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Abstract: The first example of a neutral spin-delocalized
carbon-nanoring radical was achieved by integration of the
open-shell phenalenyl unit into cycloparaphenylene (CPP).
Spin distribution in this hydrocarbon is localized primarily on
the phenalenyl segment and partially on the CPP segment as
a consequence of steric and electronic effects. The resulting
geometry is reminiscent of a diamond ring, with pseudo-
perpendicular arrangement of the radial and the planar -
surface. The phenylene rings attached directly to the phena-
lenyl unit give rise to a steric effect that governs a highly
selective dimerization pathway, yielding a giant double nano-
hoop. Its m-framework made of 158 sp’-carbon atoms was
elucidated by single-crystal X-ray diffraction, which revealed
a three-segment CPP-peropyrene-CPP structure. This nano-
carbon shows a fluorescence profile characteristic of peropyr-
ene, regardless of which segment gets excited. These results in
conjunction with DFT suggest that adjusting the size of the
CPP segments in this double nanohoop could deliver donor-
acceptor systems.

Open-shell nanographenes!"! characterized by delocalized
spin density are synthetic targets of fundamental interest to
chemists. They are investigated for their amphoteric redox
properties,” magnetism® and conductivity,” and potential
applications in spintronics® and quantum computing.” The
prototype of such class of compounds is phenalenyl (Phen;
Figure 1a), a spin-1/2 odd-alternant neutral hydrocarbon and
the smallest triangular graphene fragment.’! Its character-
ization by electron paramagnetic resonance (EPR) spectros-
copy confirmed its delocalized open-shell electronic struc-
ture,® where the unpaired m-electron is evenly distributed
between six a-positions (Figure 1a). In solution, phenalenyl
exists in equilibrium with its o-dimer,” which in the presence
of oxygen undergoes a reaction cascade to yield peropyrene
as the final product.'” The reactivity of phenalenyl can be
controlled by steric effects"!! or electronically by m-exten-
sion,'” which can lead to a selective reactivity™® or suppress
it.”? The known m-extended spin-1/2 derivatives of phena-
lenyl are restricted to planar!'! and helical examples.'**!¥ To
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Figure 1. a) Structure of phenalenyl (Phen) and hybrid nanocarbons
b) CPP-Phen and c) CPP-PP developed in this work (R=0OPr).

0 =average dihedral angle between a nanographene segment and the
neighboring phenylene ring.

explore new structural platforms, we turned our attention to
a cylindrical cycloparaphenylene (CPP) framework," which
offers an opportunity to control spin distribution and
reactivity by a combination of steric and electronic effects.

CPPs are structural models!" and synthetic templates!"”
for armchair carbon nanotubes. On account of their curved
cyclic m-conjugation and hollow interior, they are attractive
synthetic targets in material science and supramolecular
chemistry.™® Their curved geometry weakens the overlap of
p orbitals, which gives rise to a partial quinoidal character that
increases with decreasing diameter."”! Quinoidal structures
favor delocalization of unpaired electrons, as it does not
involve the loss of aromatic stabilization energy, which has
been observed in radical cations® and anions® of CPPs but
not in neutral species. Changing the linkage mode of one
phenylene ring from para to meta results in a geometry where
the meta-phenylene ring lies within the CPP plane perpendic-
ularly to the neighboring para-phenylene rings, which disrupts
their m-communication.”? To utilize the potential of CPPs as
a platform to control spin distribution and reactivity, we
began to explore hybrid nanocarbon systems, comprising
open-shell nanographenes integrated within the CPP nano-
rings.

Herein, we present the prototype of such systems, a CPP-
based neutral radical CPP-Phen (Figure 1b), in which one
phenylene ring of the CPP loop is replaced by a phenalenyl
unit connected in a pseudo-meta-fashion via two a-positions
(a; and ag). This linkage mode results in a geometry
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reminiscent of a diamond ring, where the phenalenyl unit lies
in the CPP plane almost perpendicularly to the connecting
phenylene rings. Consequently, 1) the majority of spin density
resides on the phenalenyl unit and only a part of it extends
onto the CPP segment, and 2)the dimerization pathway
through the positions a;-a, of the phenalenyl unit is sup-
pressed. This steric effect leads to a highly selective dimeri-
zation via «;- and a,-positions, yielding a double-nanohoop
peropyrene (CPP-PP; Figure 1¢) as the exclusive dimeric
product. Notably, CPP-PP represents a fully m-conjugated
hydrocarbon framework made of 158 sp’>-carbon atoms as
a novel member of CPP architectures that feature multiple
nanoring cycles.[?7

The pivotal intermediate in our synthetic strategy was
nanoring 1 (Scheme 1), formed by one dihydrophenalenone
unit and 11 phenylene rings. It was synthesized via Suzuki—
Miyaura cross-coupling macrocyclization of dihydrophenale-
none 2 and C-shaped linker 3. Precursor 2 was prepared
starting from trisubstituted naphthalene 4, which first under-
went a selective Kumada cross-coupling to afford 5 in 76 %
yield. The subsequent Heck coupling and the reduction of the
C—C double bond followed by hydrolysis afforded 6 in 71 %
yield. In the final step, ICl-promoted iodination, acyl chloride
formation, and Friedel-Crafts acylation provided 2 in 65 %
yield. The structure of 2 was determined by single-crystal X-
ray diffraction (SC-XRD; Figure S2). The directing angle of
the corner linker plays a crucial role in the construction of the
cyclic scaffold of CPPs.'”! After screening various candidates,
C-shaped linker 3 was found ideal to unite with 2 and afford
nanoring 1 in 15% yield upon reductive aromatization. The
structure of 1 was unequivocally validated by SC-XRD. The
solid-state structure (Figure S3) revealed that the dihydro-
phenalenone unit is non-coplanar with the neighboring
phenylene rings, with the dihedral angles (64° and 67°)
significantly larger than those between any two phenylene
rings of the CPP segment (avg. 28°). Finally, 1 was subjected
to the reduction and dehydration to afford CPP-1H-phena-
lene, the hydroprecursor of CPP-Phen.

Upon the addition of p-chloranil in toluene at room
temperature under a nitrogen atmosphere, the pale-yellow
solution of the hydroprecursor rapidly changes color to
yellow, then green, and after some time, a dark brown-
orange mixture is observed. This observation suggests the
“decomposition” pathway of phenalenyl to peropyrene,
which involves o-dimer formation as shown in Scheme 1.
Kubo and co-workers identified"®™! all intermediates of this
reaction sequence (Scheme S3), which involves three oxida-
tion steps starting from hydroprecursor (—6H). Thus, at least
three equivalents of p-chloranil had to be used for the full
conversion of CPP-1H-phenalene to CPP-PP. The use of less
than three equivalents of p-chloranil results in a mixture of all
intermediates—these conditions were used for the EPR
spectroscopic characterization of CPP-Phen. The dimeric
product CPP-PP was separated and its formation was
confirmed with MALDI-TOF MS (Figure S1). CPP-PP
exhibited a poor solubility in common organic solvents due
to its large and rigid structure. It is noteworthy that the total
isolated yield of CPP-PP starting from 1 is 32 %, surpassing
that of peropyrene from a pre-dimerized dihydrophenalenone
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Scheme 1. a) Synthesis of CPP-Phen and CPP-PP, and the solid-state
structure of 1. Reaction conditions: a) 4-(trimethylsilyl)phenylmagne-
sium bromide, PdCl,(dppp), LiBr, Et,O, 0°C; b) (i) methyl acrylate,
Pd(OAc),, PPh,, K,CO,, n-Bu,NBr, DMF, 90°C, (i) NaBH,, NiCl,-6 H,0,
THF/MeOH, rt, (i) NaOH, THF/EtOH/H,0, rt; ¢ (i ICl, CCl,, 0°C,
(ii) oxalyl chloride, CHCls, reflux, (i) AICl;, CH,Cl,, 0°C; d) (i) SPhos
Pd G3, ag. K;PO,, 1,4-dioxane, 80°C, (ii) H,SnCl,, THF, rt;

e) (i) NaBH,, CH,Cl,/EtOH, rt, (ii) p-toluenesulfonic acid monohydrate,
toluene, 90°C, (iii) p-chloranil, toluene, rt. b) Structures of PP and CPP.
R'=OPr, R?=3,5-di-tert-butylphenyl.

(<22 % ).l This facile wt-skeletal expansion from CPP—Phen
to CPP-PP represents a novel synthetic tactic to achieve
double nanohoop architectures, distinct from the conven-
tional synthesis of lemniscate CPPs, where the bridging
building block is constructed prior to the macrocyclization.?!
In addition, to better understand the photophysical properties
of CPP-PP, two segments of it, namely, CPP and PP
(Scheme 1b), were synthesized and fully characterized
including SC-XRD (see the Supporting Information).
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The paramagnetic nature of CPP-Phen was probed by
EPR spectroscopy. A diluted toluene solution of CPP-1H-
phenalene and p-chloranil (1:1, ca. 107 M) gave a well-
resolved 16-peak-multiplet EPR spectrum at 307 K (Fig-
ure 2d) with a gvalue of 2.0039, which is typical for
delocalized spin-1/2 hydrocarbon radicals. This spectrum
was simulated®! as a quartet of a pentet (qp) using proton
hyperfine coupling constants (kcc) of 6.10 G (four a-protons)
and 1.95G (three B-protons).?”! This splitting pattern is in
accord with DFT calculations, which reveal that the majority
of spin density is localized on the phenalenyl unit (Fig-
ure 2b,c). The simulated hcc values agree well with the
calculated ones (Figure 2 a, ca. 6.5 G for a- and ca. 2.4 G for [3-
protons). Based on DFT, the two neighboring phenylene rings
possess dramatically smaller scc values (0.27-0.58 G), which
are not resolved in the experimental spectrum. This spin
distribution can be rationalized by a pseudo-perpendicular
arrangement between the phenalenyl unit and the phenylene
rings, which is favored for units with a meta-linkage.”” The
steric preference for a perpendicular arrangement acts against
the electronic preference for a coplanar arrangement, which is
ideal for spin-delocalization onto the phenylene rings. This
“clash of forces” is supported by the calculated dihedral
angles (avg. ca. 64°, Figure S10), which are smaller compared
to CPP-PP (avg. ca. 80°, Figure 3 a), and by comparing CPP-
Phen to its strain-free linear analog (Figures S5 and S12),
which displays a higher degree of spin density on the
phenylene rings.

a) e 585 882 d)

Sim. (16-peak qp)

-0.32 -0.48
-6.40 -6.39
2.30

0.38

Exp.
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Figure 2. a) Calculated (DFT, UB3LYP/EPR-IIl on UB3LYP/6-31G(d,p)
geometry) proton hyperfine coupling constants (hcc/G), b) singly
occupied molecular orbital (SOMO-a), and c) spin-density distribution
of CPP-Phen. d) Simulated (line width=1.4 G) and experimental
(toluene, 307 K) EPR spectra of CPP-Phen (qp = quartet of pentet).
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Figure 3. Solid-state structure of CPP-PP:? a) top and b) side view
(the thermal ellipsoids are shown at the 25 % probability level),

c) packing structure along the ¢ axis. Disordered solvent molecules are
omitted for clarity.

The XRD analysis of CPP-PP unambiguously confirmed
its fully mt-conjugated framework with a C, symmetry, where
the peropyrene segment serves as a rigid bridge between two
CPP segments. The dihedral angles at the four linkages are
approximately 80° on average (Figure 3a, green), implying
a radial-planar-radial alignment of the m-conjugated seg-
ments. The length reaches 4.20 nm and the two cavities have
an oval shape with a short axis of 1.52nm. The distance
between the protons of the peropyrene segment and the
opposite phenylene rings is 1.45 nm, which implies that the
cavities of CPP-PP might be suited for the encapsulation of
fullerenes.®™” No evidence of binding Cg, or Cy, however, was
observed, which suggests that the cavities are not an ideal fit.
The herringbone packing structure is similar to that of most
CPP moleculest® (Figure 3¢c).

The photophysical properties of CPP, PP, and CPP-PP
were investigated in CHCl, solutions (Figure 4). CPP showed
only one intense absorption band at 342 nm, which is nearly
identical to that of parent [12]JCPPPYU According to time-
dependent (TD)-DFT calculations, the HOMO —LUMO
(Sy—S)) transition is weakly allowed with f=0.283, and the
major contributions for the observed band are HOMO—-1—
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Figure 4. a) UV/Vis absorption and fluorescence spectra of CPP—PP
(Aex=338 nm), CPP (A,,=342 nm), PP (1,=345nm), and a 1:1 mix-
ture of CPP and PP (4, =344 nm) in CHCl; at 25°C. b) Photographs of
the CHCl; solutions of CPP-PP, CPP, and PP under irradiation at

365 nm.

LUMO (§;,—S,, f=2.30) as well as HOMO—-2—LUMO and
HOMO—-LUMO +1 (§;—S;, f=3.26) transitions (Fig-
ure S17). PP exhibited the most intense band at 345 nm,
and two less intense bands at 447 and 477 nm, which are
characteristic of the peropyrene backbone (HOMO —LUMO
(Sy—S,, f=1.47) transition, Figure S18).’* CPP-PP showed
an absorption spectrum that represents a superposition of
those of CPP and PP, except a minor shift (Figure 4a). The
dominant absorption band at 338 nm is primarily derived
from the absorption of two CPP segments, and it can be
ascribed to multiple HOMO—-n—LUMO +m transitions
(n=0-7, m=0-11; S,—Ss, f=4.46; S,—S,, f=4.43; Fig-
ure S19), including CPP-localized (e.g., HOMO-3—
LUMO +2) and charge-transfer transitions (e.g., HOMO —
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LUMO +5). In addition, the two typical absorption bands of
the peropyrene segment were observed at 434 nm and 463 nm
(HOMO —LUMO (S,—S;, f=2.15) transition), blue-shifted
by 14 nm compared to those of PP. This blue shift is due to the
weaker conjugation between the peropyrene and CPP seg-
ments, as indicated by the significantly larger dihedral angles
at the four linkages (avg. 80°, Figure 3 a) compared to those of
PP (avg. 57°, Figure S4).

The profile of the fluorescence spectrum of CPP-PP is
almost identical to that of PP, except a blue shift of 18 nm,
without any contribution from CPP (Figure 4). For a compar-
ison, a 1:1 mixture of CPP and PP shows a fluorescence
profile which represents the superposition of the individual
spectra of both components. The fluorescence quantum yields
for CPP, PP, and CPP-PP in CHCI, are 0.63, 0.76, and 0.75,
respectively (excitation of 350 nm, Figure S7). These results
indicate an efficient internal conversion from the S, (n>1)
states to the S, state in CPP-PP.

To conclude, we synthesized the first example of a neutral
spin-delocalized carbon-nanoring radical and demonstrated
that the radially m-conjugated CPP framework is a unique
structural platform to control spin distribution and reactivity
of spin-delocalized systems such as phenalenyl via the inter-
play of steric and electronic effects. Our results lay the
groundwork for future research towards the understanding of
spin-delocalization through a radially m-conjugated back-
bone. For example, CPP—phenalenyl systems with a pseudo-
para connection mode (via an o- and a p-position of
phenalenyl) and a smaller ring size of the CPP segment are
expected to favor a quinoidal over a benzenoid structure™
and thus lead to a more extended spin-delocalization. These
concepts can be applied to understand through-space or
guest-mediated spin interactions in multi-spin-unit and host—
guest CPP systems, respectively. The selective dimerization of
the nanoring radical to the double nanohoop represents
a novel synthetic approach towards CPP architectures with
non-coplanar arrangements of m-surfaces such as the radial-
planar-radial array mode. Our photophysical and DFT studies
suggest that decreasing the size of the CPP segments in our
double nanohoop, and thus lowering the HOMO-LUMO
gap, could deliver donor—acceptor systems.”® We believe that
investigation of other members of this novel family of non-
planar open-shell hydrocarbon radicals will have implications
in the fields of material science, spintronics, and supramolec-
ular chemistry.
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