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Phenalenyl-based hydrocarbons possess highly amphoteric
redox properties that give low oxidation and high reduction
potentials and afford stable multivalent redox species.[1] These

compounds have frontier orbitals with a nonbonding molec-
ular orbital (NBMO) character that results from a weak
perturbation between singly occupied molecular orbitals
(SOMOs) of the phenalenyl radical and the frontier orbitals
of a central conjugated system. This perturbation leads to a
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small gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO). This amphoteric redox property makes the phena-
lenyl moiety is an important species in redox chemistry.
Herein, the synthesis and properties of a new phenalenyl-
based conjugated system that has amphoteric redox proper-
ties (Scheme 1) and a biradicaloid character originating from
a small HOMO–LUMO gap is reported.

The synthetic procedure for 1 is shown in Scheme 2. The
key intermediates 3 were obtained as an isomeric mixture of
3,10-, 3,11-, and 4,10-dimethyl compounds by treatment of
acenaphthene derivative 2 with sulfur.[2] Isolation of the
individual isomers was not carried out as 1 could be prepared
from each of them. Bis(propionic acid) derivatives 6 were
obtained in three steps. Intramolecular Friedel–Crafts cycli-
zation of the acyl chloride of 6 with AlCl3 gave diketones 7,
which were reduced and subsequently dehydrated to afford
dihydro compounds 9. Dehydrogenation of 9 with p-benzo-
quinone provided the target compound 1 as black prisms.
Compound 1 was found to be stable in the solid state at room
temperature even in air. The structure of 1 was confirmed by
X-ray cystrographic analysis (see below).

The cyclic voltammogram of 1 gave four reversible redox
waves, with two oxidation potentials (Eox

2 =++ 0.94 VandEox
1 =

+ 0.47 V) and two reduction potentials (Ered
1 =�0.53 V and

Ered
2 =�0.90 V; Figure 1. The reversibility of the redox waves

indicates the persistency of the mono- and divalent ionic
species. Furthermore, the low Eox

1 and high Ered
1 values suggest

that the oxidized and reduced species that are generated have
high thermodynamic stabilities. The Esum

1 value[3a] of 1.00 V is

comparable to that of pentaleno[1,2,3-cd ;4,5,6-c’d’]diphena-
lene (PDPL, 0.99 V[3b]), which is the smallest value reported
for closed-shell hydrocarbons.[1c] Thus, 1 possesses a high
amphoteric redox ability, which indicates that it has a small
HOMO–LUMO gap. Such a small gap is also confirmed by
the electronic absorption spectrum of 1, where an extraordi-
narily low energy band at 800–2000 nm is seen (Figure 2). The
band is assignable to a HOMO–LUMO transition, which is
consistent with the value of 1520 nm (f= 0.08) calculated by
time-dependent density functional theory (TD-DFT;
RB3LYP/6-31G**) calculations.[4] The low energy band is
independent of the sample concentration (5 D 10�4 and 5 D
10�5 molL�1) and the solvent polarity (cyclohexane, tetrahy-

Scheme 1. Four-stage amphoteric redox behavior of 1.

Scheme 2. Synthesis of neutral 1 and ionic redox species 12+, 1C+, 1C� , and 12�. Reaction conditions: a) Sulfur, DMF, reflux, 2 h, 90%; b) N-bromo-
succinimide (NBS), benzoyl peroxide, benzene, reflux, 10 min; c) NaOEt, CH2(CO2Et)2, benzene+ethanol, RT, 21 h, 67% (2 steps); d) 1. 10% aq
KOH, ethanol, reflux, 3 h, 2. 3n HCl, reflux, 12 h, 89%; e) 1. (COCl)2, reflux, 2 h, 2. AlCl3, CH2Cl2, �30 8C, 2 h, 75%; f) LiAlH4, THF, RT, 4 h, 86%;
g) cat. p-toluenesulfonic acid, benzene, reflux, 5 min, 99%; h) p-chloranil, benzene, reflux, 5 min, 87%; i) KH, under vacuum, THF, RT, 1 week;
j) K mirror, THF, RT; k) 1 equiv. of SbCl5, CH2Cl2; l) D2SO4, RT, 10 days.

Figure 1. Cyclic voltammogram (versus saturated calomel electrode) of
1 in CH2Cl2 with 0.1m Bu4NClO4 as the supporting electrolyte at room
temperature; sweep rate=100 mVs�1.
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drofuran, dichloromethane, and acetonitrile). Such observa-
tions exclude the possibility that the band is an intermolecular
charge-transfer (CT) absorption band.

The high amphotericity indicates that 1 should yield
cationic and anionic species readily. The ionic redox species of
1 were generated with no difficulties and showed no
appreciable decomposition over several weeks at room
temperature. The reaction conditions are summarized in
Scheme 1. The monovalent radical species 1C+ and 1C� gave
rise to well-resolved ESR signals without detectable changes
in the spectra at 183–293 K. The coupling constants of the ring
protons are given in Table 1 along with the theoretical

coupling constants calculated by the DFT (SVWN/6-31G**)
method and the McConnell equation.[5] The agreement
between the experimental and the theoretical hyperfine
coupling constants indicates that the unpaired electron is
not confined to one phenalenyl moiety (A) but is delocalized
over the entire molecule (B).[6] The spin-density calculation
indicates that the p spin of 1C+ and 1C� resides on the two
phenalenyl moieties with a similar spin distribution pattern to
that of the phenalenyl radical (Figure 3). The similarity of the
distribution pattern on two phenalenyl moieties supports the
idea that both the HOMO and LUMO of 1 should have a

large contribution from the nonbonding molecular orbital
(NBMO) in the phenalenyl radical.

The p-charge distribution of the divalent species 12+ and
12� should closely relate to the p-spin distribution of the
monovalent species 1C+ and 1C� . The removal and addition of
two electrons in the divalent species occurs in the same
molecular orbitals as those of a single electron in the
monovalent species, that is the HOMO and LUMO, respec-
tively. The divalent species 12+ and 12� gave rise to only seven
signals in the 1H NMR spectra (two from the tert-butyl groups
and five from the ring protons; Table 2). This simple 1H NMR

Figure 2. Electronic absorption spectrum of 1 in CH2Cl2 at room tem-
perature.

Table 1: Experimental and theoretical hyperfine coupling constants (in
mT) of 1C+ and 1C� .

1C+ [a] 1C� [b]

position exptl. theor.[c] exptl. theor.[c]

1,11 0.218 �0.225 0.150 �0.163
2,10 0.060 +0.045 0.004 +0.004
3,9 0.218 �0.204 0.154 �0.164
5,7 0.029 +0.003 0.068 +0.045
13,14 0.060 +0.054 0.008 �0.004

[a] Recorded in CH2Cl2 at�70 8C. The g value was 2.0045. [b] Recorded in
THF at �70 8C. The g value was 2.0034. [c] Calculated at the SVWN/6-
31G** level and with the McConnell equation (Q=�2.5 mT for 1C+ and
�2.4 mT for 1C�).

Figure 3. Spin density of 1C+, 1C� , and the phenalenyl radical calculated
at the SVWN/6-31G** level.

Table 2: 1H and 13C NMR spectroscopic data (d) of 12+ and 12�, and
13C NMR chemical shift changes on going from 12+ to 12�.[a]

12+ 12�

position 1H 13C 1H 13C position[b] Ddc
[c]

1,11 8.75 148.8 8.08 115.4 a 33.4
2,10 7.39 131.0 7.50 118.2 b 12.8
3,9 8.75 150.0 8.06 115.7 a 34.3
3a,8a 134.0 129.6 4.4
4,8 185.0 128.8 a 56.2
5,7 7.14 123.6 8.07 116.0 b 8.6
5a,6b 155.2 111.1 a 44.1
8c,15c 139.0 127.8 11.2
13a,13d 147.6 108.7 a 38.9
13,14 7.27 125.0 8.93 119.2 b 5.8
12,15 180.0 128.1 a 51.9
11a,15a 133.9 129.9 4.0
8b,15b 129.1 129.5 �0.4
5b,6a 159.5 119.7 39.8
13b,13c 150.4 123.4 27.0

[a] Compound 12+ was recorded in D2SO4 at room temperature.
Compound 12� was recorded in [D8]THF at room temperature. [b] a
and b denote the positions shown in the first formula. [c] Ddc=
13C(12+)�13C(12�).
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spectroscopic pattern reflects theC2-symmetry of the divalent
species. The changes in the 13C NMR chemical shifts of the sp2

carbon atoms on going from 12+ to 12� are 744.0 ppm (or
186.0 ppm per electron), which supports the complete gen-
eration of the dication and the dianion.[7] The changes
observed in chemical shifts for the individual carbon atoms
are large at the a position and small at the b position. A
similar trend is found with the changes found for the chemical
shifts for the phenalenyl species: large (51.8 ppm) at the
a position and small (4.9 ppm) at the b position.[8] These
NMR spectroscopic studies show that the electronic struc-
tures of the phenalenyl cation and anion contribute largely to
the divalent species 12+ and 12�, as shown in formula C. Thus,
it can be concluded that the high amphotericity of 1 results
from the NBMO character of its frontier orbitals.

A large exchange interaction (KH,L) in the frontier orbitals
is expected for a compound with a small HOMO–LUMO gap
and a large spatial overlap between these orbitals which
would lead to a pronounced biradical character.[9] The frontier
orbitals in the two phenalenyl moieties in 1 have a very similar
pattern to the NBMOof the phenalenyl radical, and therefore
substantial spatial overlap between the HOMO and LUMO is
expected (Figure 4). ESR measurements of solid 1 afforded a

typical spectra for triplet species (jD j= 17.2 mT, jE j=
3.9 mT). Furthermore, the temperature dependence of the
half-field signal indicated a thermal excitation to the triplet
state with an energy gap (DES-T) of ~ 5 kJmol�1. The average
distance between the two interacting spins is estimated from
the D value to be 5.5 J, which is smaller than the intra-
molecular distance between the centers of the two phenalenyl
moieties of 1 (8.4 J). This finding suggests that an unpaired

electron is not confined to one phenalenyl moiety but can
delocalize on the central thiophene ring. The unpaired
electron spin of a triplet state generally broadens NMR
resonance signals by thousands of hertz. No signals arising
from the ring protons were observed in the 1H NMR spectrum
of 1 recorded in CD2Cl2. Although a weak and broad signal
was recognized between 4 and 9 ppm below �70 8C, sharp
signals could not be obtained even at �90 8C (see the
Supporting Information). An equilibrium with the thermally
accessible triplet state would cause line broadening of the
NMR resonance signals. Such a thermal accessibility to the
triplet state supports the existence of a small HOMO–LUMO
gap and the large exchange interaction (KH,L) in 1.

The large exchange interaction (KH,L) is another fascinat-
ing property that describes the ground-state configuration.[10]

A configuration interaction (CI) calculation at the
CASSCF(2,2)/6-31G(d,p) level afforded an admixture (4%)
of the double excitation 1FH,H!L,L into the ground config-
uration 1F0. The singlet diradical index, proposed by Neese
and co-workers recently,[11] was estimated to be approxi-
mately 35% based on the CI calculation for 1. The singlet
diradical picture was supported by the DFT calculation at the
UB3LYP/6-31G(d,p) level, which afforded an energy low-
ering of 7 kJmol�1 induced by symmetry breaking of the DFT
solution. Fortunately, we obtained two indicative results for
the singlet biradicaloid character.

The first indicative result is the X-ray crystal structure
showing that 1 formed two kinds of dimeric pairs with
substantially short nonbonding contacts of about 3.1 J
between each thiophene ring, as shown in Figure 5. The
terminal rings were separated by over 4.2 J because of the
steric repulsion between the tert-butyl groups and the six-
membered rings. The van der Waals contact between carbon
atoms only exist within the central dicyclopenta[b ;d]thio-
phene moieties. The attractive forces leading to dimerization
would probably be an intermolecular CT interaction. There-
fore, there will be intermolecular delocalization of electrons
in the dimer of 1.[12] There are two possible explanations for

Figure 4. HOMO and LUMO of 1 as well as the singly occupied
molecular orbital (SOMO) of the phenalenyl radical calculated at the
B3LYP/6-31G** level.

Figure 5. Crystal structures of 1. Top view of the dimeric pair A (a) and
B (b), and side view of the dimeric pair A (c) and B (d). Hydrogen
atoms are omitted for clarity.
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the dimerization of 1 through CT interactions: The first is the
attractive forces resulting from electron transfer between
occupied and unoccupied molecular orbitals (MOs) in each of
the monomers in the dimers. In general, the most important
terms are related to an intermolecular HOMO–LUMO
interaction; however, with 1 the HOMO–LUMO interaction
should lead to no or only slight stabilization of the system
because of the orbital symmetry mismatching in the dimeric
arrangement described above. In contrast, the next highest
occupied molecular orbital (NHOMO)–LUMO interaction
should result in the formation of a bonding intermolecular
orbital (Figure 6a). The second explanation is an attractive

interaction through the double excitation configuration
1FH,H!L,L, that is, a singlet biradical contribution. Based on
the CASSCF(2,2) calculation of 1, the occupation numbers of
HOMO and LUMO are 1.9 and 0.1, respectively. In this case,
a LUMO–LUMO interaction will lead to stabilization of the
system because a newly formed “LUMO” of the dimer, which
is more stable than the original LUMO, can accommodate at
least 0.2 electrons (Figure 6b). In addition, a HOMO–
HOMO interaction seems likely to stabilize the system
because a newly formed “HOMO” of the dimer would
contain only 1.8 electrons. This would suppress a four-
electron repulsion that would result from the interaction
between fully occupied orbitals. A valence-bond picture is
helpful for understanding the singlet biradical structure. The
KekulN form of 1 loses aromatic stabilization in the central
thiophene ring, whereas thiophene and phenalenyl radical
structures appear in a singlet biradical form of 1. Therefore,
mixing of the singlet biradical configuration with the ground
state is promoted. The broken symmetry DFT solution
affords a large p-spin population on the phenalenyl moieties

with a little delocalization to the thiophene ring (see the
Supporting Information).

The second indicative result is a cycloaddition reaction of
1with tetracyanoethylene (TCNE). Mixing a solution of 1 and
TCNE in C6D6 exclusively afforded a TCNE adduct within
10 seconds in the dark at room temperature (Scheme 3). The

structure of the adduct was confirmed by NMR spectroscopy
(1H, 13C, NOESY, HMBC, and HMQC experiments). The
reaction may proceed by a stepwise process involving a
biradical or a symmetry-forbidden thermal concerted
[10+2] process. At this stage the reaction mechanism is still

undetermined. However, discussion of symmetry being “for-
bidden” or “allowed” becomes meaningless for the concerted
reaction of biradicaloid compounds because the double
excitation configuration should lower the symmetry-imposed
activation energy.[9]

In conclusion, the amphoteric redox compound 1 was
prepared by a stepwise synthesis and showed highly ampho-
teric redox properties. Notably, a singlet biradical character of
1 is suggested by quantum chemical calculations and sup-
ported by experimental results. The chemistry of amphoteric
redox systems are expected to contribute to investigations

Figure 6. Schematic drawing of the molecular orbital interaction of
dimeric 1 through electron transfer between occupied and unoccupied
molecular orbitals (a), and through the double excitation configuration
1FH,H!L,L (b). S and A denote the symmetry of the molecular orbitals.

Scheme 3. Reaction of 1 with tetracyanoethylene (TCNE).
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into the solid-state properties of conjugated singlet biradicals,
such as crystal packing, magnetism, and electroconductive
behavior. Closed-shell conjugated systems based on the
phenalenyl radical could lead to conjugated biradicaloid
compounds that could be isolated in the air.

Experimental Section
The detailed synthetic procedure for 1 is described in the Supporting
Information.

Crystal data for 1: C52H60S, M= 717.11, triclinic, space group P1̄
(no. 2), a= 12.901(2), b= 17.000(3), c= 20.674(4) J, a= 82.243(3),
b= 89.589(3), g= 69.229(3)8, V= 4196(1) J3, Z= 4, m(MoKa)=
0.111 cm�1, 1calcd.= 1.135 gcm

�3, R1(wR2)= 0.071 (0.187) for 982
parameters and 15174 unique reflections with I> 2s(I), GOF=
1.004. Data collection were performed on Enraf-Nonius CAD-4
diffractometer (MoKa, l= 0.71069 J) at 9 K. The structure was solved
with direct methods and refined with full-matrix least squares
(teXsan). CCDC-237621 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ,
UK; fax: (+ 44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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