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Abstract: Chemical reduction of a naphthylene macrocycle,
[6]cyclo-2,7-naphthylene ([6]CNAP, 1), with alkali metals, Li
and K, revealed the accessibility of the doubly-reduced state of
1. The macrocyclic 12� anion was isolated in different
coordination environments and crystallographically charac-
terized. The single-crystal X-ray diffraction confirmed the
formation of contact-ion complexes with one Li+ and two K+

ions in THF, and a “naked” dianion in the solvent-separated
ion product with K+ ions in the presence of 18-crown-6 ether.
The detailed structural analysis of 12� showed that the p-
conjugation over the biaryl linkages between naphthylene
panels were enhanced upon two-fold reduction, which was
rationally explained by theoretical calculations.

Redox properties of the smallest acene, naphthalene, have
played an important role in chemistry and materials science.
For instance, alkali-metal naphthalenides have been widely
used in organic synthesis as useful reductants.[1] The redox
behavior of the naphthalene was also a determinant factor to
enable the first non-ohmic charge carrier transport in organic
materials.[2] In-depth understanding of the outcomes of
reduction has been derived by the precise structural informa-
tion from crystallographic analyses.[3] The recent improve-
ment of synthetic methods has allowed the preparation of
carbon-rich polycyclic aromatic hydrocarbons (PAHs) with
topological variations, including negative or positive curva-
tures,[4] partial defects,[5] and fragment-hybridizations.[6] These
novel molecular nanocarbons exhibit remarkable perfor-
mance in energy storage materials,[7] semiconductors,[8] and
optoelectrical devices[9] owing to their outstanding chemical
and physical properties. Moreover, charging non-planar
PAHs with electrons along with investigation of their
electronic and structural responses[10] showed that redox
processes are topology- and charge-dependent. Extensive X-
ray diffraction studies of electron transfer for carbon bowls,[11]

belts,[12] wires,[13] and helicenes[14] revealed unusual reactivity,
unique metal binding and remarkable supramolecular assem-

bly patterns of the negatively charged p-systems, thus
prompting a broad exploration of novel curved nanocarbon
frameworks.

Recently, simple and concise transformations of naphtha-
lene opened novel possibilities in modern electronics appli-
cations. A hexagonal macrocycle, [6]cyclo-2,7-naphthylene
([6]CNAP), worked as a bipolar transport material in organic
light-emitting devices[15] and as a spin valve in spintronics
devices[16] through its rich redox behavior. In addition,
mediated by its complexation with alkali-metals, [6]CNAP
functioned as a high-capacity, negative electrode material in
an all-solid-state lithium rechargeable battery, which sur-
passed the capacity of conventional graphite electrodes.[7b]

However, structural information of the naphthylene macro-
cycles at the redox states has been scarce, and crystal
structures of the reduced products have never been disclosed,
including other cyclonaphthylene congeners that were syn-
thesized after [6]CNAP.[17] We herein present the first study of
the chemical reduction behavior of a naphthylene macrocycle
with Li and K metals along with the crystallographic report of
its doubly-reduced products.

The crystal structure of solvent-free [6]CNAP (C60H36, 1)
was reported back in 2011 using crystallization from anthra-
cene melt (1-a).[15,18] In 2016, a solvent-containing polymorph,
C60H36·C6H4Cl2 (1-b), was reported.[7b] The inclusion of
dichlorobenzene molecule shows the potential of 1 for
internal guest entrapment, which is commonly seen in various
cycloparaphenylenes (CPPs).[19] In this work, gas-phase sub-
limation at 500 8C used for purification of 1 afforded colorless
plates in ca. 40% yield. The X-ray diffraction characterization
reveals that this high-temperature solvent-free polymorph (1-
c) belongs to a different space group than 1-a (See Supporting
Information for more details),[20] although their volumes per
molecule (961 vs. 966 �3, respectively) are comparable.

Despite the axial twists between the naphthylene panels,
the macrocyclic ring of 1 has a more planarized core
(Figure 1) compared with [8]CPP that has a close dR (Fig-
ure S11). This can be illustrated by the dihedral angles (w)
between the naphthylene units and the central plane R that
are much smaller in 1-c (avg. 18.58 vs. 74.88 in [8]CPP[12c]). As
a result, the measured volume of the internal cavity in 1-c (ca.
291 �3) is more comparable to the smaller [6]CPP[12c]

(233 �3).
In the crystal structure of 1-c, the molecules are arranged

in a herringbone pattern similar to 1-a forming a 2D layer
through both p···p (3.114(7)-3.198(7) �) and C�H···p (2.681-
(7)-2.703(7) �) interactions (Figure S12). The internal space
of the macrocycle is occupied by the naphthylene units from
two adjacent molecules (Figure S13), thus preventing forma-
tion of a porous structure.
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The chemical reduction of 1 with Li metal in THFat room
temperature proceeds through two distinctive steps, as
detected by UV/Vis spectroscopy (Figure S1). The reaction
solution quickly turns to a deep green color, which is
indicative of the doubly reduced state 12� (Figures S2–S6).
By slow diffusion of hexanes, the dianion was successfully
crystallized with two lithium counterions as dark green plates
in moderate yield (57%). The X-ray diffraction analysis
confirmed the formation of the contact-ion complex, [Li+-
(THF)4][{Li

+(THF)3}(1
2�)]·THF (2). When the reduction was

performed with K metal in the presence of 18-crown-6,
a solvent-separated ion product was obtained in good yield
(75%) and crystallographically characterized as [{K+(18-
crown-6)(THF)2}2](1

2�)·4THF (3). In the absence of 18-
crown-6, the K-induced reduction of 1 afforded the contact-
ion complex, [{K+(THF)4}2(1

2�)]·THF (4) (Scheme 1, see
Supporting Information for more details).

In the crystal structure of 2 (Figure 2a), there are two
independent Li+ ions along with a doubly-reduced anion,
12�.[20] The Li1 ion is bound to one benzene ring of 12� in an
asymmetric fashion with two short Li···C distances of 2.573-
(30) � and 2.772(30) � and four much longer contacts
(2.983(30)-3.430(30) �, Figure 2c). The coordination of Li1
ion is completed by three THF molecules with the Li···OTHF

distances of 1.917(30)-2.002(30) �. The Li2 ion is wrapped by
four THF molecules (Li···OTHF: 1.882(30)-2.069(30) �),
allowing the [Li+(THF)4] moiety to be solvent-separated
from the monoanionic [{Li+(THF)3}(1

2�)]� complex. All
Li···C and Li···O distances are close to those previously
reported.[11a] Notably, the internal space of 12� (ca. 322 �3) is
occupied by one interstitial THF molecule (Figure 2b).

In the crystal structure of 3 (Figure 3), two independent
{K+(18-crown-6)(THF)2} moieties are solvent-separated from

12�, providing a unique example of the “naked” dianion that
allows the evaluation of its core deformation upon reduction
without metal binding influence.[20] Each K+ ion is equato-
rially bound to an 18-crown-6 ether molecule (K··Ocrown:
2.776(3)-2.896(3) �) and axially coordinated to two THF
molecules (K··OTHF: 2.653(6)-2.731(6) �), with all values
being close to those previously reported.[14] The internal void
of the 12� macrocycle (Vvoid � 290 �3, Figure S11) is filled by
two interstitial THF molecules (Figure 3b). Two additional
THF molecules occupy the cavities in the crystal structure
without notable interactions.

In contrast to 3, two independent K+ ions are externally
coordinated to the doubly-reduced macrocycle in the crystal
structure of 4 (Figure 4).[20] The K1 ion is bound to one ring of
the naphthylene unit (C) in a h5-mode with the corresponding
K··C distances of 3.136(6)-3.274(6) � (Figure 4c). The K2 ion
binds to the ring F on the opposite side in a h4-mode with the
K··C distances of 2.992(6)-3.367(6) �.[3c,12a] The coordination
of each K+ ion is completed by four THF molecules, with the
K··OTHF distances of 2.583(6)-2.744(6) � and 2.628(6)-2.997-
(6) �.[10b,12a,b] Similar to 2, only one interstitial THF molecule
is encapsulated inside the internal void of 12� (Vvoid � 296 �3)
in 4 (Figure 4b).

Interestingly, no metal ion encapsulation inside the
internal cavity of 12� is seen in 2–4 in contrast to the CPP
family.[12a] For example, the internal volume of the [8]CPP2�

anion is increased by ca. 100 �3 in comparison to its neutral
state, allowing accommodation of large {K+(18-crown-6)}
moieties.[12c] In contrast, the internal volume of the 12�

Figure 1. a) Face and b) side views of 1-c, space-filling models.[20]

Scheme 1. Chemical reduction of 1 with Li and K metals.

Figure 2. Crystal structure of 2, a) ball-and-stick and b) space-filling
models, c) metal coordination along with a table of Li–C distances.[20]

Figure 3. Crystal structure of 3, a) ball-and-stick and b) space-filling
models.[20]
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macrocycle remains almost unchanged (aver. 303 vs. 291 �3 in
1-c), with the core geometry being less affected by electron
transfer.

Products 3 and 4 provide a very good pair for evaluation
of the macrocyclic core deformation upon two-fold reduction
without metal binding (3) and with two coordinated metal
ions (4). The aromaticity changes of naphthylene units in 12�

were analyzed by comparing the C�C bond length distances
and core planarity in 3 and 4 with those in 1-c. In 3, the C�C
bonds of 12� at e and f positions are slightly elongated, but
other bonds remain unchanged compared to the neutral state
(Table 1). Due to direct metal coordination in 4, the C�C

bonds at b, d, and f sites in units C and F of 12� are elongated
in comparison with those in uncomplexed sites. Meanwhile,
the C�C bonds at g sites near units C and F are much shorter
than those in other units (1.432(8) � and 1.476(8) �, respec-
tively). According to the planarity calculations, the average
distance from the weighted least-square plane of 0.020 � in 1-
c is increased to 0.031 � in 12� (3), indicating that naphthylene
panels become slightly curved in the “naked” dianion
(Tables S5 and S7). In 12� (4), the units A, B, D, and E
remain planar (RMSD/A: 0.012 �, Table S8), while units C
and F affected by direct metal coordination show deviation
from planarity (RMSD/A: 0.123 � and 0.074 �, respectively).

The geometry changes upon chemical reduction andmetal
binding detected for the [6]CNAP macrocycle by evaluation
of bending and dihedral angles (Figure 5) are two-fold. On
one hand, the whole macrocycle core becomes more planar
when charged with two electrons, and this effect is less
symmetric in 12� (3) due to the single Li+ ion coordination
(Figure 5c, Table S3). On the other hand, an increase in
bending of the naphthylene units is found going from 1-c to
12� (4), and this change is especially noticeable for units C and
F directly engaged in coordination (Figure 5b, Table S2).

The solid-state structures of 2–4 exhibit the herringbone
packing of complementary cationic and anionic counterparts
(Figure 6). The angle between the macrocycles in the adjacent
columns is increased from 47.68 in 1-c to 74.68 in 3, 79.68 in 2,
and 88.68 in 4 (Figure S15). This is accompanied by an
increase of the calculated volume per “molecule” along the
series: from 961 �3 in 1-c to 1990 �3 in 2, 2624 �3 in 3, and
1969 �3 in 4. In all cases the 2D layered structures are formed
through C�H···p interactions between the 12� anions and the
adjacent cationic moieties (Figures S16–S18).

Structural changes associated with the two-electron
reduction were further analyzed by theoretical calculations.
We obtained theoretical structures of neutral 1 and dianion
12� by using density functional theory (DFT) at the B3LYP
level of theory with the 6-31G(d,p) basis set.[21] As shown in
Figure 7, the DFT calculations qualitatively reproduced the
structural changes at the biaryl linkages. The dihedral angle
estimated as 358 in 1 was reduced to 238 upon two-fold
reduction in 12�. This tendency was experimentally observed
in the above crystal structures. When the origin of this
structural change was investigated with anisotropy of the
current induced density (ACID) analyses,[22] extensions of the
p-conjugation through the nanosized macrocycle were indi-

Figure 4. Crystal structure of 4, a) ball-and-stick and b) space-filling
models, c) metal coordination along with a table of K–C distances.[20]

Table 1: Average bond length distances (�) in 1-c and 12� in 3 and 4.

1-c 12- (3) 12- (units A, B, D, E) (4) 12- (units C, F) (4)

a 1.425(7) 1.417(7) 1.422(8) 1.410(8)
b 1.365(7) 1.372(7) 1.363(8) 1.379(8)
c 1.414(7) 1.414(7) 1.410(8) 1.411(8)
d 1.415(7) 1.426(7) 1.421(8) 1.438(8)
e 1.408(7) 1.418(7) 1.408(8) 1.429(8)
f 1.381(7) 1.402(7) 1.391(8) 1.427(8)
g 1.479(7) 1.471(7) 1.476(8) 1.432(8)

Figure 5. a) Calculation of bending (purple) and dihedral (orange)
angles (8) in 1-c and 12� in 2–4, and b,c) their visualized comparison.

Figure 6. Solid-state structures in a) 2, b) 3, and c) 4.

Angewandte
ChemieCommunications

11203Angew. Chem. Int. Ed. 2021, 60, 11201 –11205 � 2021 Wiley-VCH GmbH www.angewandte.org

http://www.angewandte.org


cated as the origin. Thus, the ACID (p) surfaces of neutral
1 expectedly showed the presence of 6 aromatic panels
comprising 10p naphthylene systems (“6 � 10p”; Figures 7,
S19, S20), whereas the biaryl linkages of 12� were covered
with the ACID (p) surfaces, showing the presence of large
62p conjugated system.

Thus, the extended p-conjugation over the biaryl linkages
should be the origin of the w reduction upon two-electron
acquisition, which also resulted in the emergence of global
aromaticity over the macrocyclic [6]CNAP structure.[23]

In summary, chemical reduction of [6]CNAP (1) macro-
cycle with Li and K metals provided ready access to its
doubly-reduced state, 12�, which was crystallized in different
coordination environments. The use of different alkali metals
allowed the formation of two contact-ion products (CIP), with
one or two metal ions externally coordinated to the 12� core.
The addition of secondary coordinating agent, 18-crown-6
ether, enabled switching the metal binding off in a solvent-
separated-ion product (SSIP). The direct comparison of the
“naked” and complexed forms of 12� with neutral parent
disentangled structural deformation of the macrocyclic core
upon two-electron reduction in SSIP from additional metal
binding effects observed in CIP with two K+ ions. The
detected macrocycle core planarization and small internal
volume of 12� could be the reason for the entrapment of only
THF molecules inside the central void seen in all crystalline
products. Importantly, this study showed that the p-extension
as well as global aromaticity may be the unique origin of
favorable redox behavior of [6]CNAP as the effective
electrode materials.[7]
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