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ABSTRACT: We have prepared and isolated neutral poly-
cyclic hydrocarbon radicals. A butyl-substituted radical gave
single crystals, in which a π-dimeric structure, not a σ-bonded
dimer, was observed, even though steric protection was absent.
Thermodynamic stabilization due to the highly spin-delocalized
structure contributes effectively to the suppression of σ-bond
formation.

Organic radicals have long fascinated chemists with a funda-
mental understanding of structure�reactivity relationship in

organic reactions1 and with applications for electroconductive2 and
magnetic materials.3 Although most radicals are chemically reactive
species and are encountered only as intermediates, some are stable
enough to be isolated even in air.4 When one considers the use of
radicals as building blocks for materials, kinetic and thermodynamic
stabilizations are essential for a long life. Kinetic stabilization, which
is usually steric protection, leads to interference of the orbital
interaction between radicals and consequently suppresses σ-bond
formation but, at the same time, is undesirable for electroconductive
and magnetic properties. Thus thermodynamic stabilization is key
to the development of functionalmaterials based on organic radicals.

Unlike heteroatom-centered radicals, which are well studied in
terms of the functionality,3 hydrocarbon radicals have been far from
application due to a strong propensity forσ-dimerization originating
from the strength of the carbon�carbonbond.5 All the hydrocarbon
radicals isolated so far in a crystalline form take advantage of kinetic
stabilization (1�6, Chart 1).6 In this context, we decided to explore
the preparation of hydrocarbon radicals that are stabilized predo-
minantly by a thermodynamic factor. In this paper, we show that
a large extent of spin delocalization is effective for suppressing
σ-dimerization of hydrocarbon radicals.

Our molecular design is strongly based on the high spin-
delocalizing nature of phenalenyl radical.7 An unpaired electron
of this radical delocalizes over six equivalent carbon atoms due to
its symmetry,8 as shown in Figure 1. This highly spin-delocalized
structure leads to the thermodynamic stability of this radical,
which is inferred from the fact that the bond dissociation energy
of the methylene C�H bond in phenalene is one of the weakest
among closed-shell hydrocarbons (270 kJmol�1).9 However, the
phenalenyl radical is in equilibrium with a σ-dimer in solution,10

and consequently, steric protection (see, 6)6f or attachment of

heteroatoms11 is required for isolating it in a radical form in the
solid state.

The compound 7 is the radical that we newly designed
(Figure 2). This radical is composed of two phenalenyl rings,
and an unpaired electron can delocalize over the whole molecule
through the resonance of two canonical forms having a phena-
lenyl radical structure (Figure 2a).12Within the framework of the
H€uckel molecular orbital (HMO) theory, the singly occupied
molecular orbital (SOMO) of 7 is distributed on 12 carbon
atoms, and its coefficients are (1/

√
12, that is, the spin density

on the phenalenyl ring of 7 is half of those of the phenalenyl
radical (Figure 2b). Thus 7 is more thermodynamically stabilized
than the phenalenyl radical.

Scheme 1 shows the synthetic route for 7. The starting
material, 6-bromophenalanol 8, was prepared according to the
literature.13 Reduction of the hydroxyl group with Et3SiH and
subsequent coupling of the lithiated 9 with ethyl formate gave
bis-phenalanyl methanol 10. Cyclization with H3PO4 and dehy-
drogenation with dichlorodicyano-p-benzoquinone (DDQ) gave
a cationic species of 7. This cationic species was not suitable for
measuring cyclic voltammetry because of the presence of the
DDQ counteranion, and therefore we replaced the DDQ anion
with tetrafluoroborate (14). The target radical 7 was obtained as
a black powder by the reduction of 14with decamethylferrocene.

A toluene solution of 7 gave a very well-resolved multiline
electron spin resonance (ESR) spectrum at room temperature.
However, the complex pattern made it difficult to determine the
proton hyperfine coupling constants (aH) by computer simula-
tion. Therefore we applied the ENDOR/TRIPLE technique for
the most reliable aH values. The technique can afford both the
magnitudes and relative signs for aH’s. Figure 3 shows the ob-
served (sideband production free) and simulated ESR spectra of
7 along with the aH values (the 1H ENDOR/TRIPLE spectra are
shown in Figure S1, Supporting Information). The agreement
between the experimental and theoretical aH values (Figure 3c)
indicates that the delocalization of the unpaired electron is not
confined to one phenalenyl ring but is operative over the entire
molecule. The intensity of the ESR signal remained unchanged
even at�90 �C, indicative of no dimerization process upon cool-
ing. This result contrasts markedly with the behavior of parent
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phenalenyl radical and 2,5,8-tri-tert-butlylphenalenyl radical 6,
whose ESR signal intensities drastically decrease upon cooling
due to σ-14 and π-dimerization,15 respectively.

Cyclic voltammogramof 14 inCH2Cl2 gave two reversible redox
waves at �0.39 and �1.42 V vs Fc/Fc+ (Figure S2, Supporting
Information). The difference between the first (cation to radical)
and the second (radical to anion) reduction potentials is 1.03 V,
which corresponds to the disproportionation potential (ΔE) of
7. The ΔE of 7 is much smaller than that of phenalenyl radical
(1.6 V),16 indicative of a larger thermodynamic stability of 7.
As mentioned above, neutral radicals are good potential candidates
for single componentmolecular conductors, in which a small on-site
Coulomb repulsion (U) is one of the essential factors.17 The U can
be estimated fromΔE of neutral radicals. TheΔEof7 is still large for
the application to organic metals, because the bandwidth (W) of
most organic solids is less than 0.5 eV and a higher ratio of W/U,
especiallyW > U, is required for metallic behavior.17

Further characterization, including single crystal X-ray diffrac-
tion analysis, could not be carried out due to the low solubility of
7 in most organic solvents. Therefore we decided to introduce a
butyl group that is distantly positioned from the phenalenyl rings,
in order to increase the solubility.

The butyl-substituted radical 16 was prepared as shown in
Scheme 1. A butyl group was introduced by the attack of butyl
anion to the ketone group in 12. Dehydrogenation of 13 with
DDQ and a subsequent exchange of counteranions gave a catio-
nic species as a tetrafluoroborate salt (15). The radical 16 was
obtained as black needles by the reduction of 15 with deca-
methylferrocene in a sealed degassed tube.

Our primary interest for 16 is the absence ofσ-bond formation
between radicals in the solid state. As shown in Figure 4, 16
formed a π-dimer, not a σ-dimer, in which many C�C contacts
that are shorter than the sum of the van der Waals radius of
carbon atom were observed. Some of the carbon atoms bearing
R-(positive) spin density, which correspond to the active carbons
of phenalenyl radical, participate in the short contacts. The very
short contacts suggest a bonding interaction of two unpaired
electrons in the π-dimer. Such a multipoint bonding interaction
of unpaired electrons is referred to as multicenter bonding,18

which has attracted attention as a new type of chemical bond.
The attractive force within the π-dimer originates from a
covalent bonding interaction due to a large SOMO�SOMO
overlap as well as from a conventional dispersion force between
π-planes. On the other hand, there is no short contact of R-spin-
bearing carbons between theπ-dimers, and therefore a dominant
interdimer interaction is a dispersion force.

Chart 1. Hydrocarbon Radicals Isolated so Far in a Crystal-
line form

Figure 1. (a) Spin delocalization of phenalenyl radical. Each canonical
form contributes equally to the ground state. (b) The SOMOof phenalenyl
radical. The SOMOcoefficients are(1/

√
6 at the 6 equivalent carbons and

0 at the remaining 7 in terms of the HMO approximation.

Figure 2. (a) Spin delocalization of the newly designed radical 7.
(b) The SOMO of 7 by the HMO calculation. The SOMO coefficients
are(1/

√
12 at the positions corresponding to the 6 equivalent carbons

of phenalenyl radical and 0 at the remaining 15 in terms of the HMO
approximation.

Scheme 1. Synthetic Route for 7 and 16a

aReagents and conditions: (a) Et3SiH, TFA, CH2Cl2, rt, 88%; (b)
nBuLi,

then HCO2Et, ether, �30 to 0 �C, 88%; (c) H3PO4, 180 �C, 24%; (d)
DDQ, toluene, 70 �C; (e) nBu4NBF4, TFA, rt, 83% for 14 (2 steps) and
41% for 15 (2 steps); (f) Triton-B, air, pyridine, rt, 63%; (g) nBuLi, THF,
rt; (h) Et3SiH, TFA, CH2Cl2, rt, 78% (2 steps); and (i) decamethy-
ferrocene, CH2Cl2, trifluoroacetic acid (TFA).
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The strength of the covalent bonding interaction within the
π-dimer was estimated by SQUID measurements (Figure S3,
Supporting Information). The measurement showed an increas-
ing susceptibility above 220 K. Careful fitting of the observed

increase using the Bleaney�Bowers equation19,20 in a single-
t�triplet model indicates the antiferromagnetic coupling (2J/kB)
of almost �1600 K within the π-dimer.

The relatively large antiferromagnetic coupling would split the
SOMO of 16 into bonding and antibonding molecular orbitals
within the π-dimer. A polarized reflection spectrum of a single
crystal of 16 gave a band at 1037 nm along the c-axis (E//c), as
shown in Figure 5. This band is not observed in a reflection
spectrum obtained with light polarized perpendicular to the c-axis
(E^c) and in a solution spectrum. The band observed along the
c-axis is assignable to the transition from highest occupiedmolecular
orbital (HOMO) to lowest unoccupiedmolecular orbital (LUMO)
of the π-dimer. A time-dependent (TD) RB3LYP/6-31G* calcula-
tion of the π-dimer predicts a partially allowed HOMO�LUMO
band at 1110 nm (f = 0.14) along the line connecting the two
molecules, thoroughly supporting the assignment.

The longest-wavelength absorption band (1355 nm, ε =
7910 cmM�1) in a toluene solution of 16 is assigned to a transition
from SOMO to LUMO, according to a TD-UB3LYP/6-31G**
calculation of 7 that predicts a weak band at 1143 nm (f = 0.06).
From the decay of this near IR band, we estimated the stability of 16
in the solution state open to air in the dark. The half-life determined
at room temperature was almost 60 h, which is in contrast to the
rapid reaction of phenalenyl radical with oxygen.21

Finally, we discuss the thermodynamic stability of 7 from a
theoretical point of view. Thermodynamic stability of neutral radicals
(R•) can be estimated by a radical stabilization energy (RSE) that is
evaluated with a second-order restricted open-shell Møller�Plesset
theory (ROMP2) calculation for isodesmic hydrogen-transfer reac-
tions defined as eq 1.22 We calculated the

CH3
• þ R �Hsf

ΔHð¼RSEÞ
CH4 þ R• ð1Þ

RSE of allyl radical, phenalenyl radical, and 7 at the ROMP2/
6-31G**//UB3LYP/6-31G** level of theory. The calculated RSEs
(in kJ mol�1) were 78.11 for the allyl and 201.64 for the phenalenyl
radicals and 209.23 for 7. The RSE of phenalenyl radical is
extraordinarily large compared to that of allyl radical. This is an
interesting finding because the RSE of fluorenyl radical, which has
the same number of sp2-carbon atoms as the phenalenyl radical, was
only 92.99 kJ mol�1 at the same level of calculation. While
the difference of the RSE between phenalenyl radical and 7 is only

Figure 3. (a) Observed (8.18� 10�4 M, g = 2.0027, v = 9.509400 GHz,
at room temperature) and (b) simulated ESR spectra of 7. (c) The aH
values determined. In parentheses, the aH values calculated with a
UBLYP/6-31G**//UB3LYP/6-31G** method are also shown. (d) Spin
density map calculated with a UBLYP/6-31G**//UB3LYP/6-31G**
method. Blue and green surfaces represent R and β spin densities drawn
at 0.004 e/au3 level, respectively.

Figure 4. (a) The ORTEP drawing of 16with thermal ellipsoids at 50%
probability. (b) Top view of the π-dimer of 16. Butyl groups and hydrogen
atoms are omitted for clarity. Red ellipses indicate the short contacts of car-
bon atoms that possessR-spin density. TheC�Cdistances inÅ are: a, 3.383;
b, 3.138; c, 3.341; and d, 3.096. (c) Molecular stacking along c-axis.

Figure 5. Optical spectra of 16. Absorbance (ε) in toluene (red line)
and optical conductivities (σ) obtained with light polarized along (black
solid line) and perpendicular to the c-axis (black dotted line) on the
single crystal (3 �1 0) face.
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7.59 kJ mol�1, 7 has a larger RSE than the phenalenyl radical.
However, this slight advantage in thermodynamic stability indeed
leads to suppressing a σ-bond formation. According to the study by
Kochi and co-workers,10 phenalenyl radical stands on a delicate
balance between σ- and π-dimerizations (the bond enthalpies for
the σ and π-dimer are 42 and 40 kJ mol�1, respectively). This
means that an electronic perturbation on phenalenyl radical could
tilt the balance in favor of π-dimerization. The preference of
π-dimerization found in the dithiophenalenyl radical, which is
stabilized by electronic effects of heteroatoms,11 is the representative
case. In the case of 7, the delocalization of an unpaired electron on
onephenalenyl ring into the other phenalenyl ring contributes to the
further stabilization.

In summary, we have succeeded in isolating a hydrocarbon
radical in a crystalline form, without the use of steric protection.
The large extent of spin delocalization suppressed σ-bond
formation between the radicals. In the solid state, the radical
formed a π-dimer, in which unpaired electrons covalently inter-
acted through multicenter bonding. The antiferromagnetic cou-
pling amounted to almost �1600 K, and this relatively large
coupling split the SOMO of the radical into bonding and
antibonding molecular orbitals.

Polycyclic hydrocarbon radicals with the RSE larger than that
of phenalenyl radical might remain discrete in the solid state, and
the search for new stable hydrocarbon radicals will open up new
avenues for electroconductive and magnetic materials. The work
is currently in progress in our laboratories.
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