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Planar and curved polycyclic aromatic hydrocarbons (PAHs) attract significant attention as molecular
models of fullerenes, carbon nanotubes, and graphene, thus stimulating broad investigation of chemical
reactivity and materials applications of designed nanocarbon n-systems. Non-planar molecular nanogra-
phenes (NGs) recently emerge as advanced anode materials in energy storage, showing high reduction
limits and enhanced alkali metal intercalation levels. However, the lack of direct structure-property cor-
relations in such complex hybrid systems impedes their further development and utilization. With a
focus on alkali-metal-induced reduction of selected PAHs, we herein review original metal binding and
intercalation trends, site specific coordination, and distinct carbon framework responses to stepwise elec-
tron uptake. Small planar graphene fragments, like triphenylene and coronene, are compared to m-
expanded hexabenzocoronenes, followed by the discussion of bowl-shaped corannulene, sumanene
and other carbon bowls, as well as bent, warped, and twisted molecular nanographenes. The effect of size,
symmetry, and framework topology along with the structural deformation of carbon backbones upon
reduction are analyzed, using recent crystallographic examples of alkali-metal intercalated products.
The revealed insights into the structures, binding, and metal intercalation in molecular nanographenes
should stimulate their future applications as new functional materials.
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1. Introduction

The discovery and wide-ranging applications of curved carbon
allotropes, fullerenes [1] and carbon nanotubes [2], sparked the
development of synthetic methods for the controlled preparation
of their non-planar molecular fragments with defined structures
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and compositions. A large number of carbon bowls or m-bowls
(also referred to as fullerene fragments or buckybowls) with differ-
ent symmetry, size and depth became available due to the efforts
of multiple synthetic groups [3-6]. In addition, a great variety of
carbon hoops and belts with different dimensions and frameworks,
considered as fragments of carbon nanotubes, were creatively
designed [7-11]. Exploration of these classes of non-planar
polycyclic aromatic hydrocarbons (PAHs) was booming in recent
years with a focus on their unusual structures, aromaticity, optical,
conductive, and supramolecular properties [12-15].
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While the presence of five-membered rings embedded into sp-
carbon lattice introduces a positive Gaussian curvature [16-21],
incorporation of seven- or eight-membered rings provides access
to new warped and contorted m-systems with negative Gaussian
curvatures [22-28]. The fast development of modern synthetic
methods coupled with incredible imaginative creativity of syn-
thetic chemists enabled the preparation of new three-
dimensional carbon architectures with unique non-planar topolo-
gies, such as interlocked catenanes, knots, cages [29-34], as well
as nanotube segments [35-37], helicenes [38-43], and polymeric
carbon frameworks [44-46]. The chemistry of curved and twisted
molecular nanocarbons continues to evolve very rapidly driven
not only by their structural originality and fundamental interest
but also by emerging practical applications such as optoelectronic,
semiconductor, superconductor, and sensing applications [47-51].

Importantly, the contorted m-surfaces and internal porosity of
curved nanocarbon hosts are known to facilitate efficient metal
ion transport [52]. Moreover, bent and twisted PAHs often exhibit
higher reduction limits and increased metal intercalation [53,54]
coupled with improved stability and higher capacity compared to
conventional graphite anodes [55-60]. For example, the anode
material fabricated from corannulene, one of the smallest subunits
of the Cgo-fullerene that retains curvature, showed a high reversi-
ble lithium capacity (602 mAh/g), which is almost twice as high as
the theoretical capacity of the commonly used fully lithiated pla-
nar graphite material (LiCg, 372 mAh/g) [55]. In addition, contorted
hexabenzocoronene (c-HBC) with a wire-shaped solid-state pack-
ing provided excellent conductivity and porous channels for Li*
ion transport during the charging/discharging process, revealing
a single-step Li* ion insertion behavior with a specific capacity of
267 mA-h/g and recovery capacity of 236 mA-h/g at 30 cycles (at
400 mA/g) [58]. The use of different carbon hosts for lithium-ion
intercalation with potential application in lithium-ion batteries
(LIB) is rapidly expanding to include new PAHs with a diverse
range of framework topologies. For instance, large [6]cyclo2,7-
napththylene macrocycle ([6]CNAP, CgoH4o) exhibits the high
capacity recorded at 727 mA-h/g with a reversible capacity of
593 mA-h/g after 65 cycles (at 425 mA/g) [56]. A trimeric hexaben-
zocoronene derivative with a 3D fan-like geometry shows a signif-
icantly enhanced LIB anode charge capacity of 950 mA-h/g with
stability over 250 charge-discharge cycles [57]. These recent
examples prompt special interest in the wide investigation of
metal ion intercalation within different nanocarbon hosts combin-
ing the embedded non-planarity and m-surface extension with
controlled molecular compositions (generally referred to as molec-
ular nanographenes, NGs). However, while the number of nanogra-
phene materials probed in energy storage devices is constantly
increasing, the fundamental studies on their reduction-induced
metal coordination and reversible intercalation remain limited.
More insights into structures and properties of alkali metal-
doped hybrid products are needed in order to reveal their struc-
ture-property correlations and boost their material performance.

In this review, we analyze the trends in alkali metal coordina-
tion of a variety of molecular nanographenes with different com-
positions, dimensions, and carbon frameworks, focusing on the
crystallographically confirmed examples of alkali metal interca-
lated products. Specifically, the effect of the framework topology,
charge and ion size on trends in alkali metal binding and structural
responses of m-hosts are discussed.

2. Planar PAHs as graphene fragments
The reduction of planar PAHs, serving as molecularly defined

fragments of a 2D graphene, attracts significant attention from
both fundamental and applied viewpoints. The resulting materials
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exhibit intriguing electronic [61,62], conducting [63], and mag-
netic properties [64-68]; however, in-depth structure-property
relationships are often impaired due to challenges with prepara-
tion of pure crystalline solids. During the last three decades, chem-
ical reduction of planar PAHs with alkali metals coupled with the
X-ray structural characterization of their products was reported
for naphthalene [69,70], anthracene [71,72], phenalenyl [73], pyr-
ene |74-77], perylene [78], tetracene [79], etc. Moreover, fusion of
ring defects (four/five-membered rings) or introduction of periph-
eral phenyl rings enriched the diversity of PAHs and broadened
this chemistry to include biphenylene [80], rubrene [81], fluoran-
thene [82], indenofluorene [83], decacyclene [79], and
phenylene-tetracene [84-86]. In most reported m-complexes, the
metal ions are bound to the edge of the mono-reduced PAH core
to afford discrete or 1D columnar structures [74,87]. In contrast,
the products of the doubly-reduced PAHs can also form sand-
wiched or 1D herringbone solid-state structures [72,73,83]. Upon
one or two electron uptake, the PAH core remains almost planar,
while the existence of ring defects or additional peripheral rings
could lead to a more pronounced core curvature [79,81]. We con-
tributed to these studies by adding X-ray structural characteriza-
tion of several products stemming from alkali metal-induced
reduction of planar PAHs with increasing surface size, as discussed
below.

The reduction chemistry of triphenylene (C;gH;,, TP) was the
subject of extensive investigations over several decades [88-98].
Due to its D3, symmetry, the HOMO and LUMO of triphenylene
are doubly degenerate, enabling a potential triplet ground state
upon a two-fold reduction [96]. This triggered extensive EPR spec-
troscopy investigations [89,90,95]; however, the earlier studies
remained focused on in situ generated mono-reduced TP and were
unable to provide any specifics on coordination environment of the
resulting radicals. The first crystal structure of the triphenylide-
based molecular solid was reported only in 2017 [99]. The mono-
reduced triphenylene isolated as [{K3(DME)}(TP~),] showed the
Mott insulator properties with strong antiferromagnetic coupling.
This structure-property correlation study inspired the exploration
of chemical reduction behavior of TP using different alkali metals,
ranging from sodium to cesium.

In the course of our chemical reduction study [100], a series of
the triphenylide-based products was prepared as single-phase
crystalline solids such as [{Na*(18-crown-6)(THF),}(TP~)] and
[{M*(18-crown-6)}(TP")] with M =K, Rb, and Cs. Their successful
X-ray structural characterization revealed distinct variations in
alkali metal ion coordination of the TP radical-anion. While the
smaller Na* ion avoids direct coordination (Fig. 1a), the larger K*,
Rb*, and Cs* ions favor the formation of m-complexes causing a
notable geometry distortion of a rather rigid TP framework.

In [{K3(DME)XTP~),] [99], the two independent K* ions are
bound to two peripheral six-membered rings in #>- and #°-
fashions (Fig. 1b), with one additional contact of the K1 ion to the
adjacent TP~ anion. In all complexes reported in our group, one of
the peripheral six-membered rings of TP~ is engaged in metal bind-
ing which varies from a #3-mode for K* ion (3.151(4)-3.262(4) A) to
a more symmetric #°-coordination for larger Rb* (3.191(3)-3.645(3)
A) and Cs* (3.257(1)-3.761(2) A) ions. Moving down the group, the
metal-to-centroid distance becomes longer (3.075(4) to 3.215(2) A)
in accordance with the ion size increase. Furthermore, a good fit of
the K* ion within the cavity of the secondary 18-crown-6 ligand
enables additional K--C contacts (3.407(4) A) to the neighboring
triphenylide anion, thus resulting in the 1D chain propagation. In
contrast, the inability of larger Rb* and Cs* ions to fit inside the
18-crown-6 cavity results in their full entrapment between the
two ligand decks, thus disabling additional cation---m contacts in
both solids. Nevertheless, the propagation of 1D columns in the
heavy alkali metal complexes occurs through C-H---m interactions
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K1-Cy: 3.045(3)-3.369(2) A
K1 to centroid: 2.965(3) A
K2-Cq: 3.148(2)-3.295(2) A
K2 to centroid: 2.894(2) A

K—Cq:

K to centroid:
3.075(4) A

3.151(4)-3.262(4) A

Rb—Cy:
3.191(3)-3.645(3) A
Rb to centroid:
3.116(3) A

Cs—Cq:
3.257(1)-3.761(2) A
Cs to centroid:
3.215(2) A

Fig. 1. (a) Chemical reduction of TP to afford the radical-anions, (b) coordination of TP~ with K*, Rb*, and Cs* ions.

between the triphenylide anions and {M*(18-crown-6)} (M =Rb and
Cs) cations. Interestingly, DFT calculations show that the charge
transfer is ion size-dependent and drops from loss of ~17% for K*
to only ~1% for Cs".

As illustrated for the series [{M*(18-crown-6)}(TP )] (M =K, Rb,
and Cs), the variation in primary alkali metal coordination is
responsible for notable differences in the secondary microenviron-
ment and solid-state packing of otherwise similar building units. In
turn, the observed solid-state structure variations account for a
distinct difference in magnetic properties of complexes with the
same composition. The rubidium(I) and cesium(I) products show
magnetic behavior typical of a Heisenberg spin-1/2 chain, wherein
a broad maximum is followed by AFM ordering at 3.8 K and 2.2 K,
respectively. The lack of such ordering for the potassium(I) product
is rationalized by different structural organization of the TP
radical-anions in the m-complexes with K*, Rb" and Cs* counteri-
ons. Thus, modulation of the metal ion size can serve as a tool
for tuning magnetic interactions between the radicals in the
solid-state, but structure-property correlations are needed for
interpreting magnetic behavior.

(a)
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CON
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K-Cq: 3.185(3)-3.389(3) A
K to centroid: 3.010(3) A

Coronene (C4H{,, CON) is often considered as a primary model
of a graphene sheet and thus attracts significant attention from a
broad chemical community [101-108]. Coronene with a Dg, sym-
metry is capable of acquiring up to two electrons upon reduction
[109]. In contrast to the mono-reduced CON (vide infra), no crystal-
lographically confirmed examples of its doubly-reduced products
are yet reported.

The mono-reduced CON is known to exist in its “naked” form
with sodium counterions [110], while heavier alkali metals tend
to form m-complexes with CON~ (Fig. 2a). In the first structurally
characterized complex reported in 1994, [{K'(TMEDA)(THF),}
(CON7)] [111], the external six-membered ring of coronene is
engaged in an asymmetric metal ion binding. In contrast, the
[{Rb*(18-crown-6)}(CON )] complex characterized in our group
shows the metal ion coordination to the central ring of CON~
(Fig. 2b) [110]. The metal-to-centroid distance (3.368(9) A) is
noticeably longer compared to the Rb-TP~ complex (3.116(3) A),
which is indicative of weaker cation---m interactions. The DFT cal-
culations provided insights into the formation of a hub-bound
complex by revealing the existence of multiple C-H---7 interactions

CON~-

A

¢ 7%

Rb

Rb—Cy: 3.312(9)-3.545(9) A
- - Rb to centroid: 3.368(9) A

Fig. 2. (a) Chemical reduction of CON to afford the radical-anions, (b) coordination of CON~ with K* and Rb* ions.
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between the crown ether and the CON'~ surface. These interactions
support perfect alignment of two moieties with opposite charges
but closely matching sizes, the {Rb*(18-crown-6)} cation and the
disk-shaped CON'~ anion. The DFT calculations also indicated that
the spin density is delocalized over the m-surface, fully supporting
the formation of CON~ radical and the closed-shell Rb" cation in
this complex.

In general, interactions of alkali metal ions with planar 7-
systems are weak and can be affected by a variety of secondary fac-
tors. For example, the size and substitution variations built into the
structures of crown ethers, which are often used as secondary
ligands during crystallization processes, enable fine tuning of
metal coordination in the resulting products [112].

These studies were expanded to large nanographene fragments
such as hexa-peri-hexabenzocoronenes (HBCs), namely HBC
(C42H1g) and tBu-HBC (CggHgg), which feature planar geometry
and high molecular symmetry (Dgp). In contrast to coronene, HBCs
show very rich redox properties. The reduction study of HBC car-
ried out by Miillen group using potassium metal showed that this
hydrocarbon is capable of accepting up to six electrons [113].
Moreover, in situ EPR and kinetic UV-vis absorption spectroscopy
confirmed the existence of triradical species with the quartet
ground state in solution. However, none of the reduced HBC prod-
ucts was isolated in the solid state, and thus no details on alkali
metal coordination were known. Only one stable radical-cation of
tBu-HBC prepared via electrochemical oxidation was structurally
characterized in 2000 [114].

Recently, the triradical trianions of the unsubstituted HBC and
its tBu-functionalized derivative were isolated with potassium
counterions (Fig. 3a) [115]. The products were prepared as pure-
phase crystalline materials that are relatively stable under inert
atmosphere conditions, enabling their first single-crystal and pow-
der X-ray diffraction investigation along with magnetic measure-
ments. The crystallographic study revealed the formation of -
complexes of the same composition, [K*(18-crown-6)(THF),]
[{K'(18-crown-6)},(HBC>7)] and [K'(18-crown-6)(THF),][{K"(18-
crown-6)},(tBu-HBC>")]. In both, the triply-reduced HBC anions
have two K* ions coordinated, while one counterion remains
solvent-separated. Specifically, the central six-membered ring of
the large HBC core serves as the alkali metal coordination site
(Fig. 3b).

R=H, HBC
R = tBu, tBu-HBC

K—Cq:

K to centroid:
3.023(7) A

3.156(7)-3.160(7) A & v,;

o
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The presence of bulky tBu-substituents affects the metal coordi-
nation as reflected by the drastic change of a tilt angle between the
cationic moieties and the HBC plane from 17.0° to 90.0°. This
results in more symmetric coordination of the K" center in the
tBu-HBC complex with a notably shorter distance to the ring cen-
troid (2.986(2) A vs. 3.023(7) A). Importantly, the magnetic mea-
surements support the existence of a well-isolated S = 3/2 ground
state for the triradical of tBu-HBC in the solid state, suggesting
such species can be used as building blocks for molecule-based
magnets. Further studies of binding preferences of other alkali
metals with the highly-reduced HBCs should enable access to
multi-spin-bearing nanographenes for emerging single-molecule
spintronics and quantum computing nanotechnologies [116-119].

Interestingly, adding electrons to planar nanographene frag-
ments leads to different structural deformations of the PAH core
(Table 1). The smaller and less conjugated TP is only slightly dis-
torted in its neutral state (1.8°) but becomes more twisted (6.9°)
and curved (5.1°) in the mono-reduced state in the sodium(I) prod-
uct. This effect is smaller in [{K3(DME)}TP~),] due to the dual
metal coordination to the m-surface [99] but becomes more pro-
nounced in m-complexes with a single metal coordination site
[100]. Notably, the TP core in the potassium(I) complex is severely
perturbed (17.6°), but this distortion is reduced upon the metal ion
size increase (8.9°). On the contrary, the core distortion in larger pla-
nar PAHs is less evident. For instance, an addition of three electrons
to HBCs results in the torsion angle increase by 9.8° and 5.1° and an
added twist of the molecular edges. In comparison, the geometry
changes are much smaller in the mono-reduced CON (3.2-4.3°);
however, this may change with further build-up of negative charge.

3. Adding curvature: Bowl-shaped n-ligands

Bowl-shaped polycyclic aromatic hydrocarbons, also referred to
as fullerene fragments, buckybowls or t-bowls, have two distinctly
different faces, convex (exo) and concave (endo), both open and
available for coordination. This makes carbon bowls a unique class
of non-planar m-ligands which are very attractive for metal coordi-
nation studies [120-122]. A variety of bowl-shaped PAHs with dif-
ferent dimensions, symmetry, and bowl depth became available in
recent years [4,6,123-125], but their coordination chemistry was
mainly centered on the smallest corannulene (CyoHg, Csy, COR).

tBu-HBC3-

‘ K—Ce:
i\" 3.306(2) A

K to centroid:
2.986(2) A

Fig. 3. (a) Chemical reduction of HBCs to afford the triradical-anions, (b) coordination of HBC>~ and tBu-HBC>~ with K" ions.
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Table 1
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Core curvature and core distortion (°) in negatively-charged TP, CON, and HBCs vs. their neutral parents.

Core
Curvature
X\‘ Gore
Distortion
Face View Side View

TP Na-TP~ K-TP~ K-TP~ Rb-TP~ Cs-TP~ Ref.
Core Curvature 2.4 5.1 3.7 10.6 6.5 71 [99,100]
Core Distortion 1.8 6.9 4.7 17.6 10.8 8.9

CON Na-CON~ K-CON~ Rb-CON™~ Ref.
Core Curvature 0.4 2.8 14 1.6 [110]
Core Distortion 0 3.2 4.3 3.2

HBC K3-HBC3~ tBu-HBC Ks-tBu-HBC3- Ref.
Core Curvature 1.5 4.7 7.6 3.7 [115]
Core Distortion 0 9.8 3.0 8.1

Note: Core curvature is evaluated by largest dihedral angle between the central and external six-membered rings (blue arrow), and core distortion is measured by largest

torsion angle between two parallel edges (red arrow).

The highly-symmetric COR was broadly investigated as a model
bowl-shaped ligand to show a range of coordination modes that
depend on the metal and its secondary ligand environment
[112]. Furthermore, the pioneering works by Scott and Rabinovitz
revealed a very rich redox chemistry of COR using in situ spectro-
scopic techniques for product characterization [126-128]. Impor-
tantly, COR can accept up to four electrons in stepwise reduction
reactions to form a set of bowl-shaped carbanions with gradually
increasing negative charges. Using chemical reduction with Group
I metals, the successful isolation and crystallographic characteriza-
tion of all four reduced states of COR were accomplished, revealing
its remarkable charge-dependent versatility in alkali metal bind-
ing. Notably, the mono- and doubly-reduced COR anions could
be isolated in their naked or complexed forms [112], but upon
addition of three or four electrons, COR spontaneously self-
assembles with multiple alkali metal ions to form unique
sandwich-type supramolecular assemblies [129].

COR
(b) K@ K RO
e80T 3.142(2)-3.289(2) A f‘;
» ~« » @
*Y “\I/“ ‘r“ K to centroid: vY i '{u
T e 3.530(2) A S e ®
(c) Cs Cs
Cs—Ce8Cs:

Ny 8423(31-36283) A, f/“
‘3 f?’

“(U \(‘ ki P Cs to centroid:
v:: 8;0 3.285(3)/3.375(3) A

509 3.430(6)-3.631(6) A

Cs to centroid:
3.309(6)/3.342(6) A

For the mono-reduced COR~ anion, a striking site selectivity in
coordination based on the alkali metal ion was demonstrated using
X-ray crystallography (Fig. 4a). A comparison of potassium (1.38 A,
[130]), rubidium (1.52 A), and cesium (1.67 A) ions revealed their
different binding preferences in otherwise similar complexes,
[M*(18-crown-6)(COR™)] [131]. The smaller K" and Rb" ions exhi-
bit an exo-binding with relatively weak cation---t interactions to
the six-membered ring of the monoanion (K-Cey,: 3.142(2)-3.289
(2) A, Rb—Ceyo: 3.266(8)-3.479(3) A) (Fig. 4b), while the large Cs*
ion prefers symmetrical endo-coordination to the central five-
membered ring of the bowl (Cs—Cengo: 3.423(3)-3.628(3) A). Theo-
retical study reaffirmed that the concave placement is favored for a
Cs" ion only, while all other alkali metals prefer the convex binding
to the COR ~ bowl. The selective concave coordination of Cs* inside
the mono- and doubly-reduced corannulene, as well as its rim-
functionalized derivatives, namely monomethylcorannulene
(C31H12, MCOR) and pentamethylcorannulene (C,sH,,, PMCOR),

COR™-

@ RbCq Rb V Rb-Cy;
3.266(8)-3.273(8) A " . 3.273(3)-3.479(3) A
Rb to centroid: ‘g’ ﬁ(v ;5“ Rb to centroid:
3.426(8) A 3.040(3) A
Cs

Cs-Cs&Cq: Cs-Cs&Cq:

& P
y/" “\Y 3.383(20)-3.715(2) A
(“ ‘( \P ° Cs to centroid:
«3 ':)‘

3.321(20)/3.298(20) A

Fig. 4. (a) Chemical reduction of COR to afford the radical-anions, (b) coordination of COR~ with K* and Rb* ions, (c) concave cesium(I) complexes of COR~, MCOR ™~ and

PMCOR".
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was later confirmed in several m-complexes (Fig. 4c) [132,133].
This preference stems from an almost ideal size match of the
cesium cation and the endo cavity of COR~ bowl that allows to
maximize the electrostatic interactions in these systems.

The doubly-reduced COR further reaffirms the above coordina-
tion preferences and shows a variety of binding modes that are
alkali-metal dependent (Fig. 5a). For example, small Li* and Na*
jons favor a convex-only coordination to the COR?~ core but with
notable variations (Fig. 5b top). While the smallest Li* ions show
unique double-convex coordination (Li-Cexo: 2.313(7)-2.814(8)
A), only one Na* ion could bind to the exo-face of COR?*™ (Na-Cixo:
2.717(4)-2.996(4) A). In contrast, larger K" and Cs* ions exhibit
both concave and convex coordination at the opposite faces of
the bowl (Fig. 5b bottom). In particular, the endo-coordinated K*
jon is typically bound to the edge (K-Cengo: 3.068(4)-3.43(2) A),
while Cs* exhibits symmetrical endo- (Cs—Cengo: 3.317(12)-3.503
(7) A) and exo-coordination (Cs—Cexo: 3.233(9)-3.608(9) A) to the
central five-membered ring of the bowl.

Moving to the triply-reduced corannulene opens new
supramolecular chemistry of the highly negatively-charged carbon
bowls. The COR*~ anions spontaneously self-assemble with multi-
ple alkali metal ions to form a unique sandwich architecture
(Fig. 6a) and are not yet known in any other form. An asymmetrical
convex-to-convex sandwich with four entrapped Cs* ions is formed
with a large deck-to-deck separation of 4.952(5) A [134]. A similar
sandwich structure with four K* ions has a shorter deck-to-deck
separation of 4.427(5) A [135]. Remarkably, the intramolecular
magnetic coupling of COR*~ radicals in these sandwiches can be
fine-tuned by replacing the large intercalated cesium ions with
smaller alkali metals [135].

The four-fold chemical reduction of corannulene with lithium
metal generates a very electron-rich COR*~ anion with 0.2é per
carbon atom. The single-crystal X-ray diffraction study resolved
the long-standing puzzle regarding the structure of this unique
product [127] and confirmed that COR*" self-assembles with five
Li* ions sandwiched between the negatively-charged decks to form
the COR*~/5Li*/COR*~ dimer (Fig. 6b) [136]. The five encapsulated
Li* ions are bound to the six-membered rings of the two

Coordination Chemistry Reviews 486 (2023) 215144

tetra-reduced bowls in the convex-to-convex arrangement (Li-
Cexo: 2.226(3)-2.718(3) A). Interestingly, the triple-decker sand-
wich with a pentanuclear lithium core can exist in different exter-
nal environments [137], including a highly symmetric (Dsj)
“naked” sandwich with a deck-to-deck separation of 3.504(5) A.
This structural evidence of the formation of high-nuclearity
lithium units held together by bowl-shaped carbanions established
a new paradigm for lithium intercalation in curved carbon-based
hosts with in-built cavities and pockets.

Furthermore, the synergistic use of dual combinations of Li with
K, Rb, or Cs metals in the four-fold reduction of COR enabled the
formation of unprecedented heterobimetallic sandwich self-
assemblies [138-140]. Specifically, the COR*" anions are able to
keep the highly-charged hexanuclear units of the type LisM$" or
LiME" (M =K, Rb, Cs) between two curved n-decks (Fig. 6¢,d), thus
showing the record alkali metal intercalation limits unmatched by
other PAHs. More details on the formation and structures of these
remarkable supramolecules can be found in the review [129].

Considering larger carbon bowls, although unique self-
assembly pathways of highly-charged carbanions could be
expected [141-143], their supramolecular chemistry is yet to be
expanded beyond the smallest corannulene [144]. However, origi-
nal trends in metal binding found for the mono- and doubly-
reduced COR triggered the exploration of bowl-shaped ligands
with different m-framework topologies and atomically-precise
doping (vide infra).

The unique selectivity in concave coordination was further reaf-
firmed by the controlled deprotonation of a deeper bowl, suma-
nene (Cy1Hq,, Gy, SUM, Fig. 7a), using Na and Cs metals having a
significant ion size mismatch and different binding preferences
[145]. The product exhibited an unprecedented double-concave
encapsulation of a large cesium ion by two bowl-shaped suma-
nenyl anions in Cs(C;H71)s (CS—Cendo: 3.254(12)-3.471(12) A),
crystallized with a solvent-separated sodium counterion (Fig. 7b).
The revealed cooperativity of two alkali metals in controlled depro-
tonation and selective coordination by bowl-shaped m-ligands
opens new synthetic pathways for preparation of novel

heterometallic supramolecules.

Li1 Li1-Cg¢/ Li2—Cs:
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Li to centroid:
2.309(8) A/2.105(11) A

K16
£y
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3.068(4)/3.269(4) A w,a
o
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2.881(4) A/3.479(4) A

k2 @

Na—Cy: , ha Na—Cy:
.,,\ 2.732(2)-2.910(2) A w 2.717(4)-2.996(4) A
Na to centroid: &; \P‘ Na to centroid:
@-
2.412(2) A e o« 2.608(4) A
K1-C4/K2-Cq: Cs1-C4/Cs2-C5&Cq:

3.05(1)-3.29(1) A :
3.15(1)-3.43(2) A \,; :

3.317(12)-3.503(7) A
@ 3.233(9)-3.608(9) A

K to centroid: “\o VIQ Cs to centroid:
2.96(2) A/3.22(2) A Cs2 3.025(9)-3.343(9) A

Fig. 5. (a) The doubly-reduced COR? in different coordination environments, (b) coordination of COR*~ with Li*, Na*, K*, and Cs* ions.
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Li;K5(COR%),

LiKs(COR%),

Li—Cg: 2.274(3)-2.292(3) A
Li—Cq: 2.225(3)-2.721(3) A
Li to centroid:
1.941(3)-2.091(3) A
K—Cq: 2.889(2)-3.586(2) A
K to centroid: 2.814(3)-3.117(3) A

Cs—Cq:
3.231(5)-3.775(5) A
Cs to centroid:
3.188(5)-3.265(5) A

Li—-Cq:
2.226(3)-2.718(3) A
Li to centroid:
1.924(3)-2.094(3) A

Li—Cg: 2.263(10)-2.417(10) A
Li to centroid:
1.990(5)-2.024(5) A
K—Cq: 2.905(5)-3.491(5) A
K to centroid:
2.722(5)-2.989(5) A

Fig. 6. Encapsulation of alkali metal ions in sandwich-type assemblies (a) Cs4(COR>~),, (b) Lis(COR*"),, (c) LisK3(COR%"),, and (d) LiKs(COR*"),.

Cs,(CaiHq17)2

(b)

Cs—Cs: 3.254(10)-3.448(10) A
Cs—Cq: 3.265(12)-3.471(12) A
Cs to centroid:
3.051(12)/3.089(10) A

Cs—Cs:
3.316(5)-3.609(6) A
Cs to centroid:
3.209(6) A

K—Cs: K-Cs: 2.967(5)-3.275(5) A
2.947(3)-3.254(3) A K—Cq: 3.141(5)-3.343(5) A
K to centroid: K to centroid:
2.882(3)/3.031(3) A 2.840(5)-3.010(5) A

Fig. 7. (a) Deprotonation of sumanene to afford the sumanenyl anions, (b) coordination of sumanenyl anions with Cs* and K" ions.

With the help of theoretical modeling, the stability of the
double-concave cesium sandwich was related to stronger cesium
cation---7 interactions with the sumanenyl bowl compared to
weaker interactions with the secondary (THF and 18-crown-6)
ligands. This could further expand the toolbox of synthetic che-
mists as secondary ligands can be deliberately utilized for tuning

metal coordination. For example, with the assistance of more flex-
ible dicyclohexano-18-crown-6 ether, a coordination switch to
convex cesium(l) binding to a sumanenyl bowl was induced in
the [{Cs*(dc-18-crown-6)}(C,1H77)] complex [146]. The in-depth
theoretical investigation showed that the addition of nonrigid
cycloxehyl groups to the 18-crown-6 core enabled multiple
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C—H.--m interactions between the cationic {Cs*(dc-18-crown-6)}
moiety and the convex face of the sumanenyl bowl which resulted
in the assisted exo-coordination in this unique case.

Additionally, the controlled formation of sumanenyl dianion in
the presence of different secondary ligands has allowed the on/off
switch of metal binding with K" counterions [147]. Particularly, the
use of 18-crown-6 ether leads to the formation of a double exo-
coordinated complex, [{K*(18-crown-6)},(C,1H%g)], with the selec-
tive binding of K* ions to the two deprotonated five-membered
rings (K-Cexo: 2.947(3)-3.254(3) A) of the sumanenyl dianion. Fur-
ther deprotonation of SUM with K metal results in the formation of
a remarkable mixed-valent aggregate, [K3(C51H35)2(Co1H37)], in
which six K" ions encapsulated by two sumanenyl trianions form a
highly symmetric (D3y4) double-convex sandwich with a deck-to-
deck separation of 3.668 A [144].

Moving to a larger mt-bowl with two five-membered rings, inda-
cenopicene (CgHqp, IDP, Fig. 8a), results in change of geometry,
symmetry, electronic structure, and reactivity [148]. In contrast
to COR, IDP was predicted to readily accept up to two electrons
only. The accessibility of the mono- and doubly-reduced states
was then confirmed by electrochemical and chemical reduction
[149]. Two products of the doubly-reduced anion with heavy alkali
metals, Rb and Cs, were crystallographically characterized to show
the formation of the tetrameric complex and 1D polymer, respec-
tively (Fig. 8b). In the tetramer, the {Rb3(18-crown-6)} dication
occupies the concave cavity formed by two doubly-reduced IDP
bowls. These internal rubidium ions bind asymmetrically to the endo
surface of IDP?~ with the Rb—C distances to the centroids of the five-
and six-membered rings of 2.962(4) and 3.025(4) A, respectively. In
addition, two Rb" ions are externally bound to the five-membered
rings on the convex face of the bowls (Rb—C: 3.142(4)-3.382(4) A),
thus forming a discrete organometallic tetramer. The internal bind-

2e-

—-

Rb1-C4&Cs:
3.007(4)-3.685(4) A
Rb1 to centroid:
2.949(4)-3.049(4) A
Rb2-Cy;
3.142(4)-3.382(4) A
Rb2 to centroid: 3.045(4) A

(c)
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ing of a large {Cs3(18-crown-6)} dication is similar but with notably
longer Cs—C distances of 3.282(13) and 3.308(12) A to the centroids
of five- and six-membered rings. In contrast, the external coordina-
tion of Cs* ions to the convex face of IDP?>~ enables an extended
chain propagation in this product (Fig. 8c). These examples clearly
illustrate the effect of ion size increase on the crystal structure type
change of the resulting products.

The first investigation of the reduction limits of an interesting
PAH having a planar group fused to a corannulene bowl, namely
naphtho[2,3-ajcorannulene (C,sH,4, NPCOR, Fig. 9a), and its direct
comparison with parent corannulene was accomplished using a
combination of theoretical and experimental tools [150]. Both cal-
culations and electrochemistry indicated that the HOMO-LUMO
gap of NPCOR is reduced compared to COR, making it a better
acceptor than COR. The cyclic voltammetry (CV) measurements
demonstrated the accessibility and stability of the first and second
reduction states, and both were prepared using chemical reduction
with Group I metals. The corresponding products of the mono- and
doubly-reduced NPCOR were crystallized in their “naked” form
with smaller Na* counterions. In contrast, the larger Rb* ions form
a m-complex with the dianion of the [{Rb*(18-crown-6)},-
(NPCOR?")] composition. Specifically, one Rb* ion binds the six-
membered ring of the corannulene bowl in a convex fashion
(Rb—Cexo: 3.187(6)-3.411(7) A), while the second one coordinates
to the planar naphtho-group from the opposite direction (Rb—Cepg,:
3.191(6)-3.659(6) A, Fig. 9b). According to the DFT computational
study, the observed changes in aromaticity and charge distribution
from stepwise electron acquisition are fully consistent with the
structural data and metal coordination sites. Interestingly, the
direct metal complexation increases the core curvature as the bowl
in the rubidium(I) complex (0.857(11) A) is deeper than that in the
neutral parent (0.813(7) A) and the “naked” dianion (0.794(2) A).

IDP2-

Cs1-Cg&Cs:

Cs2 ’ 3.282(13)-3.681(13) A

7y

Pily
]
i

Cs1 to centroid:
3.029(13)-3.329(13) A
Cs2-Cg:
3.338(14)-3.605(14) A

Cs2 to centroid: 3.344(14) A

Fig. 8. (a) Chemical reduction of IDP to afford its dianion, (b) coordination of IDP?~ with Rb* and Cs* ions, (c) tetrameric rubidium(I) complex, [{Rb3(18-crown-6); 5(C26H33)]2.

and a fragment of the 1D chain in [{Cs3(18-crown-6),(THF)(C26H3)].
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NPCOR?-

Rb1-Cq: 3.187(6)-3.411(7) A
Rb1 to centroid: 3.107(7) A
Rb2-Cg: 3.191(6)-3.659(6) A
Rb2 to centroid: 2.997(6) A

Fig. 9. (a) Chemical reduction of NPCOR to afford its dianions, (b) coordination of NPCOR?~ with Rb* ions.

Only recently, studies of the reduction and coordination chem-
istry of bowl-shaped polyarenes moved to investigation of the
heteroatom-containing or atomically-doped buckybowls, includ-
ing azapentabenzocorannulene and bisdibenzocorannulene
[151,152]. Under controlled reaction conditions, the first chemical
reduction of an N-doped bowl, tBu-azapentabenzo[bc,ef;hi,kl,no]
corannulene (CsgHy3N, tBu-ACOR, Fig. 10a), was accomplished to
afford its mono- and doubly-reduced anions with sodium and
cesium metals. As expected, the use of sodium facilitated the for-
mation of the “naked” dianion, while the stepwise reduction of
tBu-ACOR with cesium metal allowed the isolation of the mono-
and doubly-reduced anions complexed with cesium(l) ions as
[{Cs*(18-crown-6)}(tBu-ACOR )] and [{Cs*(18-crown-6)},(tBu-
ACOR?")]. The former complex shows selective endo-coordination
of Cs* inside the m-bowl (CS—Cengo: 3.502(3)-3.707(3) A). In the lat-
ter, two Cs* ions are bound to the concave and convex bowl faces
with a wide range of Cs—C distances (Fig. 10b). This first structural
analysis of the consequences of the two-step reduction for
heteroatom-containing carbon bowls could open new perspectives
for the chemistry and applications of atomically-doped non-planar
nanographenes. Interestingly, according to the DFT computational
study [152], the LUMO of tBu-ACOR has a doubly degenerate
ground state, thus indicating the potential of tBu-ACOR to acquire

NOSY
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(b)
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’ Cs—Cq:

\ z‘ 3.502(3)-3.707(3) A

iz
e ? ~ \_ Cstocentroid:
Qb‘lé“ R 3.376(3)/3.521(3) A

=

up to four electrons and to exhibit original charge-dependent coor-
dination chemistry.

Although the stepwise chemical reduction results in authentic
structural deformation of bowl-shaped m-ligands, the presence of
a corannulene core in most systems enables their direct compar-
ison (Table 2). For the mono- and doubly-reduced COR, the gradual
decrease of core curvature (bowl depth) upon electron uptake can
be clearly seen. The bowl depth remains almost unchanged in all
metal complexes of the COR monoanion (~0.847 A). In contrast,
Cs,-COR?™ has a deeper bowl (0.851 A) compared to other com-
plexes (~0.766 A) with only edge metal coordination.

For the highly-charged COR anions, the reduction outcomes
become more nuanced. A dramatic flattening of the bowl to about
0.298 A is observed in all-lithium sandwich, Lis(COR*"),. However,
the insertion of heavier alkali metals between the tetra-reduced
decks results in the significant bowl curvature increase, LizK§"
(0.620 A), LisRb§* (0.705 A, [140]), LisCs$* (0.860 A, [139]), and
LiK8* (0.860 A). Similarly, a bowl depth increase is observed when
replacing potassium cations (0.808 A) with cesium (0.850 A) in the
sandwich architectures formed by the triply-reduced COR3*~ bowls.

Compared to COR anions, the bowl depth change of SUM during
stepwise deprotonation is less distinctive, with a slight increase
from 1.114 A in neutral to 1.210 A in the triply-charged state. In

tBu-ACOR?-

Cs1-Cq;
3.363(6)-3.771(6) A
Cs1 to centroid: 3.333(6) A
Cs2-Cg:
3.275(6)-3.729(6) A
Cs2 to centroid: 3.212(6) A

Fig. 10. (a) Chemical reduction of tBu-ACOR to afford its anions, (b) coordination of tBu-ACOR~ and tBu-ACOR?~ with Cs* ions.
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Table 2
Core curvature (A) and core distortion (°) in negatively-charged COR, SUM, IDP, NPCOR, and tBu-ACOR vs. their neutral parents.

COR K-COR~ Rb-COR ™~ Cs-COR™ Ref.
Core Curvature 0.875 0.846 0.834/0.862 0.846 [131,153]
Core Distortion 2.1 1.9 4.5/1.7 2.7

Li,-COR*~ Na,-COR*" K»-COR*" Cs,-COR*™ Ref.
Core Curvature 0.796 0.795/0.799 0.785/0.655 0.851 [132,153,154]
Core Distortion 1.0 0.9/1.2 2.7/6.4 3.2

K4(COR?"), Cs4(COR3"), Ref.
Core Curvature 0.808 0.850 [134,135]
Core Distortion 1.8 3.1

Lis(COR*"), Li;K3(COR*"), Li;Rb3(COR*), Li3Cs3(CORY), LiKs(COR*), Ref.
Core Curvature 0.288/0.307 0.620 0.703/0.706 0.741/0.766 0.860 [136,138-140]
Core Distortion 1.7 3.5 1.5 4.2 23

C21Hyz Cs(C1H11)2 Cs-C1Hiq Kp-C21Hfp Ks(C21H3 )2 Ref.
Core Curvature 1.114 1.214 1.147 1.154 1.210 [144-147]
Core Distortion 0 2.7 4.0 21 0.4

IDP Rb,-IDP?- Cs,-IDP?- Ref.
Core Curvature 0.925 0.933 0.976 [149]
Core Distortion 1.6 1.9 4.9

NPCOR Na,-NPCOR?~ Rb,-NPCOR?*~ Ref.
Core Curvature 0.813 0.794 0.857 [150]
Core Distortion 33 49 3.7

tBu-ACOR Na,-tBu-ACOR*" Cs-tBu-ACOR ™ Cs,-tBu-ACOR*" Ref.
Core Curvature 0.871 0.887 0.897 0.908 [151]
Core Distortion 1.2 33 3.1 2.7

Note: Core curvature is illustrated by bowl depth from the bowl bottom to the bowl edge, and core distortion is measured by the largest torsion angle between two parallel

edges of the bowl core.

the m-expanded IDP bowl], the rubidium ion coordination leads to a
slight increase of the core curvature (0.933 A), which is further
enhanced by the heavier cesium ion (0.976 A). Similar to COR, a
curvature decrease is observed in the naked NPCOR?~ anion
(0.794 A). On the contrary, the asymmetrical double-side metal
binding allows the formation of a noticeably deeper bowl
(0.857 A) in the rubidium complex of NPCOR?". Interestingly, in
the series of larger N-doped tBu-ACOR, the surface extension con-
fines the bowl shape during chemical reduction. Instead of flatten-
ing, the inner corannulene core in tBu-ACOR becomes more curved
upon stepwise electron addition (0.887 A), which is more pro-
nounced in the presence of the coordinated Cs* ions (0.897 and
0.908 A). Although the effect of reduction and metal coordination
are clearly reflected in the curvature changes, other core distor-
tions are less pronounced for carbon bowls (Table 2).

The literature analysis shows that only for the smallest coran-
nulene systematic investigation of the charge, ion size, and solvent
media was carried out to reveal unique trends in alkali metal coor-
dination [137,155]. While the proven ability of selected carbon
bowls to undergo reversible multi-electron reduction and alkali
metal intercalation makes them very attractive targets for energy
storage applications, these studies are yet to be expanded to larger
bowl-shaped m-systems. Further discussion of the effect of surface
size, symmetry, doping and charge of the nanocarbon bowls on
their metal coordination and self-assembly trends remains open
[156].

4. Bent and twisted molecular nanographenes

The design bottom-up synthesis of molecular nanographenes
(NGs) provided access to a variety of novel carbon architectures
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with controlled compositions and dimensions [157-165]. Driven
by their unique non-planar structures and interesting properties,
the numbers of m-expanded molecular nanographenes built around
five-, seven-, and eight-membered rings with positive or negative
curvature are rapidly growing in recent years [18,19,24,166-173].
One of the emerging applications includes the use of non-planar
carbon-based materials in energy storage and transport [52,54].
This stems from the ability of large NGs to reversibly uptake multi-
ple electrons and also to provide the internal cavities for guest
encapsulation. The multi-electron acceptor abilities of NGs can be
probed in chemical reduction reactions with Group 1 metals. At
the same time, structural characterization of the resulting alkali-
metal doped products could provide insights into the metal binding
sites and structural responses of carbon frameworks to electron
addition and metal coordination [ 152,174]. A better understanding
of these effects for molecular NGs should stimulate their material
chemistry applications. To illustrate the influence of metal ion size
and m-surface topological effects we review herein several interest-
ing crystallographically confirmed examples.

The successful synthesis of m-expanded nanographene having a
corannulene bowl fused to a [6]helicene moiety, (C;sHg4, CBN), was
recently accomplished in Martin group [175]. This chiral hybrid NG
with positive curvature (highlighted in red, Fig. 11) was probed in
the first chemical reduction study with Na metal, which revealed a
prompt formation of its doubly-reduced state in solution [176].
The resulting product was crystallized in the presence of 18-
crown-6 ether and identified by single-crystal X-ray diffraction
as [{Na*(18-crown-6)(THF)},(CBN?")]. Notably, the product is race-
mic and contains an equimolar ratio of negatively-charged P- and
M-—isomeric molecular nanographenes. In the crystal structure,
the two isomers with opposite chirality form a large cylindrical
void (1277 A%) defined by in-built curvature of the doubly-
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;I2Na+

CBN2-

Fig. 11. Structure of CBN and its chemical reduction to afford Na,-CBN?-.

reduced carbanions. This large internal cavity is capable of entrap-
ping guests with complementary size and shape such as a sizable
{Na*(18-crown-6)(THF)}, dication (960 A%) (Fig. 11) [176]. The
resulting host-guest assembly is supported by multiple C-H-.-1t
interactions (2.417(3)—2.743(3) A) between the complementary
cationic and anionic units. Importantly, the doubly-reduced CBN
can be reversibly oxidized back to the neutral state, indicating
the stability and inherent flexibility of its carbon framework
towards the redox processes.

In order to promote direct cation -7 interactions, heavy alkali
metal congeners have to be utilized in the chemical reduction of
nonplanar NGs. In this regard, a remarkable warped molecular
nanographene (CgoH3g, WNG) centered around a five-membered
ring (highlighted in red, Fig. 12a) with five seven-membered rings
(highlighted in blue) embedded into a hexagonal carbon lattice
was reported by Itami group in 2013 [16]. This combination of
odd-membered rings resulted in a topologically original double-
concave carbon framework. The revealed rich redox properties of
WNG [16] prompted exploration of the first chemical reduction
behavior of this unique nanographene [177]. While multi-
electron reduction was achieved with several alkali metals in solu-
tion, the stepwise reduced products were successfully crystallized
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only with large Cs" ions as [Cs*(diglyme),][WNG ], [Cs3(18-crown-
6)2,(WNG?)], and [Cs3(18-crown-6)s][{Cs*(18-crown-6)},(WNG>-
7)]2. The calculated 3D molecular electrostatic potential (MEP) maps
showed the gradual increase of the negative charge localization on
the central part of the WNG framework, thus generating perfect
metal binding pockets for accommodation of large cesium cations.
Indeed, the Cs* ion was found to directly coordinate to the central
corannulene core of the WNG?~ anion (Fig. 12b), reinforcing the
binding preferences observed in the parent COR [132]. In the crystal
structure of the triply-reduced product, two Cs* ions are filling both
cavities of a double-concave WNG framework. Specifically, one Cs*
ion binds to the central five-membered ring, while the second Cs*
ion asymmetrically coordinates to the six-membered ring on the
opposite side of WNG>~. The detailed structural analysis coupled
with theoretical calculations revealed that WNG surface undergoes
subtle swinging distortions which are accompanied by notable
changes in the electronic structure and site-dependent aromaticity
caused by sequential electron addition. Notably, the successful isola-
tion of three different reduced states of WNG with up to three elec-
trons added to its large m-conjugated system opens new
opportunities for practical applications of different NGs in chemical
and electrochemical processes.

WNG2- WNG3-
v
@ Py \
[y, Cs1-Cs:
Jo:2° é"%\:\* 3.007(5)-3.498(5) A
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; ¢ & S Cs2-Cq:
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d » il Cs2 to centroid: 3.217(5) A
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Fig. 12. (a) Stepwise chemical reduction of WNG to afford mono-, doubly-, and triply-reduced states, (b) coordination of WNG?~ and WNG>~ anions with Cs* ions.
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In contrast to an open double-concave WNG framework, a large
PAH built around a central eight-membered ring,
octaphenyltetrabenzocyclooctatetraene (C;;H4s, OPTBCOT) exhi-
bits a highly contorted structure with deep pockets and negative
curvature (highlighted in blue, Fig. 13a). Moreover, eight phenyl
side-rings of OPTBCOT contribute to the peripheral structural flex-
ibility needed for host-guest interactions with encapsulated sol-
vent molecules [178,179]. To gain insights into electron
accepting properties of OPTBCOT, its chemical reduction behavior
was probed with lithium metal [179]. The Li-induced reaction
resulted in the formation of a remarkable tetraanion of OPTBCOT
which was stabilized by the coordination of two internally bound
Li* ions with two external solvent-separated cations, [{Li(THF)4},{-
Li3(OPTBCOT*")}] (Fig. 13b). Notably, no examples of such highly-
reduced carbanions exist for the parent COT or other smaller COT-
based PAHs. The variable-temperature ’Li NMR spectroscopy con-
firmed the presence of three types of Li* ions in solution with clearly
different internal binding sites in full agreement with the crystal
structure. Specifically, one Li* ion is deeply inserted into the internal
pocket of the highly-twisted carbon framework with multiple short
Li—C distances of 2.303(9)—2.544(9) A. The second Li* ion is fully
sandwiched by two peripheral phenyl rings of the OPTBCOT*~ anion.
The flexibility of these phenyl rings holding one Li* ion is illustrated
by a large rotation angle (33.6°) compared to a neutral PAH. This
sandwich with a deck-to-deck separation of 3.797(7) A exhibits
slightly asymmetric Li* ion binding with the Li—C distances ranging
over 2.261(9)—2.584(9) A. The discovery of the first tetra-reduced
COT-based carbanion was supported by the DFT calculations which
revealed significant stabilization through the internal lithium coor-
dination. Importantly, 'H NMR spectroscopy confirmed that the
four-fold reduction of OPTBCOT is reversible and the tetraanion
can be converted back to the neutral state by exposure to air. This
finding illustrates the great potential of the highly contorted m-
expanded NGs with multi-electron acceptor abilities and reversible
lithium-ion uptake for energy storage applications.

OPTBCOT#
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A similar connection between rich reduction properties and
energy storage applications was recently demonstrated for another
negatively curved nanographene (highlighted in blue, Fig. 14a),
octabenzo[8]circulene (Cg4H3,, OB8C), reported by Miao group in
2019 [180]. The ability of OB8C to acquire multiple electrons was
demonstrated in stepwise reduction reactions with two alkali met-
als, Li and Na [181]. A remarkable structure of the penta-reduced
OBS8C was confirmed crystallographically, revealing both internal
and external alkali metal binding (Fig. 14b). While two sodium(I)
ions occupy structural pockets formed by the highly curved core
of OB8C>~, the other three sodium(l) ions remain solvent-
separated from the negatively-charged complexed framework.
Specifically, Nal is capped by two THF molecules and binds to
the internal surface of OB8C>~ with the Na—C distances ranging
over 2.616(5)—2.855(5) A. Na2 binds to the opposite side of the
pentaanion core (Na—C: 2.560(5)—3.003(5) A) and has one coordi-
nated THF molecule. Importantly, the designed covalently-linked
framework based on the OB8C units showed advanced anode
material properties for lithium-ion batteries with a maximum
capacity of 830 mAh-g ! at a current density of 100 mA-g ' [181].

Chemical reduction leads to marked structural deformation of
all m-expanded and twisted NG frameworks. Due to their large
topological differences, only individual evaluation of their struc-
tural response to electron charging can be carried out (Table 3).
In CBN?~ anion, the two-electron addition results in a curvature
increase of the HBC core (A = 16.3°) accompanied by a large twist
of the helicenic unit (A = 33.8°), but the curvature of the corannu-
lene bowl is only slightly reduced (A =2.3°). In the series of WNG
anions, the central corannulene core is flattened from 17.7° in neu-
tral parent to 11.8° in the WNG>~ anion. In contrast, a noticeably
larger curvature observed in WNG?~ anion (18.1°) can be a conse-
quence of asymmetric Cs* ion binding to one side of the NG surface.
At the same time, the evaluation of molecular core distortion
shows some decrease along the series of WNG anions compared
to the neutral parent. The core of OPTBCOT remains almost

2.263(9)-2.585(9) A
Li1 to centroid:
1.906(9) A
Li2—Cy:
2.303(9)-3.154(9) A
Li2 to centroid:
2.252(9) A

Fig. 13. (a) Structures of OPTBCOT, CS,-solvate and non-solvated polymorphs, (b) chemical reduction to afford Li,-OPTBCOT*", along with coordination of Li* ions.
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“]3Na*

Na1-C: 2.616(5)-2.855(5) A
Na1 to centroid:
2.782(5)/2.815(5) A
Na2-C: 2.560(5)-3.003(5) A
Na2 to centroid:
2.999(5)/3.191(5) A

Fig. 14. (a) Chemical reduction of OBSC to afford Na,-OB8C>~, (b) coordination of OB8C>~ with internal Na* ions (two different views).

Table 3
Core curvature and distortion in the negatively-charged CBN, WNG, OPTBCOT, and OBSC vs. their neutral parents.
CBN Na,-CBN?~ Ref.
Core Curvature 0.829 A 0.859 A [176]
Core Distortion 47.0° 80.8°
WNG Cs-WNG™ Cs,-WNG*- Cs3-WNG3- Ref.
Core Curvature 0316 A 0.20 A 0432 A 0.170A [177]
Core Distortion 56.2° 50.8° 50.8° 49.4°
OPTBCOT Li,-OPTBCOT*- Ref.
Core Curvature 59.5° 62.2° [179]
Core Distortion 66.7° 33.1°
0B8C Na,-OB8C>~ Ref.
Core Curvature 38.4° 40.8° [181]
Core Distortion 70.8° 74.9°

Note: For CBN, core curvature is reflected by bowl depth of the corannulene unit, and core distortion is measured by twist angle in the helicene unit. For WNG, core curvature
is calculated by bowl depth of the corannulene unit, and core distortion is evaluated by largest dihedral angle between the central five-membered ring and the peripheral six-
membered ring. For OPTBCOT, core curvature is evaluated by largest dihedral angle in the tetraphenylene unit, and core distortion is measured by largest dihedral angle
between the phenyl ring and the ring of the attachment. For OB8C, core curvature is described by largest dihedral angle in the [8] circulene unit, and core distortion is

reflected by largest dihedral angle between the external six-membered rings.

unchanged (A = 2.7°) upon four-fold reduction, while the periph-
eral phenyl rings are notably rotated by 33.6° in respect to the cen-
tral ring to accommodate lithium ion insertion. In comparison, the
core curvature and core distortion of the fully conjugated and rigid
OBS8C>~ anion are less evident as shown by small variations of 2.4°
and 4.1°, respectively.

In addition to the above NGs, the recent investigation of
severely twisted helicenes revealed their external alkali metal
coordination preferences upon multi-electron reduction [182-
184]. A comparison of alkali-metal doped helicenes ranging from
a boron-doped double[5]helicene [182] to a double[7]helicene
[183] and a bilayer nanographene with a [10]helicene unit [184]
shows that their binding sites depend on the framework topology,
negative charge, and alkali metals. These first studies start to
unlocking coordination chemistry of m-expanded helicenes and
need to include encapsulation of the smallest lithium ions.
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5. Conclusions

This overview of metal coordination of a diverse set of PAHs
upon chemical reduction covers planar, curved, and twisted molec-
ular nanographenes, using the recent crystallographically con-
firmed examples of alkali metal intercalated products. Their
direct comparison reveals the prominent effect of carbon frame-
work topology and shows interesting metal binding trends along
with individual structural responses of m-systems to addition of
multiple electrons.

For planar graphene fragments, the alkali metal ion coordina-
tion depends on the PAH surface size and symmetry and can be
modulated with the help of secondary ligands. The electron acqui-
sition leads to notable core distortion, which is more distinct in
smaller PAHs like TP but less evident in larger systems like CON
and HBCs. For the most representative bowl-shaped PAHs such
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as COR and SUM, the stepwise negative charge build-up, metal ion
size, and solvent effects are the most striking. These highly-
symmetric carbon bowls show unique metal ion size-dependent
face specificity in coordination. A comparison with m-expanded
bowls such as IDP, NPCOR, and tBu-ACOR demonstrates their indi-
vidual metal binding preferences and original geometry perturba-
tion upon two-electron uptake. However, coordination chemistry
of large bowl-shaped n-ligands awaits for more studies and discov-
eries, as systematic investigation of the highly-negatively charged
states remains limited to the smallest COR and SUM bowls.

For bent, warped, and twisted molecular nanographenes with
multiple internal and external sites chemical reduction opens
entirely different coordination chemistry, accompanied by unique
site-specific metal intercalation coupled with distinct framework
responses. This stems from the ability of large NGs to reversibly
uptake multiple electrons and to provide their internal cavities
for size-selective guest encapsulation. The revealed multi-
electron accepting abilities and alkali metal intercalation of molec-
ular NGs should stimulate their future application as advanced
functional materials for energy storage and transport. At the same
time, the expansion of this discussion to novel contorted nanocar-
bon systems with original framework topologies, hybrid and multi-
layered structures should pave the way to new coordination chem-
istry and a wealth of practical applications.
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