, replaced
bonds and depleted bonds (Fig. 12a). We noticed
that the location of the defect atoms (replaced or
depleted) could be specified as a unique coordinate on
the OCS if the point of origin of the OCS was set. We
thus set the origin at an sp’type atom in the edge
hexagon of CNT molecules. When there are multiple
candidates for the origin, the International Union of
Pure and Applied Chemistry (IUPAC) priority rule
can be applied to select an atom with the highest
priority as the point of origin. We take NpNT 55

O : depleted atom (atom vacancy)
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Geometric measures of NpNT 55
chiral index = (12,12)
length index t;=7.0
bond-filling index Fy, = 53.49%
atom-filling index F, = 64.44%
coordinate of N: (5, -2), (8, 1), (11/3, =10/3), (11, 4),
(14, 7), (20/3, —1/3), (29/3, 8/3), (38/3, 17/3)

(Color online) Systematic descriptors of doped finite nanotube molecules. (a) Four types of defects. (b) Representative

as an example. As shown in Fig. 12b, 16 sp’-carbon
atoms are present in the edge hexagons of 55, and, as
they are symmetrically equivalent, we can select
any of them as the origin. From the selected origin,
one of the nitrogen atoms is separated, for example,
at 14a; + Tas, and the coordinate, (14,7), can
designate its position. Together with previous struc-
tural indices, we can specify and designate the
structural features of NpNT 55 as follows: the porous
CNT molecule 55 possesses a chiral index of (12,12),
length index (¢) of 7.0, bond-filling index (F}) of
53.49% and atom-filling index (F,) of 64.44%, and
the nitrogen dopants are located at (5,—2), (8,1),
(11/3a_10/3)7 (11’4)7 (1477)7 (20/3a_1/3)7 (29/3a
8/3) and (38/3,17/3).5 For convenience, we also
developed and provided a web-based applet for the
nomenclature of doped and porous CNT molecules.™
The chemistry of doped finite nanotube molecules is
still in its infancy, and we hope that this nomencla-
ture can facilitate its development.

5.2. Curved phenine normal vector: Pyra-
midalization. Two geometric measures were
introduced to quantify and describe the structural
deformations of phenine networks. The first measure
was the “curved phenine normal vector” (CPNV),
which defines the direction of pyramidalization of the
trigonal phenine panel.”™ This vector can be used to
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quantify the degree of pyramidalization of the
phenine panels and to define dihedral angles between
two phenine panels. Previously, for sp>carbon atoms,
the “m-orbital axis vector” (POAV) was developed to
quantify the pyramidalization and dihedral angles
of small curved m-systems,” 7% but this structural
measure turned out to be too fine to cover and
quantify larger, nanometer-sized networks of phe-
nines. Mimicking the definitions of POAV in a larger
phenine, three o-bond vectors of 1,3,5-linkages were
adopted to define the CPNV (v,) (Fig. 13). Pyr-
amidalization angles (0) and dihedral angles (¢) can
then be derived for phenine networks. Representative

CPNV (v,) pyramidalization angle (6)
\
V3
Vo
Vi
Hop = 005_1(V1'Vp) vk ¥,

= cos™(vp*¥},)
= cos™(v3*V,,)

) - ,
- ) ! 4
- . TSy g

phenine PCC 4

6
n‘IS0
00

phenine

[5]circulene 1 NiCl,*62

phenine phenine
[7]circulene 2 [8]circulene 3
s - & 180°
90°
OO

NpNT 55

Fig. 13. (Color online) CPNV analyses of phenine nanocarbons.
Representative structures of phenine nanocarbon molecules from
crystal structures are shown. For NiCl,62 and NpNT 55,
nitrogen atoms are shown as ball models. See Fig. 14 for
comparisons of geometry measures.
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examples from crystal structures are shown in
Fig. 13. Thus, the CPNV analyses can reveal
locations and degrees of pyramidalized phenine
panels, which can indicate the presence of local
strains. The dihedral angles can also quantify the
planarity of phenine networks over single-bond
bridges. For instance, red-colored phenine panels of
1 and NiCly*62 with high 6 values show that strained
panels of bowl-shaped phenine nanocarbons are
localized at the pentagon center,>)%) revealing the
role of the pentagon in contorting the nanometer-
sized molecular structure. The phenine panels at the
center of the bowls tend to be coplanar, with small
dihedral angles at the green biaryl bonds. When the
phenine network is expanded with additional penta-
gons in the form of 4,*9) the contorting effect of the
central pentagon spreads over the periphery, as
shown with red panels of the molecule. The ¢-value
analyses of 4 also show that the structure was
deformed to an oval shape, mainly due to nonplanar
dihedral angles. The CPNV analyses also revealed
important roles of dihedral angles in dictating the
dynamic, fluctuating nanometer-scale shapes of
molecules with 2 and 4.*94? With the cylindrical
phenine networks, the CPNV analyses show that
N-dopants are inert to the structural distortions,
showing essentially identical #- and ¢-distributions
of pNT molecules (5 and 55). Although the CPNV
analyses were useful for revealing local structural
distortions of phenine panels, we found that they
could not reveal the large-scale curvatures of
molecules, which prompted us to develop the second
geometric measure (see below).

5.3. Molecular Gauss curvature: Discrete
surface theory. “Curvature” is becoming an
important notion in the study of nanocarbons,” 5"
and discussion and investigations of curvature in
nanocarbon molecules are increasingly attracting
attention. However, discussion and judgment of the
curvature of molecules are often subjective, and
qualitative discussion based on an “impression” of
molecular shapes prevails, particularly, in the field
of synthetic chemistry. On the other hand, several
attempts have been made to quantitatively define
the curvature of molecules by using mathematics/
geometry. Among the various methods developed to
date, we decided to use the discrete surface theory of
Kotani, Naito and Omori, which adopted atoms and
their chemical graphs as the basis for defining the
molecular Gauss curvature (K).5)

As with POAV/CPNV developments, the dis-
crete surface theory of atomic precision was found to
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phenine Al )
[5]circulene 1 NiCl*62 phenine PCC 4
K
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phenine phenine

[7]circulene 2 [8]circulene 3

pNT 5

NpNT 55

Fig. 14. (Color online) Molecular Gauss curvatures of phenine
networks. For NiCly,*62 and NpNT 55, nitrogen atoms are
shown as ball models. See Fig. 13 for comparisons of geometry
measures.

be too fine to reveal the curvature of a larger
nanometer-sized phenine network. The theory hence
was enlarged by adopting phenine as trivalent
vertices,*) whereas sp’carbon atoms were used as
the trivalent vertices in the original theory. Our
method was originally developed to define and
visualize the molecular Gauss curvature of phenine
[8]circulene 3 and, in this paper, was applied to other
representative phenine nanocarbon molecules. As
shown in Fig. 14, the molecular Gauss curvature
nicely depicts the curvature quantitatively, with
color mapping laid over the structure. The positive
Gauss curvature in the bowl-shaped nanocarbons
was found at the central pentagon (K > 0; red in
Fig. 14), and by comparing with the CPNV map-
pings of Fig. 13, we found that pyramidalized
phenine panels shaped the positive curvature of the
molecules. Although CPNV analyses of [7]- and
[8]circulenes of phenine (2 and 3) failed to allocate
the characteristic of negative curvature, the molecu-
lar Gauss curvature unequivocally revealed the
presence of negative curvature at the central
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heptagon and octagon (K < 0; blue in Fig. 14). The
color mappings also showed that the degree of
negative curvature was higher in phenine [8]circu-
lene.

The molecular Gauss curvature nicely matches
notions in mathematics/geometry, which is typically
demonstrated with cylindrical molecules. Thus, as
shown in the molecular Gauss curvatures of pNT (5)
and NpNT (55), the molecular Gauss curvature on
the cylinder was negligible (K ~ 0; white in Fig. 14).
This value, K = 0, was indeed an ideal value expected
for cylinders where one of the two principal
curvatures is zero. The same expectation holds for
other molecules with bowl shapes and saddle shapes.
Therefore, the obtained values of K >0, K < 0 and
K ~ 0 for the molecular Gauss curvature quantita-
tively evaluate the curvature of phenine nanocarbon
molecules, which matches well with our “impressions”
of molecular shapes. We hope that such quantitative
evaluations of the curvature can repel subjective
discussion based on impressions and will deepen and
accelerate the development of nanocarbon molecules.

5.4. Structural mathematics: Stereoisomer-
ism of phenine polluxene. From the very
beginning of the study of molecular chirality,®?)-56)
knowing the number of stereoisomers has been the
first indispensable step for perceiving the stereo-
isomerism of a chiral molecule. Enumeration of
stereoisomers becomes difficult when multiple chir-
ality origins are embedded in cyclic structures, which
gives rise to unique stereoisomerism known as cyclo-
stereoisomerism.®”) Although a series of anomalous
cyclostereoisomerism of cycloarylenes has recently
been revealed through studies of nanocarbon mole-
cules, ') 8379 the stereoisomerism of cyclic phenine
networks is more complicated. Complicated stereo-
isomerism was found when the phenine networks
were woven in a cage structure of phenine polluxene
(6).2 When we found two enantiomers of 6 in a
single crystal via crystallographic analyses (see
above), important questions about its stereoisomer-
ism emerged: “Are there only two enantiomeric
structures available for 6 (Fig. 15)? If no, how many
isomeric structures are possible with this uniquely
fused cage?” Although these simple questions turned
out to be difficult, particularly for organic chemists,
an answer was obtained with the aid of structural
mathematics. The cage structure of 6 possesses 15
biaryl bonds, and by considering the (R)/(S)-config-
urations available for each bond, we could count
21% = 32768 isomers from redundant combinations.
Cyclostereoisomerism requires careful consideration
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(M)-phenine polluxene
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Fig. 15. Stereoisomerism and structural mathematics of phenine
polluxene.

of the degeneracies of isomeric structures, but manual
examinations of these 32768 combinations were
naturally impossible. Eventually, we found that a
method developed from Polya’s theorem could give
answers.?)%2) The fused cage structure of 6 had D
point symmetry, which should have a nonredundant
set of subgroups of (Cy, Gy, C3, Ds). By counting
possible isomers for each symmetry subgroup, the
actual figures for the subgroups were (21°, 28 2° 23).
The number of isomers for each subgroup could be
derived by applying the inverse of the table of marks
for D3 point symmetry (Fig. 15), which results in the
total number of isomers being 5332 + 248 4+ 12 +
8 = 5600. This symmetry-based enumeration method
seems to be versatile, which may help chemists
resolve and explore novel stereoisomerism.

6. Molecular assembly

Studies on the molecular assembly of phenine
[n]circulenes deepened our understanding of the
characteristics of large, nanometer-sized m-surfaces.
Upon crystallization, phenine [n]circulene molecules
commonly formed stacked dimers by matching
curved surfaces as shown in Fig. 16. Solution-phase
analyses by 'H NMR spectroscopy also revealed the
presence of dimers. For instance, phenine [5]circulene
1 showed two sets of resonances originating from
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151 (crystal structure) 252 (crystal structure)

AH = +13.4 kcalemol™
—TAS = —18.9 kcalemol™"

AH = +9.6 kcalemol™"
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K,=1.0x10* M~ (298 K)
i \Ne
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K, =55 M (298 K)
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AG = —6.1 kcalemol™!
K, = 3.4 x 104 M~1(298 K)

Fig. 16. (Color online) Molecular assembly of phenine nanocar-
bons. Representative crystal structures and thermodynamic
parameters are shown.

monomeric and dimeric species, which were fully
characterized by diffusion-ordered spectroscopy
(DOSY).?¥ Unexpectedly, upon elevating the analy-
sis temperature, the population of dimers increased.
Detailed van’t Hoff analysis of the VT NMR spectra
revealed that the dimeric assembly was purely driven
by entropy. The association constant of 55 M~! was
recorded in CDCl3 at 298 K, but the association was
enthalpically disfavored by AH = 49.6kcalmol .
The assembly was made possible by favorable
entropy contributions of —TAS = —12.0kcalsmol ™!
(298K). The entropy-driven assembly was likewise
observed with phenine [7|circulene 2 with AH=
+13.4kcalemol ™! and —TAS= —18.9kcalemol !
(298 K) for a K, value of 1.0 x 10*M~! in CDCl;.*?
Although a single species was observed with phenine
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[8]circulene 3, the DOSY analyses confirmed it to be
dimeric assembly. The monomeric species was not
observed even at 0.003 mM,**) which indicated a large
association constant of K, > 108M~1% Although the
enthalpy contribution was favorably altered, host-
guest assembly of phenine [5]circulene with Cgy was
largely driven by entropy.”” We believe that
“entropy-driven assembly” should be characteristics
of large nanocarbons, which could be ascribed to
unique desolvation dynamics at the contorted -
surfaces.”

7. Defects and dopants

7.1. Defects and dopants in cylinders.
Atomic-level controls of the electronic characteristics
of nanocarbons attract much attention and are often
taken up as subjects of theoretical studies. However,
defects/dopants cannot be possibly located at specific
positions with atomic precision for the nanocarbons
produced by physical methods, which hampers in-
depth understanding of the effects of these structural
anomalies. We realized that the effects of structural
anomalies could be examined with cylindrical con-
geners of phenine nanocarbons, i.e., pNTs, which
were ideal for the first structure-property relationship
studies. The pNT molecules investigated were 5, 55
and 56 (see Figs. 2, 7 and 10 for the molecular
structures).

Our pNT molecule (5) is a segment of (12,12)-
CNT having a length index (#) of 7.0 with bond-
and atom-filling indices of 56.59% and 66.67%,
respectively.”) The defects of 5 are composed of
depletions and replacements of carbon atoms, which
are periodically distributed over the cylinder.*** The
bandgap was theoretically calculated as 3.73eV,
which only differed by 1.05eV from its infinite
congener (Fig. 17). These bandgaps can be typical
features of defective CNTs, as parent, nondefective
armchair CNTs with a chiral index of (n,n) are
considered metallic with no bandgap between the
valence and conduction bands.”

Heteroatom dopants allowed for further band-
gap manipulations, which was demonstrated with
nitrogen-doped pNTs (55, 56).5069) As seen from the
theoretical analyses of electronic structures of 55

% Considering that the monomer abundance was less than
5% at 0.003 mM, we may roughly estimate the association constant
for the dimer of 3 as >2 x 10*M~1. In previous study (Ref. 42), we
estimated AH/AS values per phenine unit from thermodynamic
parameters of phenine [5]- and |7|circulenes. However, the data of
phenine [8|circulene suggested that the values could deviate with
the larger congener, requiring further detailed investigations.
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(Fig. 17), pyridinic nitrogen dopants inserted low-
lying vacant orbitals on the conduction band side of
pNT and narrowed the gap to 3.07eV. When pyrrolic
nitrogen atoms were further doped at the edge of the
cylinder in the form of 56, high-energy filled orbitals
were inserted, which resulted in further narrowing of
the gap to 2.00eV. Previously, with infinite N-doped
CNTs, the roles of nitrogen dopants were extensively
studied and discussed.f)53) However, because of the
lack of atomically defined congeners, correlating the
properties of CNTs with atomic-level structures has
been difficult, and discussion of the dopant effect has
long been controversial. The present studies revealed
the roles of pyridinic and pyrrolic nitrogen atoms
as acceptors and donors, respectively, which was
also confirmed by experimental observation. When
the luminescence of NpNT 56 was investigated
(Fig. 17b), a substantial bathochromic shift was
observed, in accordance with the increasing polarity
of the solvents (Fig. 17b). The solvent-dependent
bathochromic shift was absent for NpNT 55, which
led us to conclude that the solvatochromism was
due to intramolecular charge transfer from pyrrole
to pyridine. The preceding observations of twisted
intramolecular charge transfer (TICT) with simpler
compounds confirmed this conclusion.?”

7.2. Transition-metal dopants. The phenine
design allowed us to introduce unpaired electrons
into nanocarbon molecules, as demonstrated by
COPy-5 complexes with paramagnetic Ni(Il) (see
also Section 4.2).%%) The macrocyclic systems en-
dowed the Ni(II) center with a unique pentagonal
bipyramidal coordination, which was attributed to
the high-spin state of the metal. Paramagnetic NMR,
spectra of Ni(II)-COPy-5 complexes (NiCly*58 and

sokok

Coordinates of replaced atoms (H): (2,0), (2,1), (2,—2),
4/3,1/3), (4,1), (4,-2), (5,0), (5,1), (53), (54), (5,-2), (5,=3),
5), (7/3,1/3), (T1), (T4), (7,-2), (1,-5), (8,0), (8,1), (8,3

6), (8.7). (8,-2). (8.-3), (8,
(11,0), (11,1), (11,3), (11,4), (11,6, (11.7), (11,9), (11,10

);

—2), (13/3,1/3), (13/3.4/3), (13/310/3), (13/3,-5/3), (13/
3.-8/3), (13,1), (134), (13,7), (13,10), (14.1), (143), (144),
(14,6), (14,7), (14,9), (14,10), (16/3,1/3), (16/3,10/3), (16/3,—8/
3), (164), (16,7), (17.4), (176), (17,7), (22/3.1/3), (22/3.4/3),
(22/3710/3)7 (22/3713/3) (22/3719/3)a (22/3775/3)7 (22/3778/3)
(22/3,—14/3), (22/3,—17/3), (25/3,1/3), (25/3,10/3), (25/3,19/
3), (25/3,—8/3), (31/3,1/3), (31/3,4/3), (31/3,10/3), (31/3,13/3),
(31/3,19/3), (31/3,22/3), (31/3,28/3), (31/3,—5/3), (31/3,—8/3),
(34/3,1/3), (34/3,10/3), (34/3,19/3), (34/3,28/3), (40/3,1/3),
(40/3,4/3), (40/3,10/3), (40/3,13/3), (40/3,19/3), (40/3,22/3),
(40/3,28/3), (40/3,31/3), (43/3,10/3), (43/3,19/3), (43/3,28/3),
(49/3,10/3), (49/3,13/3), (49/3,19/3), (49/3,22/3), (52/3,19/3);
coordinates of depleted atoms: (1,1), (4/3,4/3), (4,4), (7,7), (8,—6),
(10,10), (11,-3), (13/3,13/3), (14,0), (17,3), (22/3.22/3), (25/
3,—17/3), (31/3,31/3), (34/3,-8/3), (43/3,1/3), (52/3,10/3).

)
;
5), (10,1), (10.4), (10,7),
)

(
(5,—
(84), (8,
(10,2
(11,
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Fig. 17.

(Color online) Manipulations of electronic structures of nanotubes with defects and dopants. (a) Density of states of infinite

(12,12)-pNT and histograms sorting molecular orbitals of pNT 5 and NpNTs 55 and 56 (PBEPBE/STO-3G).5):69:64 For
comparison, the midgap energies are set to zero. For NpNTs 55 and 56, pyridinic 7*-orbitals and carbazolyl m-orbitals are colored
blue and red, respectively. (b) Absorption and photoluminescence spectra of NpNTs 55 and 56.09 A photograph of the
photoluminescence of 56 in various solvents under irradiation at 365 nm is also shown.

NiCly*62) showed the effect of interactions of the
unpaired electrons with nanocarbon systems. The
most notable feature was the large paramagnetic
shifts observed with 'H and '*C resonances. For
example, two !3C resonances of 62 appeared at
anomalous positions of 352ppm and 22ppm
(Fig. 18), confirming the occurrence of hyperfine
interactions between the carbon nuclei and unpaired
electrons.”® The unpaired electrons also provided
efficient relaxation pathways for '*C nuclear spins,
which dramatically shortened the spin-lattice relax-
ation time (7). Distributions of the spin density over
nanocarbon molecules, as well as their applications,
are of interest for further in-depth studies.

8. Conclusion

Facing ever-increasing numbers of novel organic
molecules, we may find truth in the remarks of
Laurent®: “the chemistry of carbon differs from
mineral chemistry by the wunlimited number of
combinations which may be produced... organic
chemistry will appear to us inaccessible, from the
infinite number of substances which it embraces, the
catalogue of which will shortly exceed that elaborated
by astronomers for the stars themselves”. Fueled by
the discoveries of nanocarbons, organic chemists
today have started to design novel nanocarbon
“molecules”, and the structural library of nanocarbon
molecules is now rapidly growing. Consequently,
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Fig. 18. (Color online) High-spin transition-metal dopant at the

center of the N-doped phenine nanocarbon. The “C NMR
spectrum of NiCly*62 is shown with Tj values.

another labyrinth may seem to emerge, particularly,
in “the absence of all system, all nomenclature, for
the classification and denomination of this multitude
of bodies”?) Hoping to deepen our understanding of
nanocarbons with a simple language of molecular
science, i.e., chemistry, we launched our explorations
of phenine nanocarbon molecules. Laurent found
that “organic chemistry becomes at once remarkably
simplified”; once systems for the classification and
denomination were created and developed. We
believe that systematic syntheses as well as classi-
fication and denomination of thus created simple
yet large nanocarbon molecules can cast light to
direct us in the nanocarbon labyrinth. We hope to
contribute to its developments by our explorations
of phenine nanocarbons. As summarized in this
account, the developments during the first half a
decade were mostly synthetic, which allowed for
systematic, rapid explorations of novel nanometer-
sized structures. Assembling 67 phenine units, we
can readily access unique nanocarbon molecules with
contorted, m-rich structures that are also decorated
by structural defects, lone-pair n-electrons and/or
transition-metal d-electrons located at specific posi-
tions. Tools were also provided to define and describe
the structural features of nanocarbon molecules,
which, we hope, can simplify the chemistry discussion
of nanocarbon molecules. We wish to continue our
endeavor in expanding the scope of phenine nano-

[Vol. 98,

carbons and hope that studies on their properties and
applications will help us to deepen our understanding
of nanocarbons.
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