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Porphyrinoids as a platform of stable radicals
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The non-innocent ligand nature of porphyrins was observed for compound | in enzymatic cycles of

cytochrome P450. Such porphyrin radicals were first regarded as reactive intermediates in catabolism,

but recent studies have revealed that porphyrinoids, including porphyrins, ring-contracted porphyrins,

and ring-expanded porphyrins, display excellent radical-stabilizing abilities to the extent that radicals can
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be handled like usual closed-shell organic molecules. This review surveys four types of stable

porphyrinoid radical and covers their synthetic methods and properties such as excellent redox
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1. Introduction

Porphyrins and related macrocycles® play important roles in
nature, as exemplified by the special pair of chlorophylls in
the photosynthetic reaction center (RC), hemes, and cyano-
cobalamine (vitamin Bs,), to fulfill various biofunctions. Key
features of these “pigments of life” are redox-active behav-
iors, coordination abilities, and light-harvesting properties.
For example, the special pair of chlorophyll in the RC, upon
photoexcitation, transfers an electron to an acceptor to form
its radical cation, which triggers subsequent electron trans-
fer events in photosynthesis known as the Z-scheme.*”
Another example is cytochrome P450, which acts as
a hydroxylation catalyst via the involvement of a radical
cation intermediate (known as compound I; Fig. 1).?” There-
fore, radicals and radical ions of porphyrins have been
extensively investigated as models of intermediates in key
biochemical processes. These radicals are usually short-lived
and highly reactive. On the other hand, recent studies have
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Fig.1 Cytochrome P450 compound I.
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properties, NIR absorption, and magnetic properties. The radical-stabilizing abilities of porphyrinoids
stem from their unique macrocyclic conjugated systems with high electronic and structural flexibilities.

revealed that some porphyrinoid radicals and radical ions are
extremely stable.

Here, we review the exceptionally effective radical-stabilizing
abilities of porphyrinoids, including porphyrins, ring-
contracted porphyrins, ring-expanded porphyrins, and core-
modified porphyrins. In early studies, radicals stabilized by
porphyrinoids had been found serendipitously, but in recent
studies it has been demonstrated that the installation of a por-
phyrinoid at an appropriate conjugative position can be
a general strategy for producing a stable radical. Importantly, in
most cases radicals have been stabilized by porphyrinoids to
such an extent that they are tolerant of air, moisture, and silica
gel column chromatography, so that they can be handled like
usual organic molecules. In special cases, radicals can undergo
chemical transformations for their further modification.

It has been shown that porphyrinoids, in particular
expanded porphyrins, are a suitable platform for generating
various electronic states such as Hiickel and Mobius (anti)
aromatic species.¥” This ability has been attributed to their
structural and electronic flexibilities. The structural flexibilities
of expanded porphyrins allow facile conformational changes
upon a change in the number of m-electrons. A representative
example is hexaphyrin(1.1.1.1.1.1), which can exist as a planar
267 Hiickel aromatic species 1 and a twisted 287 Mobius
aromatic species 2, which are both stable compounds (Fig. 2).
The electronic flexibilities of porphyrinoids are closely related
to the facile amine-imine (pyrrole-pyrrolenine) interconversion
of their pyrrole segments. For example, porphyrins consist of
two amine-type and two imine-type pyrroles and can accom-
modate 16-207 electronic states via changes in the amine or
imine forms of the pyrroles.® Because the amine-type pyrroles
can act as electron donors and the imine-type pyrroles can act as
electron acceptors, porphyrins are subject to both oxidation and
reduction. The stabilities of the resulting non- or anti-aromatic
electronic states should be correlated with the macrocyclic
aromatic stabilization energy.* The total aromatic stabilization

This journal is © The Royal Society of Chemistry 2018
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Fig.2 Importantideas for understanding the structural and electronic
properties of porphyrins.

energies of porphyrinoids largely depend on the local aroma-
ticity of the constituent pyrroles. Thus, the contribution of the
macrocyclic aromatic stabilization energy is relatively small.*”
Although the macrocyclic aromaticity is energetically low,
aromatic porphyrinoids display an effective macrocyclic conju-
gated network as evidenced by strong diatropic ring currents,
which are predominantly due to the global conjugation circuit.
A theoretical interpretation of this specific balance between
aromaticity and conjugation has been attempted.** It is
considered that these unique electronic and structural flexibil-
ities generally play important roles in stabilizing radicals as well
as aromatic and anti-aromatic species.

Although there are many studies of porphyrinoids that are
covalently linked to or coordinated with stable localized radicals
(e.g- nitroxides and nitronyl nitroxides),’ this review will focus
on organic radicals stabilized by spin delocalization over the -
electron systems of porphyrinoids.

2. Classification of porphyrinoid-
based radicals

Porphyrinoid-based radicals can be classified into four types
according to the origin of the radical, as shown in Fig. 3: (i) one-
electron-oxidized/reduced radical ions (Chapter 3), (ii)
substituent-centered neutral radicals (Chapter 4), (iii) non-
innocent macrocyclic radicals of metal complexes (Chapter 5),
and (iv) Kekulé/non-Kekulé-type diradicals (Chapter 6).
Regardless of this classification, stable organic radicals are
required to satisfy the following criteria: (1) effective
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Fig. 3 Four types of porphyrinoid-based stable radicals.

delocalization of spin density for thermodynamic stabilization,
(2) appropriate steric protection (kinetic stabilization) to avoid
dimerization and undesired reactions, and (3) moderate redox
potentials to prevent the facile reduction and oxidation of the
radical itself. Therefore, most stable radicals are neutral
species.

2.1. Methodologies for characterization of porphyrinoid
radicals

Because porphyrinoid radicals have unique open-shell electronic
structures, they should be characterized very carefully. For
example, delocalized radicals are NMR-silent owing to fast elec-
tronic relaxations. Because NMR spectroscopy is not effective for
radicals, the structural determination of radicals largely relies on
X-ray diffraction analysis. When X-ray analysis is impossible,
NMR characterizations of 1e” oxidized or reduced compounds
are also useful. EPR spectra with hyperfine couplings sometimes
provide structural information, but porphyrinoid radicals
frequently display isotropic signals around g = 2 without hyper-
fine structures. On the other hand, anisotropic EPR signals
indicate the contribution of spin-orbit interactions with coordi-
nated metals. Quantitative insights into spin states can be ob-
tained by using VI-EPR, SQUID, and NMR studies. In the case of
metalloporphyrinoids, the determination of the valence of the
central metal is also important and is often provided by
Mossbauer and X-ray photoelectron spectroscopies. The nature of
the spin distribution can be estimated from hyperfine coupling
constants in EPR spectra and via theoretical calculations.

3. One-electron-oxidized/reduced
radical ions

Metalloporphyrins are easily oxidized or reduced to generate the
corresponding radical cations or radical anions, which often
occur not on the central metal but on the porphyrin macro-
cycle.® These transformations can be accomplished by chemical
reactions or electrochemical methods, but the radical ions thus
generated are mostly reactive and thus unstable.” However, in
recent years, very stable porphyrinoid radical ions have been
found. In this section, we discuss recent examples of stable
radical ions of porphyrinoids.

Chem. Sci,, 2018, 9, 1408-1423 | 1409
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3.1. Stable radical cations of porphyrinoids

Diazaporphyrin is a macrocycle in which two methine-carbon of
porphyrin are replaced by nitrogen atoms. Matano et al. re-
ported multi-redox processes of the 207 anti-aromatic 5,15-
diazaporphyrins 3M (M = Ni, Zn, Cu).® Owing to their electron-
rich nature, 3M exhibited multiple stable oxidation states. For
example, two-electron oxidation of 3M with AgPF afforded 167t-
electron dications 3M(PFg),, and subsequent reduction with
NaBH, or CoCp, gave 19w-electron monocations 3M(PF¢) as
stable compounds (Fig. 4). The free-base derivative 3H,(PFe)
was also prepared via demetalation of the corresponding Mg(u)
complex 3Mg followed by chemical 1e™ oxidation. These radical
cations were fairly stable under ambient conditions and were
purified by silica gel column chromatography. The redox
potentials of 3Ni(PFs) were determined by cyclic voltammetry to
be Eoyy = 0.29 V (207t/197) and Eeq; = —0.37 V (197t/187) vs. Ag/
Ag'in CH,Cl,. Importantly, the mixing of 3Ni and 3Ni(PFs), also
afforded the radical cation 3Ni(PFs) as evidenced by the EPR
spectrum, which exhibited hyperfine coupling with the two
meso-nitrogen atoms and four B-protons. The absorption
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Fig. 4 Redox scheme of diazaporphyrins. (a) 2 equiv. AgPFs, CH,Cl,,
rt, 2 min, 85% for 3Ni(PFg),, 82% for 3Zn(PFe),, 75% for 3Cu(PFg),; (b)
excess NaBHy4, THF, rt, 8 h, 77% for 3Ni(PFe),; (c) 1 equiv. NaBH, or
CoCp,, MeOH, 2 min, 80% for 3Ni(PFg), 85% for 3Zn(PFg), 75% for
3Cu(PFg); (d) N,N’'-bis(trimethylsilyl)-1,4-dihydropyrazine, THF, rt, 48 h,
then MeOH, 78%; (e) aerobic oxidation; (f) 61 equiv. PhMgBr, toluene/
THF, rt, 10 min, not isolated; (g) trifluoroacetic acid, 70 °C, 7 h, 38%
from 3Zn(PFe); (h) 1 equiv. AgPFg, CH,ClL, rt, 2 min, 30%. Art = Mesityl,
Ar? = 4-methoxyphenyl.
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spectrum of 3Ni(PFg) in toluene exhibited a characteristic band
in the NIR region around 880 nm. 3Cu(PFs), 3Zn(PF), and
3H,(PF,) also displayed electrochemical and optical properties
that were quite similar to those of 3Ni(PFg). In the case of
3Cu(PFs), a magnetic interaction between the paramagnetic
Cu(u) center and the m-radical is possible. In fact, neither EPR
nor NMR signals were observed, which was presumably due to
large zero-field splitting and the contribution of the triplet state,
respectively. However, the assignment of the ground state is
under discussion. Intriguingly, 3Mg was found to catalyze the
dimerization of a phenyl Grignard reagent in the presence of
air. NMR and EPR experiments suggested a mechanism
involving a 207/197 redox cycle of 3Mg, as shown in Fig. 4.
Shinokubo et al. also reported the diazaporphyrin 4 without
substituents on the meso-nitrogen atoms.’ In this case, a 197
species of the radical cation was not observed from the oxida-
tion of the 207 species or the reduction of the 187w species 5,
which was presumably due to facile disproportionation of the
cationic intermediate.

Osuka et al. synthesized the diphenylamine-fused porphy-
rins 6 and 7 (Fig. 5).*° The lone-pair electrons of the embedded
nitrogen atom were well conjugated with the extended
porphyrin conjugated network, which caused a decrease in
oxidation potentials. Chemical 1e~ oxidation gave the corre-
sponding radical cations, both as unstable species. One of the
degradation products was a B-chlorinated species, which indi-
cated high spin density and reactivity at the B-position next to
the fused moiety. To suppress this degradation pathway, 6 and 7
were chlorinated to give 8 and 9. Chemical oxidation of 8 and 9
gave 8(SbClg) and 9(SbClg), respectively, which were found to be
extremely stable towards air, water, and silica gel column
chromatography. As a result of this success, the diarylamine-
fused porphyrin dimers 10 and 11 were prepared and their
oxidation to the corresponding diradicals was attempted.™
Upon oxidation with magic blue, however, 10 and 11 were

Ar Ar  Cl Ar  Cl
& o O
) m ; . ﬂ» ) m ; . Q’ ) m N+. .
Ar Ar Cl Ar Cl  [SbClgl
6 (X =Hy) 8 (X =Hy) 8(SbClg) (X = Hp)
7(X=0) 9(X=0) 9(SbClg) (X = O)
MeO OMe MeQ OMe
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Fig. 5 Diarylamine-fused porphyrins. (a) 2.2 equiv. Palau'chlor, CHCls,
0 °C to rt, 87% for 8, 77% for 9; (b) 1.1 equiv. magic blue, CH,Cl,, rt,
10 min, 79%; (c) 6.0 equiv. magic blue, CH,Cl,, rt, 15 min, then H,-
NNH,-H,0, 91%; (d) 2.2 equiv. magic blue, CH,Cl,, 10 min, 72%. Ar =
3,5-di-tert-butylphenyl.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7sc05210c

Open Access Article. Published on 08 enero 2018. Downloaded on 18/10/2025 22:08:29.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

transformed into the partially fused dimer 12 and the closed-
shell quinonoidal species 13, respectively, instead of open-
shell diradicals.

3.2. Stabilizing radical anions is a challenge

Although the properties of 1e -reduced porphyrin radical
anions have been investigated," the isolation of stable radical
anions of porphyrinoids has remained challenging. The reason
is simply because porphyrinoids are usually electron-rich, and
their radical anions are even more easily oxidized under aerobic
conditions. Thus, the isolation of porphyrin radical anions has
been difficult so far.

Whereas the SOMO orbital of radical cations reflects the
characteristics of the HOMO of their neutral precursors, the
SOMO orbital of radical anions represents the characteristics of
the LUMO of their precursors. Therefore, the radical anions of
porphyrinoids should have different electronic states from
those of the radical cations, and it is also desired to investigate
such radical anion species. Because most aromatic porphyr-
inoids have a [4n + 2]m-system, [4n + 1]m-radicals are easily
accessible via the one-electron oxidation of neutral aromatic
porphyrinoids, but [4n + 3]r-radicals are relatively difficult to
generate. To the best of our knowledge, only two strategies for
generating [4n + 3]m-radicals have been reported: (1) oxidative
generation from stable [4n]r-species®*** and (2) the incorpo-
ration of a positively charged center into the electron-deficient
chromophore to balance the charge.” Fig. 6 summarizes the
important orbitals and optical transitions of a neutral molecule,
a radical cation, and a radical anion of porphyrin. Both radical
anions and cations display similar P; and P, absorption bands.
Although the origins of the P, bands are similar for radical
anions and radical cations, those of the P; bands are different.
Here, we use the terms P; and P, bands to indicate the lowest-
energy transition (P;) and the following Q-like (P,) band.*®*”

4. Substituent-centered radicals
4.1. Heme catabolism and meso-oxy radicals

Heme is an iron complex of porphyrin that plays crucial roles in
catalysis in heme proteins. However, once heme is released
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Fig. 6 Difference between radical cation and anion.
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from the protein, it causes toxicity by generating reactive oxygen
species. Therefore, the catabolism of heme is critically impor-
tant in maintaining homeostasis. Because the first step of the
catabolic process is known to be oxidation by heme oxygenase
to give meso-oxyheme 15," its derivatives have attracted great
interest (Fig. 7). The structure of 15 in heme oxygenase was
determined to be 15A, but the reactivity that was observed
toward molecular oxygen implied the contribution of the -
radical 15B. Although Bonnett et al reported 1% para-
magnetism for the free base B-octaethyl-meso-hydroxyporphyrin
18H, in 1970,* it was a long time until the first structural
characterization of the paramagnetic species, i.e., the meso-oxy
radical (oxophlorin radical), in 1992.>* Fuhrhop et al. investi-
gated the reactivity of Zn(u) and Ni(u) complexes of the meso-oxy
radical 19M (M = Ni, Zn) generated in situ and found rapid and
irreversible dimerization at the 15-position.*

Balch et al. later investigated a series of B-octaethylporphyrin
(OEP) meso-oxy radicals.? They found that the oxidation of Zn(u)
and Ni(u) meso-hydroxy OEP 18M in the presence of pyridine
gave the meso-oxy radicals 21Zn and 21Ni as stable compounds
(Fig. 8).>"** X-ray diffraction analysis confirmed the axial coor-
dination of the pyridine on the central metal. The coordinated
pyridine was demonstrated to effectively stabilize the radical,
because the removal of the pyridine led to the instantaneous
dimerization of the radical. The radical 21Zn had a short C,,,,5,—
O bond (1.268 A) in comparison to that of 18Zn (1.392 A), which
is a common feature of meso-oxy radicals. In 21Ni, the

#“#

heme

oxygenase
—_—

I

15A (major) 15B (minor)
Fig. 7 Heme catabolism.
18M (M = Hy, Ni, Zn) 19M (M = Ni, Zn) 20M (M = Ni, Zn)

w - -

Fig. 8 Stable OEP meso-oxy radicals. (a) Electrochemical oxidation in
CH,Cly; (b) 12, pyridine, rt, 15 min, 48% for 21Ni; air, pyridine for 21Zn;
(c) air, daylight, CH,Cl,, 90%.

21Ni (M=2Zn,n=1)
21Zn (M =Ni,n=2)

18M (M = Ni, Zn)

Chem. Sci,, 2018, 9, 1408-1423 | 1411


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7sc05210c

Open Access Article. Published on 08 enero 2018. Downloaded on 18/10/2025 22:08:29.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

octahedrally coordinated Ni(u) atom had a high-spin (S = 1)
state as evidenced by an increase in the Ni-N distance, which
arose from population of the d, _, orbital. However, the EPR
spectrum of 21Ni in pyridine displayed a sharp signal at g =
2.006, and its magnetic moment was determined to be 2.5(2) ug,
which indicated the S = 1/2 character of the ground state. These
results were interpreted in terms of an antiferromagnetic
interaction between the porphyrin m-radical and the high-spin
Ni(u) center.

Smith et al. synthesized the free-base meso-oxy radical 23
bearing a tert-butyl group at the 15-position. Steric protection at
the 15-position, where the highest spin density was expected,
led to enhanced stability.”® In fact, 23 displayed improved
stability but underwent 30% degradation after two weeks in
solution. By employing this strategy, the authors demonstrated
an elegant way to construct meso-meso-linked oxophlorin olig-
omers by controlling radical-radical coupling.>®

Osuka et al. attempted the synthesis of 15,30-bis(meso-free)
[26]hexaphyrin(1.1.1.1.1.1) 24.** The authors obtained 24
together with the meso-oxy radical 25 via the aerobic oxidation
of 24 (Fig. 9). X-ray diffraction analysis of 25 revealed a planar
structure with a short C,,.,~O bond length of 1.281 A, which
indicated a highly delocalized spin distribution. As is typical for
radical porphyrinoids, 25 displayed quite reversible oxidation
and reduction waves with a small redox gap of 0.48 V.
Furthermore, Osuka et al. found that the oxidation of 24 upon
metalation with Ni(u) followed by demetalation gave the bis
(meso-oxy) diradical 26.>” 26 was shown to be a stable non-
Kekulé diradical, because SQUID magnetometry confirmed the
singlet nature of its ground state with J/kg = —645 K, and
CASSCF(2,2) calculations showed an open-shell singlet diradical
ground state with a diradical index of 0.62. Reflecting the singlet
nature of the ground state, the "H NMR spectrum of 26 dis-
played signals due to B-protons at 8.0 and 9.6 ppm, as well as
a signal due to the inner NH group at 4.5 ppm at —80 °C in
CD,Cl,, which indicated a diatropic ring current in the 267
aromatic system. These signals became broader upon an
increase in temperature owing to the population of the triplet
diradical state. The aromaticity of 26 was further confirmed by
theoretical calculations: an NICS(0) of —8.2 ppm and a net
clockwise (diamagnetic) flow of current density in anisotropy of

CeFs CeFs  CoF, CeoF
CoFs I N CoFs 9 es
(@)
e +
ZNH HN
Cefs CeFs  CoFs CeFs
24 25

Fig. 9 Hexaphyrin mono- and bis(meso-oxy) radicals. (a) 22 equiv.
HC(OMe)s, 17 equiv. MeSOzH, MS3A, CH,Cl,, 0 °C, 7 h in the dark, 17%
for 24 and 15% for 25; (b) ca. 10 equiv. Ni(acac),-nH,O, CH,Cl,/MeOH,
rt, 1 h, 24%; (c) ca. 900 equiv. MeSO=H, CH,Cl,, rt, 30 min, 83%.

1412 | Chem. Sci., 2018, 9, 1408-1423

View Article Online

Perspective

current-induced density (ACID) calculations. To the best of our
knowledge, this is the first observation of ground-state open-
shell aromaticity.*®

The observed high stabilities of 25 and 26 were considered to
arise from effective spin delocalization over the large 7-system
of the hexaphyrin network. In 2015, however, the subporphyrin
meso-oxy radical 28 was found to be very stable (Fig. 10).>° meso-
Hydroxysubporphyrin 27 was readily oxidized to 28 in the open
air in solution, and a trace amount of 28 made the 'H NMR
spectrum of 27 completely silent, which was presumably due to
rapid hydrogen exchange. The oxidation of 27 with PbO, gave
the radical 28 in quantitative yields. An EPR study of 28 revealed
hyperfine coupling with the protons of the meso-phenyl groups,
as well as the subporphyrin core, which confirmed effective spin
delocalization over the whole molecule except for the axial
phenyl group. It is noteworthy that even a relatively small por-
phyrinoid such as 14w aromatic subporphyrin efficiently
stabilizes the meso-oxy radical.

With the encouragement of these results, the 10,15,20-triar-
ylporphyrin meso-oxy radicals 30M (M = H,, Ni, Zn) were
synthesized by Osuka et al. (Fig. 11).>*" In comparison with the
OEP-based radicals, the stabilities of the 30M radicals were
dramatically increased. Namely, the 30M radicals were stable in
solution under ambient conditions and were purified by silica

Fig. 10 Synthesis of the subporphyrin meso-oxy radical 28 and plot of
spin density distribution of 28 (isovalue = 0.001). (a) 800 equiv. PbO,,
CH)Cly, rt, quant.

Ar Ar
a) . =
Ar«‘OH a, Ar«‘o M=2n,
Ar Ar

29M (M = Hy, Ni, Zn)

30M (M = Hj, Ni, Zn)

0

31

30ZnPy
Ph Ph Ph Ph
(b) .
R OH —> R 0O — 0 — o]
R=H
Ph Ph Ph Ph
32 (R=Ph, H) 33 (R =Ph, H) 34

Fig. 11 10,15,20-Triarylporphyrin meso-oxy radicals. (a) 800 equiv.
PbO,, CH,Cl,, rt, 5 min, 86% for 30H,, 91% for 30Ni, 89% for 31; (b)
aerobic oxidation for 33, 7 equiv. DDQ, CH,Cl,, rt, 30 min, 26% for 34.
Ar = 3,5-di-tert-butylphenyl. Hydrogen atoms and tert-butyl groups in
the crystal structure of 31 were omitted for clarity.

This journal is © The Royal Society of Chemistry 2018
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gel column chromatography. The Zn complex 30Zn was found to
form the complementarily coordinated dimer 31 both in solu-
tion and in the solid state. The dimer 31 underwent quantitative
dissociation into the monomer 30ZnPy on the addition of pyri-
dine. The dimer exhibited a characteristic broad absorption
band in the region of 1000-2000 nm, which was assigned to
a symmetry-breaking charge transfer band. Although the optical
and electrochemical properties were similar to those of the
monomers regardless of the central metal, the magnetic prop-
erties of the solid states were strongly dependent on the metal.
Namely, planar 30H, and 30Zn formed efficiently overlapping 7t-
dimers, which resulted in strong intermolecular antiferromag-
netic interactions with J/kg = —790 K (30H,) and —720 K (30Zn).
On the other hand, 30Ni has a saddle-like structure and forms an
offset m-dimer with j/kg = —110 K. A strong intermolecular
magnetic interaction via -7 stacking has also been revealed for
porphyrin radical cations.** Coordination with pyridine inter-
rupted such m-stacking and thus allowed 30ZnPy to display an
M-T curve that was typical of monoradical species. Arnold et al.
also independently reported the facile aerobic oxidation of meso-
hydroxyporphyrin 32 to furnish the radical 33.** They showed
that the lack of a 15-aryl group allowed the oxidative formation of
the 15,15-linked dimer 34.

4.2. Carbon-centered radicals

In addition to diphenylborane-** and diphenylamine-fused
porphyrins,® the synthesis of the diphenylmethane-fused
porphyrin 35 was attempted via an intramolecular C-H aryla-
tion reaction of 36.%¢ Surprisingly, the isolated product was not
35 but the neutral radical 37Ni via the loss of a hydrogen atom
on the fused carbon atom (Fig. 12). The radical 37Ni was very
stable under ambient conditions and did not react with
hydrogen donors such as nBu;SnH and ascorbic acid. Taking
advantage of the robust stability of 37Ni, its denickelation with
sulfuric acid was accomplished to afford the free-base derivative
37H, in a yield of 51%. The high stabilities of 37Ni and 37H,
arise from effective spin delocalization over the whole molecule
and the structural rigidification.?” In a single crystal, both 37Ni
and 37H, form antiparallel w-stacked dimers with m-=
distances of 3.51 and 3.56 A for 37Ni and 3.56 and 3.61 A for
37H, together with an offset of 3.4-3.5 A. The intermolecular
exchange interaction in the solid state was determined to be j/kg
= —391 K (37Ni) and —279 K (37H,), which reflected the slightly
different - distances.

Because the externally fused moiety of 37 can be regarded as
a helicene-like structure, an extended series of 37 derivatives
has been synthesized to obtain stable neutral helically chiral
radicals.*® The bis(2-methylphenyl)methyl-, bis(2-
methoxyphenyl)methyl-, and dinaphthylmethyl-fused porphy-
rins 39R (R = Me or OMe) and 41 were synthesized via Pd-
catalyzed intramolecular fusion reactions (39R) and an oxida-
tive fusion reaction (41). 39R and 41 are rare examples of stable
radicals in which the spin is delocalized over a chiral t-system.
Unfortunately, 39R and 39R’ were obtained as a mixture of
regioisomers owing to an unexpected rearrangement (39Me/
39Me’ = 32/68 and 390Me/390Me’ = 22/78), which was
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Fig. 12 Diarylmethyl-fused porphyrins. (@) 20 mol% Pd(OAc),,
40 mol% PCysz-HBF4, 5 equiv. K;COg, toluene, reflux, overnight, 72%;
(b) HSO4/CFsCO,H, 0 °C to rt, 45 min, 51%; (c) 20 mol% Pd(OAc),,
40 mol% PCys-HBF4, 5 equiv. K,COs, toluene, reflux, overnight, 48%
for 39Me/39Me’, 79% for 390Me/390Me’; (d) 10 equiv. DDQ, 10 equiv.
Sc(OTH)s, toluene, 110 °C, 1 h, 19%. Ar = 3,5-di-tert-butylphenyl, R =
mesityl, RZ = 4-methylphenyl.

determined by analyzing 1e -oxidized closed-shell cations
[39R]". The radical 41 was synthesized from 40 and was optically
resolved using chiral HPLC. The circular dichroism spectra of
the separated enantiomers exhibited weak but distinct mirror
images up to 1400 nm. Because the lowest-energy band was
assigned to the HOMO(B)-SOMO(B) transition, the circular
dichroism observed in the NIR region indicated the spreading
of the corresponding orbitals over the helical skeleton. In
contrast to 37, the radical 41 did not form a 7-stacked dimer in
the solid state, and the intermolecular magnetic interaction was
found to be slight (Weiss temperature of —2.7 K), owing to
unfavorable steric interactions at the ends of the helices.

4.3. meso-Aminyl radicals

In contrast to oxygen- and carbon-centered radicals, aminyl
radicals are unstable, and adjacent heteroatoms are usually
required for their stabilization. Heteroatoms next to the aminyl
center stabilize aminyl radicals via effective spin sharing as seen
in the cases of hydrazinyl, oxyaminyl, and thioaminyl radicals.*
However, stable aminyl radicals without such adjacent hetero-
atoms are very rare, and the investigation of stable aminyl
radicals without such resonance stabilization is a challenging
issue. Osuka et al. attempted the oxidation of the meso-amino-
subporphyrin 42R with PbO, in the expectation that it might
give the aminyl radical 43R, but the reaction gave the azo-
subporphyrin 44R, presumably via 43R (Fig. 13).*° Thus, meso-
(2,4,6-trichlorophenyl)subporphyrin 45 was prepared and
oxidized to provide the subporphyrin meso-aminyl radical 46R
in a high yield. Importantly, this radical was found to be fairly
stable in spite of its neutral character without resonance
stabilization.”* The bis(subporphyrinyl)aminyl radical 47 was
also synthesized and found to be even more stable. Both the
hyperfine coupling constants of the pyrrolic nitrogen atoms (N*
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Ph

42R (R = OMe, Ph) 43R (R = OMe, Ph)

45R (R = OMe, Ph)

46R (R = OMe, Ph) a7

Fig. 13 Subporphyrin meso-aminyl radicals. (a) 200 equiv. PbO,,
CH,Cly, rt, 5-10 min, 83% for 440Me, 95% for 44Ph, 88% for 460Me,
87% for 46Ph.

and N® in Fig. 13) and DFT calculations indicated a higher spin
density on the nitrogen atom in comparison with that in the
corresponding oxygen-centered radicals, which was presumably
because the C=N bond energy is less than that of the C=0
bond. Whereas both radicals (46Ph and 460Me) were quite
stable, the spin delocalization over the subporphyrin core was
more effective in 46Ph than in 460Me, which may reflect the
more electron-rich nature of 46Ph.

5. Non-innocent macrocyclic radicals

In the previous section, we discussed ligand-centered redox
processes of M(u) metalloporphyrinoids that led to the forma-
tion of stable radicals owing to the non-innocent ligand*
character of porphyrinoids. In this section, we focus on other
cases in which the redox-active character of porphyrinoid
macrocycles enables the formation of stable radicals. Porphyr-
inoids can accommodate various metals. When the valence of
the metal is mismatched with the cavities of the porphyrinoid
and causes the complex to have a net charge, the resulting
complexes sometimes tend to balance the charge by releasing or
acquiring an electron (Fig. 14). These processes are facilitated
by the fairly flexible m-networks of porphyrinoids.

5.1. Facile non-innocent behavior of porphyrinoids

Chandrashekar et al. reported that the metalation with Ni(u) of
oxasmaragdyrin 48, which is an expanded porphyrin bearing
three pyrrolic protons, afforded a neutral w-radical via sponta-
neous oxidation of the macrocycle (Fig. 15).** The Ni(u) complex
49 displayed a sharp EPR signal at g = 2.0031 with a linewidth of
11 G, which can be assigned to organic m-radical species. It
should be noted that 49 also exhibited a slightly broader but
distinct "H NMR spectrum at 25 °C.

Osuka et al. reported that the metalation of [28]hexaphyrin
with Pd(un) gave the bis-Pd(u) complex 50 together with the
Mobius aromatic mono-Pd (1) complex 51 as a minor product
(Fig. 16).** In 50, [28]hexaphyrin acted as an inner 4NH ligand,
but the bridging ClI- ion caused a valence mismatch. As
a consequence, the hexaphyrin ligand released one electron to
balance the charge to provide the radical 50. The EPR spectrum
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Fig. 14 General concept of ligand non-innocence in porphyrinoids.

Ph Ph Ph Ph

Fig. 15 Metalation with Ni(n) of oxasmaragdyrin. (a) 10 equiv. NiCl,,
DMEF, reflux, 10 h, 10%.

Fig. 16 Metalation of hexaphyrins with Pd. (a) 10 equiv. PdCl,, 10
equiv. NaOAc, CH,Cl,/MeOH, 45 °C, 24 h, 50% for 50, 4% for 51; (b) 10
equiv. Pd(OAc),, CH,Cl,/MeOH, rt, 10 h, 75%. Ar = pentafluorophenyl.

of 50 displayed a signal with an anisotropic g-factor of (2.0084,
1.9966, 1.9412), which indicated relatively strong spin-orbit
coupling with the Pd(i1) metal. The radical 50 is a rare example
that has a delocalized spin over a non-planar conjugation
circuit. Furuta et al. also reported a m-radical of a bis-Pd(u)
complex of doubly N-confused hexaphyrin, i.e., 52, which had
intriguing 2NH- and 3NH-NNNO cavities for metalation.**
The bis-Pd complex 53 displayed an isotropic EPR signal atg =
2.0021. Despite the bulky meso-pentafluorophenyl groups, 53
adopted a m-stacked structure in the solid state with an
interplanar distance of 3.266 A, which was shorter than the
sum of the van der Waals radii. This close arrangement may
arise from a moderate intermolecular antiferromagnetic
interaction owing to the overlap of the SOMOs, which was

This journal is © The Royal Society of Chemistry 2018
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proved by SQUID measurements (Weiss temperature of —42.9
K).

Sessler et al. recently reported the synthesis of the dicarba-
corrole dimer 54, in which the monomers share a fused vinylene
moiety in the center (Fig. 17).* The macrocycle 54 has
a symmetric structure with two trivalent CCNN cavities. The
metalation of 54 with Cu afforded the mono- and bis-Cu(m)
complexes 54Cu and 54Cu,. Interestingly, the complex 54Cu
was further metalated with Pd(u) to give the neutral, stable -
radical 55 via spontaneous oxidation. The spin density of 55 was
delocalized only over the Pd-dicarbacorrole segment, which was
confirmed by EPR spectroscopy and theoretical calculations.
This is a rare example in which the spin density is not fully
delocalized over a flat conjugated system.

A valence mismatch between the ligand and metal is not
necessary to induce ligand non-innocence. The [46]decaphyrin
bis-Zn(un) complex 57 has a rigid structure and an inner cavity
that is suitable for the coordination of a divalent metal in
a linear manner. Osuka et al. examined the metalation of 57
with Cu(u) to obtain the unprecedented linearly coordinated
Cu(u) complex 58.* However the resulting copper complex
displayed a narrow EPR signal at g = 2.0177, which clearly
indicated its purely organic m-radical character (Fig. 18). With
the aid of theoretical calculations, the product was best inter-
preted as a Zn(un)-Cu(1)-Zn(u) complex of [45]decaphyrin, i.e., 58.
These results indicated that almost instantaneous intra-
molecular electron transfer occurred from the decaphyrin
ligand to the Cu(u) ion to generate the stable radical 58. Inter-
estingly, the 457 non-aromatic radical 58 exhibited a broad
absorption band in the NIR region that extended to 2100 nm.

5.2. Tetraazaporphyrin phosphorus(v) complex

Kobayashi et al. reported the phosphorus(v) complex of tetraa-
zaporphyrin 61 as an air-stable compound with a 197 electronic
structure (Fig. 19)."* The complex 61 was synthesized by the
insertion of phosphorus(v) into 59 followed by reduction with
triethylamine (TEA). Solid samples of 61 were inert under
ambient conditions for a year. The exceptional stability of 61
was ascribed to the electron-deficient nature of tetraazapor-
phyrins, in which the four meso-carbons of porphyrin are
replaced by four nitrogen atoms. It was also suggested that

Mes

SV @

a,
CeFs CeFs — > CgFs CeFs

R0

Mes Mes es Mes

54 54Cu (M = Hg)
54Cu, (M = Cu)
Mes Mes
® .
CeFs g‘l‘ CeFs © CeFs

Mes Mes

54Cu 55
Fig. 17 Metalation of dicarbacorroles with Cu(m) and Pd(i). (a)

Cu(OAc),-H,O in CHClg, reflux, 48 h; (b) Pd(PhCN),Cl, in PhCN,
180 °C, 2 h, 89%.
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Fig. 18 Synthesis of the decaphyrin Zn(i)—Cu()-Zn(1) complex 58. (a)
5 equiv. Zn(OAc),-2H,0, 5 equiv. NaOAc, MeOH, reflux, 2 h, 61%; (b) 10
equiv. Cu(OAc),, 10 equiv. NaOAc, MeOH, rt, 4 h, 72%. Ar =
pentafluorophenyl.

ome 1@ OMe .
Ar Ar Ar Ar Ar Ar
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Fig. 19 Synthesis of 61. (a) POBrz (200 equiv.), pyridine, 90 °C, 15 h,
then CH,Cl,/MeOH, rt, 1 d. 60 was separated by SiO, column chro-
matography (CH,Cl,/MeOH/CFsCO,H = 90/9.5/0.5), then NaClOy,,
CH,Cly/MeCN, rt, 12 h, 56%; (b) 61 was separated by Al,Oz column
chromatography (eluent: CH,Cl,/TEA = 99.5/0.5) without isolating 60,
44%.

/N
Z
s 2

charge neutralization by the central cationic phosphorus atom
and steric protection by the peripheral bulky groups were both
important. The radical 61 exhibited a very low electrochemical
oxidation potential of —0.36 V vs. Fc/Fc' in o-dichlorobenzene.

5.3. Protonation-induced radical formation

Protonation of the pyrrolic nitrogen atoms in the inner cavity
strongly affected both the electronic and the structural prop-
erties of expanded porphyrinoids.*” For example, Naruta et al.
synthesized the core-modified sapphyrin analogue 62, which
contained two exo-methylene bonds (Fig. 20). Protonation of 62
induced facile 2e™ oxidation to give the trication 63X; (X = Cl ™,
CF3;CO, " ).* The formation of 63X; was reversible, depending
on the acid concentration, as evidenced by titration experi-
ments. 63X; displayed a sharp EPR signal at g = 2.0041 and an
NIR absorption band extending to 1400 nm, whereas the
precursor 62 absorbed visible light up to 700 nm. X-ray
diffraction analysis of 63X; revealed a distorted structure,
which indicated minimal spin delocalization through the phe-
nanthroline bridge. The intramolecular spin-spin interaction
was proved by a SQUID study to be antiferromagnetic with j/kg
= —680 K. Besides these interesting redox behaviors upon
protonation, 62 was also used as a fluorescent monitoring agent
for sensing Mg>" ions.*

Chem. Sci,, 2018, 9, 1408-1423 | 1415
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63X;3 (X = Cl, CF3CO,)

Fig. 20 Protonation behavior of the modified sapphyrin 62.

241 antiaromatic

67X3 (X = OTf, ClO,)

Fig. 21 Protonation-induced formation of the planar rosarin deriva-
tives 64. (a) Saturated Na,S,04 (aqg), CH,Cly, rt, 30 min, 87%; (b) MnO,
or triethylamine; (c) HX (X = Cl, Br, I, CFzCO,, MeSOs), CH,Cl,, rt; (d)
HX (X = OTf, ClOy4), CH,Cl,, rt; (e) MejgFc, HI; (f) TBAX (X = CL, Br, 1),
CH2Cl2, rt.

Sessler et al. reported the protonation behaviors of the o-
phenylene-bridged annulated rosarin 64 (Fig. 21).*° The
protonation of 64 with HX (X = Cl, Br, CF;CO,, MeSO;) afforded
66X, via a protonation-coupled electron transfer (PCET)
process. The counterion has a great influence in this PCET
process. For example, the protonation of 64 with HOTf or HCIO,
only gave the tri-protonation product 67X, but the subsequent
addition of tetrabutylammonium salts (e.g., TBAX; X = Cl, Br)
promoted the PCET process to give 66X,. When HI was used as
an acid, the further reduction of 66X, to 65X proceeded with
decamethylferrocene.

Intriguingly, Fukuzumi et al. revealed that 67X; and the
related rosarin derivatives 68X; were diradicals with 247 anti-
aromatic electronic structures.®® The intramolecular spin-spin
interaction was found by VT-EPR measurements to be only
weakly ferromagnetic (AEsy =~ +80 ] mol ' at 4 K for 68X;).
Despite the weak magnetic interaction, the spin-spin distance
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was estimated to be short at 3.6 A from the zero-field splitting
value (D = 57.7 mT) on the assumption of the point dipole
approximation. DFT calculations revealed the «,” and a,”
symmetry of the SOMOs of the parent trication 68X; These MOs
are non-disjoint and should be responsible for the ferromag-
netic interaction.

5.4. “Hidden” non-innocence

A corrole 69 is a one-methine-carbon-contracted porphyrin that
has three inner pyrrolic NH protons and thus acts as a trivalent
ligand (Fig. 22).** In addition, corroles can incorporate metals in
higher oxidation states such as Fe(v), Mn(vi), and Cr(vi). These
complexes have often been used as mimics of biological inter-
mediates.*® Fe(w), Ni(u), and Cu(u) corroles are all known as
ligand-centered radical species.** Here, we review Cu(u) corroles
in detail.

Although the copper complex 70 was first synthesized in
1965, its electronic structure and the oxidation state of the Cu
center have for a long time been under discussion.”® The
observed diamagnetic character can be interpreted in terms of
the Cu(m) corrole 70A or antiferromagnetically coupled Cu(u)
and the corrole radical cation 70B. In 2010, Pierloot et al. sug-
gested a non-innocent ligand character and a decreased singlet-
triplet energy gap for 70 using ab initio calculations.”” In 2005,
Kadish et al. and Sarkar et al. independently reported the exis-
tence of non-innocent ligand character in Cu(u) corroles by
comparison with the corresponding silver corroles.*** The
latter group also mentioned the existence of a mixed-orbital
configuration in which the Cu corrole exists as an interme-
diate species between Cu(u) and Cu(m) complexes. In 2006,
Lemon et al. further investigated the electronic structure of the
copper corrole 70.°* An EPR study of 70 showed a doublet signal
with hyperfine coupling with a ®*Cu/**Cu nucleus (I = 3/2),
which is characteristic of Cu(u) species. Further experimental
support was given by X-ray photoelectron spectroscopy (XPS),
which revealed shake-up satellite peaks in the Cu 2p region that
were characteristic of Cu(u) ions. The magnetic interaction
between the corrole 7t-radical and the Cu(u) center was found

CeFs CeFs
CeFs CeFs
70A 70B
Mes [¢]] Mes Cl Mes
b
Mes ﬂ» Mes L» w Mes
Mes Cl " Mes Cl Mes
71 72 72Zn

Fig. 22 Two plausible electronic structures of Cu(i) corrole (top) and
corrole radicals. (a) WClg, W(CO)g (2 : 1), PhCN, 200 °C, 8 h, 4-7%; (b)
Zn(OAc),-2H,0O, pyridine, 50 °C, 2 h, 77% Ar = 4-
methoxycarbonylphenyl.
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by VI-NMR measurements to be strongly antiferromagnetic
(AEgr = —13.9 £ 0.7 k] mol ). In this case, ligand-centered spin
can only be observed when the paramagnetic character of the
metal is eliminated, which is known as hidden non-innocence.
The electronic structure of Cu corroles has been extensively
discussed for decades from various experimental and theoret-
ical aspects. However, further studies are required for a clear
understanding of their electronic structure, in particular Cu(u)/
Cu(m) mixed states and meso-substituent effects.

Recently, Broring et al. synthesized the free corrole radical 72
and its Zn(u) complex 72Zn by the oxidation of the meso-triar-
ylcorrole 71. Curiously, the oxidation of 71 with WCls and
W(CO)s gave compound 72 with concurrent B-chlorination,
which indicated high spin densities on the B-carbons. Protec-
tion of these reactive B-positions is required for stabilization of
the radicals.” Both 72 and 72Zn were remarkably stable and
exhibited split Soret-like bands around 400 nm and broad Q-
like bands in the region of 500-800 nm.

Briickner et al. recently reported the Siamese-twin porphyrin
73, which had a hexaphyrin-like skeleton with two pyrazole
rings.® The free base 73 had a flexible structure without
macrocyclic aromaticity. The bis-Cu(u) complex 74 was shown to
be twisted and exhibit a ferromagnetic interaction with J/kg =
+23.5 K between the two S = 1/2 Cu(u) centers (Fig. 23). This
magnetic interaction may arise from orbital orthogonality
induced by the molecular twist. Two years later, Beer et al
investigated the oxidation of 74.% Stepwise 1e” and 2e~ oxida-
tions of 74 were achieved with AgBF,. The monocation 74(BF,)
was found to be a species with a total S = 1/2, in which the two
Cu(u) centers remained in the same oxidation state but the
ligand was oxidized to the radical cation. The observed doublet
spin indicated an antiferromagnetic interaction between the
monoradical [74]" and the Cu(u) center. Moreover, the dication
74(BF,), was found to be a m-diradical, in which the two Cu(u)
centers remained in the same oxidation state as determined by
XAFS. X-ray diffraction analysis revealed the similar twisted
structure of 74(BF,),, which was feasible for ferromagnetic
coupling of the two Cu(u) centers. However, 74(BF,), exhibited

73

<X-Ray structure of 74>

74(BF,)

Fig. 23 Siamese-twin porphyrin and its Cu(i) complexes. (a) 4 equiv.
Cu(OAc),-H,0, CH,Cl,/MeOH, rt, overnight, 29%; (b) 2 equiv. AgBF4 in
EtNO,, CH,Cly, rt, 97%.
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diamagnetic (S = 0) character. The authors suggested the ligand
diradical character of [74]>*, which coupled strongly with the
Cu(u) center to cancel out the net spin. The m-diradical char-
acter of [74]** may arise from the non-Kekulé nature of the
dication owing to cross-conjugation between the pyrazole rings.

5.5. Magnetic interaction with the central metal

When a porphyrinoid w-radical has a paramagnetic metal in the
central cavity, a magnetic interaction between the porphyrin
radical ligand and the paramagnetic metal center is possible.
Earlier, this was examined for the 7t-radical cation of meso-tet-
raphenyl Cu(u) porphyrin 75%, which was characterized as
paramagnetic (S = 1 or § = 1/2, 1/2) in solution but diamagnetic
(S = 0) in the solid state.®** Orthogonality between the a,
SOMO of the ligand and the d, _, orbitals of Cu(u) has been
assigned as responsible for the ferromagnetic interaction.
Therefore, the ferromagnetic interaction was observed in solu-
tion owing to the planar structure and the resulting strict
orthogonality, but a slight structural distortion in the solid state
gave rise to an antiferromagnetic interaction. It should be noted
that other metalloporphyrin radical ions such as 76" and 77"
have also been investigated as model compounds of compound
I (Fig. 24).*

Square-planar Ni(u) porphyrins are usually diamagnetic (low-
spin, S = 0), but become paramagnetic (high-spin, S = 1) upon
the coordination of an additional ligand (Fig. 25).®* The orbitals
responsible for the spin of high-spin Ni(u) have c-character, and
the m-radicals should be orthogonal, which leads to a ferro-
magnetic interaction as in the case of Cu(u) porphyrins. Balch
et al. reported that the B-octaethylporphyrin Ni(i) complex 21Ni
existed as a doublet species (S = 1/2) as a consequence of an
antiferromagnetic interaction between the high-spin Ni(1) atom
and the m-radical. On the other hand, Osuka et al. reported
a strong ferromagnetic interaction in the meso-penta-
fluorophenylporphyrin Ni() complex 78Ni.®® The authors sug-
gested that the balance of magnetic interactions between the
central metal and the ligand radical was likely to be sensitive, so
that a very small structural distortion could alter the magnetic
interaction.

6. Kekulé/non-Kekulé radicals

Delocalized radicals can be divided into Kekulé and non-Kekulé
molecules.®” In most Kekulé-type diradicals, the loss of bond-
formation energy due to the presence of two unpaired elec-
trons is compensated by a gain in aromatic stabilization

75* 76*

Fig. 24 Radical cations of metalloporphyrins.
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Fig. 25 (a) Coordination-induced spin crossover of Ni(i) center. (b)
OEP and 10,15,20-triarylporphyrin  meso-oxy radicals and their
magnetic interaction with the Ni(i) center. Ar = pentafluorophenyl.

energy.®® On the other hand, non-Kekulé radicals have struc-
tures that cannot be drawn as a closed-shell form.

6.1. Quinonoidal porphyrinoids

5,10- and 5,15-quinonoidal porphyrins, which can be drawn as
diradicals with the retention of the macrocyclic aromatic
conjugation circuit, are also promising candidates for obtaining
stable diradical species. However, the macrocyclic aromatic
stabilization energy of porphyrin seems relatively small in
comparison with the bond dissociation energy.* Consequently,
the closed-shell quinonoidal electronic structure is more
favorable, as seen in 34 and 79-82 (Fig. 26).>**7* These qui-
nonoidal porphyrinoids exhibit unique optical and electro-
chemical properties owing to decreased HOMO-LUMO gaps
and perturbed aromaticity.

Osuka et al. prepared a series of 5,15-bis(3,5-di-tert-butyl-4-
hydroxyphenyl-oligothienylene)-substituted porphyrins 83_n
and [26]hexaphyrins 84_n (Fig. 27).”> Whereas 83_0, 84_0, and
84_1 exhibited sharp 'H NMR signals corresponding to
a closed-shell quinonoidal structure, 83_1 and 84_2 remained
silent or displayed broad signals even at low temperatures.
Theoretical calculations at the UHF/6-31G*//B3LYP/6-31G* level
revealed large diradical indices of 0.99 for 83_1 and 0.85 for
84_2. Compound 83_1 was sufficiently stable for isolation but
sensitive to air and moisture. This chemical instability implied

Ar Ar Ar

O
Ar
79
Et
Et
Et
Et
80

Fig. 26 Quinonoidal porphyrins.
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84_1(n=1)

84.2(n=2)

Fig. 27 Thienylguinonoidal porphyrins and hexaphyrins. The meso-
CeFs groups in 84_1 and 84_2 are omitted for clarity.

that the spin was less delocalized over the porphyrin core. On
the other hand, 84_2 was highly stable, which was presumably
due to effective spin delocalization over the hexaphyrin core, as
indicated by DFT calculations. Judging from the exchange
integral (J/kg = —33 K for 83_1 and J/kp = —940 K for 84_2), the
interaction between the two phenoxy radicals was slight in 83_1
in comparison with that in 84_2, which also suggested that 83_1
was less conjugated. The strong antiferromagnetic interaction
in 84_2 was presumably due to through-space spin-spin inter-
actions, which are inaccessible for their porphyrin counter-
parts, as well as through-bond conjugation.

6.2. 2,18-Doubly linked corrole dimer

Shinokubo et al. synthesized the 2,18-doubly linked corrole
dimer 85 with a cyclooctatetraene (COT) moiety in the center
via oxidative fusion of a 2,2"-linked corrole dimer (Fig. 28).”
85 was quantitatively oxidized with DDQ to give 86, and the
metal complexes 85Co and 86Zn were also prepared. Whereas
85 and 85Co displayed absorption spectra that were typical of
aromatic corroles, 86 and 86Zn exhibited largely perturbed
spectra that extended to 1700 nm. 86Zn was NMR-silent but
EPR-active and displayed a sharp signal at g = 2.0053. 86 and
86Zn were characterized as singlet diradicals. A SQUID study

Ar Ar Ar Ar
(a)
Ar . Ar ¢ Ar . Ar
(b)
Ar Ar 85 Ar Ar 86
l(c) l(d)

Ar Ar Ar Ar

Ar . Ar Ar: . Ar

85Co (M = Co) Ar Ar
85Ga (M = Ga—pyridine)

Ar Ar 86Zn

Fig. 28 2,18-Doubly linked corrole dimers. (a) 5 equiv. DDQ, toluene,
rt, 2 h, 83%; (b) NaBH,4, THF, rt, quant.; (c) 5 equiv. Co(OAc),, 7.8 equiv.

PPhs, EtOH, rt, 1.5 h, 78%; (d) sat. Zn(OAc), in EtOH, CHCls, rt, 1 h, 547%.
Ar = pentafluorophenyl.
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of 86Zn revealed an antiferromagnetic interaction with J/kg =
—470 K.

It is worth noting that the triply linked corrole dimer 87 also
possessed a dimeric structure consisting of inner 2NH corroles,
but 87 was a closed-shell molecule with a short C10-C10’
distance of 1.389 A (Fig. 29).”* Recently, Gross et al. reported
the synthesis and electronic structure of 85Ga.”* The authors
showed that the HOMO-1 of 85Ga, which may correspond to the
SOMO of the diradical 86, had a very low spin density on C2 and
C18, but a large coefficient on C15. The small extent of the
overlap of the SOMOs may be the origin of the diradical char-
acter of 86 and 86Zn.

6.3. Phenalenyl-fused porphyrins

Phenalenyl is a very important stable organic m-radical and has
been extensively studied from both experimental and theoret-
ical viewpoints.”” Wu et al. prepared precursors of the mono-
and bis-phenalenyl-fused porphyrins 88 and 90 via an intra-
molecular Friedel-Crafts reaction.” The authors concluded that
the subsequent oxidation of 88 and 90 led to the formation of 89
and 91, respectively (Fig. 30). Compound 89 was characterized
as a closed-shell chromophore with a sharp "H NMR spectrum
and a small diradical index of 0.06. Unfortunately, 91 was
unstable under ambient conditions and gave the B-oxidized
products 92 and 93. The EPR signal of 91 displayed clear
hyperfine coupling with two sets of protons, which was
consistent with the proposed structure. DFT calculations sug-
gested that 91 was a ground-state triplet diradical with J/kg =
+1800 K, although no experimental evidence in support of the

@ - (9
o ()

Fig. 29 Triply linked corrole dimer. Ar = pentafluorophenyl.

Fig. 30 Peripherally phenalenyl-fused porphyrins. Reagents and
conditions: (a) 2 equiv. NIS, CH,Cl,, rt, 5 min, 49%; (b) 2 equiv. p-
chloranil, CH,Cly, rt, 10 min. 92 and 93 were obtained after exposure
to air for 3.5 h, 20% for 92, 39% for 93. Ar' = 4-tert-butylphenyl, Ar> =
3,5-di-tert-butylphenyl.
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spin and oxidation state of 91 was reported. It is noteworthy that
91 formally bears two radicals on the sp*-carbon atoms attached
to the meso-positions, but 91 cannot be drawn as a closed-shell
structure owing to the externally fused conjugation circuit.

Osuka et al also reported the similar peri-dinaph-
thoporphyrin 94,”” which comprises a partial structure of 91 and
porphyrin tapes.” 94 was characterized as a closed-shell anti-
aromatic molecule (Fig. 31). Thompson et al. also prepared
the bis-phenalenyl-fused porphyrin 95 by oxidative fusion fol-
lowed by thermal dehydroaromatization.” However, 95 was
a closed-shell molecule with a calculated diradical index of
<3%. The clear difference between 91, 94 and 95 is indicative
that the design of the conjugation circuit is of great importance
in producing a diradical.

6.4. Thermally induced radical character

Chmielewski et al. reported the synthesis of the pyr-
imidinenorcorrole dimer 99 via a unique ring expansion reac-
tion of Ni(u)-norcorrole 96 (Fig. 32).*° 99 existed in equilibrium
with its homolysis product 100 in toluene, which was proved by
VT-EPR measurements and measurements of the temperature
dependence of absorption. The population of 100 was estimated
from VI-NMR measurements to be 12% at 300 K and almost
90% at 373 K. This process was reversible and reproducible in
the open air, which indicated both the thermal stability and the
chemical stability of 100. Surprisingly, the dimerization of 100
was completely regioselective, whereas the spin density of 100
was fairly delocalized, as evidenced by both the hyperfine
coupling constants observed in the EPR spectrum and DFT
calculations. Moreover, 99 was further oxidized in DMF (even
degassed and under N,) to give 101. The oxidation of 99 to 101
also proceeded in toluene with the aid of a catalyst. X-ray
diffraction analysis revealed a molecular twist around the C3-
C3' bond with a dihedral angle of 44° and a relatively short C-C
distance of 1.437 A. In the solid state, a small amount of
a paramagnetic species was observed (6% on the assumption of
a triplet species) by a SQUID study. The EPR signal of 101 in the
solid state displayed a fine structure with a zero-field splitting
parameter of D = 20 mT, which is typical of triplet species. A VI-
NMR study of the spin-lattice relaxation time (T;) revealed that
T; was shorter at 300 K (0.04-0.5 s) in comparison with its value

Ar
Ph Ph
— 00
Ph Ph
Ar

18m-aromatic + diradical

Ph Ph

PH Ph
Ar 94

24m-antiaromatic

Ar Ar
$0 2 @
D . QPO
Ar

Ar 95
quinoidal, nonaromatic

a8

18m-aromatic + diradical

Fig. 31 Peripherally fused porphyrins. Ar = 3,5-di-tert-butylphenyl.
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Mes Mes NH,
(@) .
Mes Mes
96 97

in toluene

Fig. 32 Series of pyrimidinenorcorrole derivatives. (a) 12.5 equiv. 4-
Amino-4H-1,2,4-triazole, 20 equiv. NaOH, THF, reflux, 2 h, 8.6% for
97, 28.8% for 98, 3.3% for 99, 32.2% for 100; (b) degassed DMF, N,
80 °C, 30 min, 98%.

at 183 K (7; > 1 s), which indicated thermally enhanced
paramagnetic character. Rotation around the C3-C3’ bond
was also observed in the form of averaging of the signals due
to the meso-mesityl groups. The authors proposed that the
population of the paramagnetic form was higher and/or
chemical exchange between the forms was faster upon
heating. These phenomena were further supported by
quantum calculations that showed that the S-T gap was
dependent on the dihedral angle.

Wu et al. also proposed the thermally induced diradical
characters of the 5,15-bis(9-fluorenylidene)porphyrin 102 and
its Ni complex 102Ni (Fig. 33).*" Both 102 and 102Ni adopted
quinonoidal structures in the single-crystal state with distor-
tions due to steric hindrance by the fluorenyl groups. X-ray
analysis revealed the highly bent structure of 102 due to steric

-2 CF4CO,”
103(TFA),

102Ni

Fig. 33 5,15-Bis(9-fluorenyl)porphyrins and X-ray crystal structure of
102Ni. (a) 10 equiv. Ni(OAc),-4H,0, toluene, 120 °C, 5 h, quant.; (b) 2
equiv. CF3CO,H, CH,Cly, <10 min, quant. Ar = 3,5-di-tert-butylphenyl.
Hydrogen atoms and tert-butyl groups in the crystal structure of 102Ni
are omitted for clarity.

1420 | Chem. Sci, 2018, 9, 1408-1423

View Article Online

Perspective

repulsion between the B-proton and the fluorenyl group with
a short C,e50~Coivorenyt bond length of 1.35-1.37 A. A VI-NMR
study detected signal broadening at high temperatures, which
indicated the structural flexibility of 102 and 102Ni. 102Ni
exhibited signal broadening at lower temperatures than 102,
which has been interpreted in terms of the conformational
flexibility of 102Ni, despite its metalation. A SQUID study of 102
and 102Ni revealed unusual open hysteresis loops for net
magnetization.®” The estimated value of AEgy was higher in 102
than in 102Ni, which was consistent with the VI-NMR results.
From these results and DFT calculations, the authors proposed
that the diradical character was triggered by a thermally
induced “butterfly-like” structural change. Protonation also
altered the diradical character of 102. For example, protonation
of 102 gave 103(TFA), in quantitative yield, which exhibited
sharp NMR signals even at high temperatures, which indicated
closed-shell character.

In the case of 102, structural flexibility induced the dir-
adical character. Very recently, Osuka et al. reported a con-
trasting system in which diradical character was enhanced via
structural rigidification.®® As shown above, the 5,5-linked
15,15’-dioxo-Ni(u)-diporphyrin 34 was known to be a closed-
shell quinonoid with a distorted structure. It was considered
that the replacement of the central metal would lead to
changes in the structure and thus magnetic interactions. In
fact, the Ni(u) complex 104Ni was a closed-shell quinonoid
similar to 34, but the Zn(1) complex 105ZnIm was found to be
a stable diradical (Fig. 34). X-ray diffraction analysis of
105ZnIm showed a perpendicular structure consisting of two
highly planar porphyrin segments with a dihedral angle of
71°. The C5-C5’ bond length (1.492 A) clearly indicated single-
bond character. These structural features indicated a dir-
adical electronic state, which was supported by the silent "H
NMR spectrum, the active EPR spectrum, magnetism detected
by SQUID experiments, a broad absorption tail extending to
1800 nm, and DFT calculations. Moreover, the free base 104H,
was found to exist as an equilibrium mixture of the closed-
shell quinonoid 104H, and the diradical 105H, (104H,/
105H, = 81/19 in toluene at room temperature), as evidenced
by VT-EPR and VI-NMR studies. The contribution of 105H,
increased at high temperatures.

Mes
Mes Mes Mes Mes
> o
Oo T O°
Mes Mes Mes Mes
104H, 105H,

Fig. 34 5,5'-Linked 15,15 -dioxodiporphyrins. L = N-methylimidazole.
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CeFs CeFs CeFs CeFs

CeFs

107+

107-

Fig. 35 Synthesis and redox behavior of pentathiapentaphyrin 107. (a)
FeCls, CH,Cly, rt, 1 h, then triethylamine, rt, 38%.

7. Other example

7.1. Pentathiapentaphyrin

Anand et al reported the synthesis of pentathiapenta-
phyrin(1.1.1.1.1) 107,** which cannot be drawn as a neutral
closed-shell form without an unpaired electron, in a similar way
to the corrole radical 72 (Fig. 35). X-ray crystallographic analysis
revealed its planar structure, which was suitable for spin delo-
calization. In fact, 107 displayed high stability towards air and
moisture. The radical 107 could be reversibly oxidized/reduced
to give the 247 anti-aromatic cation 107" and the 267 aromatic
anion 107, respectively. The mixing of 107* and 107~ formed
107, which indicated the high tendency to comproportionation
and thus the high stability of 107.

8. Conclusion and perspectives

We reviewed porphyrinoid-based stable radicals mainly from
the viewpoints of radical structure and stability. Early research
focused on porphyrinoid-based radicals as important reaction
intermediates in biochemistry. Recently, interest has been
shifting to the investigation of functional materials based on
stable radicals. The remarkable stability of porphyrinoid radi-
cals is mainly due to effective spin delocalization (thermal
stabilization). However, in some cases steric protection at
positions where relatively high spin density is localized (kinetic
stabilization) is necessary for chemical stability. The effective
spin delocalization ability of porphyrinoids can be attributed to
their unique structural and electronic flexibilities. Reflecting
their delocalized m-radical characters, these radicals generally
exhibit unique properties such as NIR absorption bands,
magnetic properties, and small redox gaps.

There is ample room for further functionalization of stable
porphyrinoids by taking advantage of their stability as well as
properties such as light-harvesting functions, structural flexi-
bility, and metal-coordinating ability. Owing to their chemical
stability and unique properties, porphyrinoid-based radicals are
promising candidates for future applications. The precise
alignment of radicals in the solid and liquid-crystalline phases
is required to achieve effective bulk properties, but general
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guidelines for the design of packing structures have not yet
been established. Most of the stable radicals that have been
synthesized so far are [4n + 1]m-species, and the stabilization of
[4n + 3] electronic radicals (and radical anions) still remains
a challenging topic. The investigation of general strategies for
stabilizing such electron-rich m-radicals will be important,
because it will help in the creation of novel functional mole-
cules. A recent study revealed the triplet Baird-type aromaticity
of an internally dithienothiophene-bridged [34]octaphyrin
dication.®® The excited-state dynamics of porphyrinoid-based
radicals are also of great interest.

In addition, porphyrinoids may be promising for stabilizing
radical-related unstable chemical species such as carbenes,
nitrenes and other reactive species.®*® Related studies are
actively in progress in our laboratory, and we hope to report
their results in the near future.
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