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Stable organic radicals have received considerable attention
recently, not only for purely scientific interest in their
structures and properties, but also in applications, such as
organic magnets, electronic devices, organic batteries, and
optical materials.!! To design stable organic radicals, kinetic
stabilization by steric hindrance and delocalization of an
unpaired electron by resonance through effective conjugation
is essential to attain high stability. In most cases, the unpaired
electron is delocalized on planar m-electronic systems, such as
cyclopentadienyl and phenalenyl. Isolation of a stable organic
radical on nonplanar  systems is quite rare.’! However, such
nonplanar stable organic radicals would have intriguing
properties owing to unique features of their curved m-
electronic systems.

Expanded porphyrins, which are porphyrin analogues
with more than five pyrrolic subunits, have attracted much
attention because of their fascinating optical, electrochemical,
and coordination properties.”) In particular, hexa-
phyrin(1.1.1.1.1.1) exhibits multi-redox behavior in which
two stable oxidation states, namely [26]hexaphyrin 1 and
[28]hexaphyrin 2, are easily interconvertible through two-
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electron oxidation and reduction (Scheme 1).[' [26]Hexa-
phyrin 1 exhibits distinct aromaticity in the rigid and flat
structure; in contrast, [28]hexaphyrin 2 exists as a dynamic
mixture of predominantly Mobius aromatic conformations
along with a minor Hiickel-antiaromatic planar structure.
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Scheme 1. [26]Hexaphyrin and [28]hexaphyrin. Ar=C,Fs.

Although the metalation of 1 has been extensively
examined,” free-base 2 remains unexplored in coordination
chemistry.® Palladium metalation of 1 provides a M&bius-
aromatic [28]hexaphyrin monopalladium complex 3.5 Con-
sequently, we anticipated the formation of the same M&bius-
aromatic complex 3 from 2 with palladium salts; however, this
was not to be the case. Treatment of 2 with PdCl, in CH,Cl,/
MeOH under a nitrogen atmosphere led to complex 4 in 40 %
yield as a major product, along with 3 in 4% yield
(Scheme 2)." The new complex 4 was air- and moisture-
stable, both in solid and solution states. High-resolution
electrospray—ionization time-of-flight (HR-ESI-TOF) mass
measurement of 4 has the parent-ion peak at m/z =1706.8417
([M]~; caled for CeH;,N¢F3Pd,Cl™: 1706.8421), thus reveal-
ing the product is a bis(palladium) complex. However, the
complex 4 did not exhibit any clear 'H NMR spectroscopy
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signals. To our surprise, the single-crystal X-ray diffraction
analysis of 4 revealed its doubly twisted structure (Figure 1).!
Each palladium ion is coordinated by three nitrogen atoms
and one p-chloride ligand, and no counterion is found in the
lattice.

Figure 1. a,b) Two views of the X-ray crystal structure of 4 (ellipsoids
set at 50% probability; meso-pentafluorophenyl substituents are omit-
ted for clarity).

The lack of clear '"H NMR spectroscopy signals can be
explained by the presence of an unpaired electron. The ESR
spectrum of a powder sample of 4in at 6 K exhibited a distinct
signal with g=2.0084, 1.9966, and 1.9412 (Figure 2a). The
absence of any signals in the half-field region suggested its
mono-radical nature. The radical character of 4 was further
supported by temperature-dependent magnetic susceptibility
measurement by SQUID magnetometry (Figure 2b). The
bis(palladium) complex 4 has a x T value of 0.345 emu K mol ™
at 300 K, thus clearly indicating its S = 1/2 state. The 7 plot
was reproduced by the Curie-Weiss model, with a Weiss
temperature 6 = —3.63 K, which indicated an intermolecular
antiferromagnetic interaction below 20 K. Theoretical calcu-
lations on 4 by the DFT method at the UB3LYP/631SDDPY/
UB3LYP/LANL2DZ level indicated marginal spin density on
the palladium centers (0.004589, Mulliken spin density), thus
strongly suggesting that 4 consists of two palladium(II)
centers and a nonplanar neutral hexaphyin n radical, which
is formally a 27 hexaphyrin.'”! The square-planar coordina-
tion around palladium atoms also supports the palladium(II)
oxidation state. The calculated g values (2.0105, 1.9986,
1.9400) by the GIAO method are in good agreement with
the experimental values, thus validating these theoretical
calculations. Importantly, the spin density was delocalized
over all of the highly twisted macrocyclic hexaphyrin ligand
(Figure 2c¢). The large anisotropic shift of the g value could be
derived from small but non-negligible spin density on the
palladium centers.

The absorption spectrum of 4 exhibits split Soret bands at
about 650-700 nm (Figure 3). Interestingly, the absorption at

www.angewandte.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

034 036 038

03 0.32
Magnetic field/ T
b
) 0.4
T 0.3
S
E
4
> 0.24
E
<
~
2 0.1
0

0 50 100 150 200 250 300
TIK

Figure 2. a) ESR spectrum at 6 K (—— observed, «««e- simulated).

b) Temperature-dependent magnetic susceptibility of 4 in the solid
state (eeeee observed, —— calculated). c) Calculated spin density at the
B3 LPY/631SDD level.

circa 1500 nm reaches deep into the near infrared region, and
is substantially red-shifted relative to 1, 2, and metal
complexes of hexaphyrins. These unique features probably
resulted from the radical character of 4. In fact, the TD-DFT
calculation indicates the absorption band around 1500 nm is
originated from the transition of (3 spin in the highest doubly
occupied orbital to the SOMO (Supporting Information).
These results demonstrate the prospective property of stable
w radicals for NIR materials.

Development of organic molecules with large two-photon
absorption (TPA) cross-section values 0 is desirable because
of their potential applications in diverse fields."!l However,
understanding of factors that lead to large TPA materials still
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Figure 3. UV/Vis/NIR absorption spectra of 1 (-----), 2 (--—-), and
4 (—) in CH,Cl,.

remains insufficient. Recently, a delocalized radical species is
suggested to have a large TPA cross-section value.'?! In
particular, the electron delocalization in neutral open-shell -
conjugated systems can contribute to the large second
hyperpolarizability, leading to the generation of the efficient
TPA materials. The o value of 4 was measured to be
4300 GM at 2100 nm by an open-aperture Z-scan method.["’!
The measurements were carefully performed in the near-
infrared region to avoid contribution from one-photon
absorptions. This TPA cross-section value is comparable to
those of metalated aromatic hexaphyrins (ca. 5000 GM)
having Mobius conformation.’® Moreover, this value is
substantially larger than those of non-aromatic expanded
porphyrins (< 1000 GM). On the basis of harmonic oscillator
model of aromaticity (HOMA, 0.534)! value, 4 can be
considered to be non-aromatic (Supporting Information).™™!
The relatively large TPA cross-section value of 4 might be
attributed to the delocalized m-radical nature of 4.0

In conclusion, we have isolated a delocalized m-radical on
a doubly twisted hexaphyrin & system, which is stable toward
air and moisture. The high stability can be accounted for by
effective delocalization of the unpaired electron and steric
and electronic effects of pentafluorophenyl substituents.
Furthermore, the formation of 4 probably reflects the flexible
and dynamic behavior of [28]hexaphyrins. Further investiga-
tion on the metalation behavior of Mobius aromatic
expanded porphyrins is currently under way in our laboratory.
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