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ABSTRACT

Topological symmetry-based extensions of a π-conjugation network in an odd alternant phenalenyl radical have enabled us to control the
spin density distribution systematically. ESR/ENDOR and NICS studies on the topological isomers of oxophenalenoxyl have revealed that the
unpaired electron tends to localize in the antiaromatic ring systems.

One of the highlighted advances in the field of organic
magnetism and molecule-based magnetic materials1 has been
the use of topological symmetry requirement for high-spin
preference in neutral open-shellπ-conjugated hydrocarbons.
The use of the topological symmetry enables an unlimited
number of electron spins to align parallel to each other in
the ground state,2 which is termed the unlimitedness of

topological degeneracy. On the other hand, the orbital
degeneracy due to the group theoretical high symmetry is
finite, e.g., the utmost quartet (S) 3/2) state demonstrated
even in a ground-state C60

3-.3 Themeta- or 1,3,5-connectiv-
ity-based topological degeneracy of SOMOs (π-NBMOs) has
been a primary guiding principle for molecular design of
organic high-spin systems.4,5

We have recently demonstrated that 3- and 6-oxophenale-
noxyl systems (16a and2,6b-e respectively), persistent neutral† Osaka University.
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“monoradicals” based on an odd alternant phenalenyl
system,7 exhibit a uniqueπ-electronic delocalization nature
caused by the two oxygen atoms introduced into the
phenalenyl skeleton as a heteroatomicπ-extension.6 The
salient feature in spin density distribution underlines a new
topological symmetry control due to the connectivities of
the two oxygen atoms on the phenalenyl skeleton. We here
focus on the synthesis of a 4-oxophenalenoxyl derivative3
and characterizations of the electronic spin structures of three
topological isomers, 3-, 6- and 4-oxophenalenoxyl, in terms
of the spin density distributions, the resonance structures,
and the nucleus-independent chemical shifts (NICS),8 show-
ing the appearance of the spin topological symmetry control
in spin density distribution.9

The preparation of the radical precursor6 was efficiently
achieved by a regioselective demethoxylation reaction in
dimethoxyphenalenone46c (Scheme 1); treatment of4 with

LiAlH 4-CuI reagent10 in THF followed by LiI afforded6
in good yield.11 The chemical structure of monomethoxy-

phenalenone5 was unequivocally determined in terms of
the 1H NMR analysis based on NOESY data, which gave
reasonable assignments of all protons, including thetert-
butyl groups. The treatment of6 with an excess amount of
active PbO2 gave the radical3 as a green solid in quantitative
yield.12 The radical3 is stable in the absence of air, and most
of the radical remains unchanged in air for a few weeks in
the solid state. In a degassed toluene solution the radical3
decomposes in a few days at room temperature, indicating a
lesser stability compared with a tri-tert-butylated 6-oxophen-
alenoxyl derivative2 (R ) t-Bu).6b

A hyperfine ESR spectrum and the liquid-phase1H
ENDOR/TRIPLE spectra of3 were observed from a de-
gassed toluene solution of the isolated radical (5× 10-5 M)
at 243 K (Figure 1). The1H ENDOR spectrum showed four

pairs of sharp lines and a pair of broad lines attributed to
the four protons of the phenalenyl skeleton andtert-butyl
protons, respectively. Furthermore, the1H TRIPLE spectrum
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Scheme 1a

a Reagents and conditions: (a) LiAlH4 (3 equiv), CuI (12 equiv),
THF, rt, 79%. (b) LiI (20 equiv),N,N-dimethylacetamide, 170°C
then NaCl aqueous solution, rt, 85%. (c) Active PbO2, toluene, rt,
quant.

Figure 1. Observed hyperfine ESR (a) and1H ENDOR (b) spectra
for 3 in a toluene solution (5× 10-5 M) at 243 K; the microwave
frequency used for the ESR measurement was 9.479762 GHz. The
observesdg-value is 2.0052.
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confirmed the relative signs of the hfcc values of all the
protons to be the same.13 The observed ESR spectrum was
successfully simulated by use of the hfcc values obtained
from the1H ENDOR spectrum.13 The calculation of the spin
density distribution and proton hfcc values in terms of density
functional theory (DFT)14aindicated that the calculated value
for the hfcc values of3 gave a rationale for the assignments
of the experimentally obtained hfcc values (Table 1).

The calculatedπ-spin density distributions in three kinds
of the topological isomers of oxophenalenoxyls are sum-
marized in Figure 2a, showing a robustπ-spin polarization
nature in all cases. Furthermore, the spin density distribution
is controlled by virtue of the spin topological symmetry
inherent in the oxophenalenoxyl systems; the uniqueness is
that the unpaired electron is dominantly delocalized on the
two oxygen atoms and on the peripheral carbon atoms located
at short distances between the two oxygen atoms. These
characteristics can be well understood in terms of spin-
delocalized structures, which represent dominant classical
canonical resonance structures maintaining aromatic 6π-
electron systems in each case (Figure 2b).6a,b For further
evaluation of the electronic structures, we have invoked the
NICS method, which is known as an interpretative tool for
identifying regions of high local aromaticity and antiaroma-
ticity (Figure 2a).8 In the 3-oxophenalenoxyl system, the large
negative (-8.6) and the positive (+7.2) NICS values
obtained in the two ring systems and in the other ring system
indicate a substantial degree of the local aromaticity and
antiaromaticity of these ring systems, respectively. This
demonstrates that an unpaired electron tends to localize in
the antiaromatic ring system of 3-oxophenalenoxyl and
agrees well with the results obtained from the spin density

distribution and the spin-delocalized structure. This rationale
is applicable to the 4- and 6-oxophenalenoxyl systems. The
validity of the NICS method for open-shell organic systems
of π-conjugation is exemplified for the first time from the
experimental side. Interestingly, the relative order of the total
energy (in units of kcal/mol) for 3- (+6.86), 4- (+2.88) and
6-oxophenalenoxyl (0) obtained by the DFT method14b is
consistent with the length of theπ-conjugation in the spin-
delocalized structure; five atoms for the 3-, seven atoms for
the 4-, and nine atoms for the 6-oxophenalenoxyl system
(Figure 2b).

In conclusion, our preparation and determination of the
spin density distribution of the 4-oxophenalenoxyl3 enabled
us to characterize the electronic spin structures of the three
oxophenalenoxyl topological isomers, demonstrating that the
oxophenalenoxyl systems afford the first example showing
spin topological symmetry control in monoradical chemistry.
We emphasize the importance of organic synthetic efforts
for these persistent radicals, which can lead to new concep-
tual advances in monoradical chemistry,9 contributing to the
molecular designs for novel organic open-shell systems and
syntheses of the exotic spin-mediated crystalline materials.15

Phenalenyl-based spin chemistry has served for the disclosure
of the new spin topological symmetry control. The concept
is generally applicable to homoatomic systems.
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(11) Selected physical data for6: mp 284-285°C; TLC Rf 0.42 (5:1
hexane/ethyl acetate);1H NMR (270 MHz, CDCl3/CF3CO2H) δ 1.47 (s,
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1643, 1627 cm-1; EI-MS, m/z364 (M+), 307 (M+ - C4H9). Anal. Calcd
for C25H32O2: C, 82.37; H, 8.85; N, 0.00. Found: C, 82.37; H, 8.98; N,
0.00.

(12) Selected physical data for3: mp 162-164 °C dec.; TLCRf 0.56
(5:1 hexane/ethyl acetate); IR (KBr) 2961, 1580 cm-1. Anal. Calcd for
C25H31O2‚(H2O)0.2: C, 81.79; H, 8.62; N, 0.00. Found: C, 81.58; H, 8.56;
N, 0.00.

(13) 1H TRIPLE and simulated ESR spectra; see Supporting Information.
(14) (a) Gaussian 94 with UBLYP/6-31G**//UBLYP/6-31G* method.

(b) Gaussian 94 with UBLYP/6-31G**//UBLYP/6-31G** method.
(15) X-ray crystallographic analyses and measurements of magnetic

susceptibility for2 and3 are of great interest and are underway.

Table 1. Observed and Calculated Proton Hfcc Values for3

AH/mT

3 6 7 9 2-t-Bu 5-t-Bu 8-t-Bu

obsda +0.214 +0.039 +0.112 +0.084 +0.011 +0.011
calcdb +0.153 +0.025 +0.079 +0.049 +0.014 +0.003 +0.010
calcdc +0.236 +0.047 +0.106 +0.073

a Observed hfcc values were determined by1H ENDOR and simulated
ESR spectra. The hfcc values of protons of 5-tert-butyl groups could not
be determined experimentally.b Calculated hfcc values were determined
by the DFT method.14a c Calculated hfcc values were determined by the
DFT method14a with the help of McConnell’s equation (Q ) -2.25 mT).

Figure 2. Spin density distribution and the NICS (ppm) (a) for 3-
(A), 4- (B), and 6-oxophenalenoxyl (C) systems (unsubstituted)
calculated by the DFT method.14b Vacant and filled circles denote
negative and positiveπ-spin density, respectively. The spin-
delocalized structure (b) represents dominant classical canonical
resonance structures in each system.
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