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Abstract: We prepared and isolated a
phenalenyl-based neutral hydrocarbon
(1b) with a biradical index of 14 %, as
well as its charge-transfer (CT) com-
plex 1b-F,-TCNQ. The crystal struc-
ture and the small HOMO-LUMO gap
assessed by electrochemical and optical
methods support the singlet-biradical
contribution to the ground state of the
neutral 1b. This biradical character
suggests that 1b has the electronic
structure of phenalenyl radicals cou-
pled weakly through an acetylene
linker, that is, some independence of

the two phenalenyl moieties. The
monocationic species 1b'" was ob-
tained by reaction with the organic
electron acceptor F,-TCNQ. The cat-
ionic species has a small disproportio-
nation energy AE for the reaction 2x
1b*=1b+41b’*, which presumably
originates from the independence of
the phenalenyl moieties. The small AE
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led to a small on-site Coulombic repul-
sion U,;=0.61¢V in the CT complex.
Moreover, a very effective orbital over-
lap of the phenalenyl rings between
molecules afforded a relatively large
transfer integral t=0.09 eV. The small
U, /4t ratio (=1.7) resulted in a metal-
lic-like conductive behavior at around
room temperature. Below 280 K, the
CT complex showed a transition into a
semiconductive state as a result of
bond formation between phenalenyl
and F,-TCNQ carbon atoms.

Introduction

Supporting information for this article is available on the WWW
under http://www.chemasianj.org or from the author.

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

One of the remarkable functional properties of m-conjugat-
ed organic molecules is their electrical conductivity, for
which the on-site Coulombic repulsion U and the transfer
integral ¢ are crucial factors.l'! Significant effort has been de-
voted to molecular designs toward a small U and a large ¢
value, including expansion of the m-system, introduction of
chalcogen atoms, and so on.”) Recent extensive studies on
phenalenyl-based molecular conductors, whose features of
electronic structure are associated with a spiroconjugative
interaction of phenalenyl radical and cation, revealed that
phenalenyl would be a promising structure for highly con-
ductive materials as a result of its low U/4t ratio,®! which
originates from two characteristics of the phenalenyl radi-
cal.™! First, this radical has a singly occupied molecular or-
bital (SOMO) with nonbonding character; consequently, ad-
dition and removal of an electron should not affect the -
bonding energy of the system within the simple Hiickel mo-
lecular-orbital theory. The parent phenalenyl radical shows a
relatively small difference between the first oxidation and
first reduction potentials (AE™**=1.6 V). A small AE™%*
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is a good indicator of a small U value, although AE™"* and
U are solution-phase (i.e., single-molecule) and solid-state
(i.e., molecular-aggregate) properties, respectively.”!
Second, the sixfold symmetry of the SOMO gives perfect or-
bital overlap in both eclipsed and staggered stacking motifs,
the latter of which is seen in 2,5,8-tri-fert-butylphenalenyl
radical, thus leading to a large ¢ value.

& o £

phenalenyl eclipsed staggered
radical SOMO stacking stacking

Recently, we demonstrated that some phenalenyl-based
closed-shell polycyclic hydrocarbons have singlet-biradical
character, in which the bis(phenalenyl radical) canonical
form largely contributes to the electronic structure in the
ground state.”! Although singlet biradicals, whose features
of electronic structure are derived from a weak coupling of
two radical centers, are generally highly reactive species that
give dimeric or polymeric compounds,'”! the bisphenalenyl
singlet biradicals can be isolated in air by utilizing the spin-
delocalizing character of the phenalenyl radical. The most
important feature of the singlet biradicals isolated is the
substantially short n—mt overlap of the phenalenyl rings in
the staggered stacking.™ This favorable stacking gives a
large orbital overlap between molecules; thus, large band-
widths W (=4r) are achieved in the valence and conduction
bands.!"!

The staggered stacking of the phenalenyl system would
not be limited to the radical pair, according to Kochi and
co-workers.'”! They demonstrated that a phenalenyl radical
and cation pair also forms the dimeric staggered stacking in
solution. The spirobiphenalenyl system of Haddon and co-
workers would be a good representative for the staggered
stacking based on a radical-cation pair in the solid state.”
In the case of our bisphenalenyl system, monocationic spe-
cies of the singlet biradicals would have phenalenyl radical
and cation electronic structure, and a large orbital overlap
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between molecules is expected as in the case of the neutral
singlet biradicals and the spirobiphenalenyl system.

To obtain further insight into the solid-state properties of
bisphenalenyl compounds, we focused on hydrocarbon 1a
(Scheme 1), which was isolated as an unstable crystalline
solid and investigated with regard to its solution-based am-
photeric redox property.'¥! Herein, we describe the synthe-
sis, isolation, and characterization of phenyl derivative 1b
and assess its biradical character by structural analysis, elec-
tronic spectroscopy, and cyclic voltammetry. Furthermore,
we report the generation and solid-state properties of the
monocationic species of 1b, which is the chemistry of a
singly oxidized state of a singlet biradical.

Results and Discussion
Theoretical Consideration of Biradical Character

The molecule 1a consists of two phenalenyl radicals and an
acetylene linker and resonates with a closed-shell form
(Kekulé structure), as shown in Scheme 1. This singlet com-

R = H (1a), Ph (1b)

Scheme 1. Resonance structures of 1.

pound is designed so as to give low oxidation potentials and
high reduction potentials. The molecular design strongly de-
pends on the nonbonding character of the SOMO in phen-
alenyl radical. Under the guidance of the simple Hiickel mo-
lecular-orbital theory, the nonbonding molecular orbital has
an energy of a, whereas acetylene has well-separated fron-
tier orbitals with energies of a+1.45.1Y According to the
perturbation theory, a pair of nonbonding SOMOs (W,) in
two phenalenyl radicals should be perturbed slightly by the
frontier orbitals (¥,) of acetylene because of a large abso-
lute value of the denominator in the orbital-energy change
given by E=a’b’f/[E(¥Y,)—E(W,)], in which a and b are
the atomic-orbital coefficients of W, and W, at the linked
sites, respectively (see Supporting Information, Figure S1
for a correlation diagram of these molecular orbitals calcu-
lated with a more sophisticated method). This weak pertur-
bation by the acetylene linker leads to a small HOMO-
LUMO energy gap in 1la, which retains the nonbonding
character of phenalenyl radical. Figure 1a and b shows the
HOMO and LUMO of 1a.

The small energy gap and large spatial overlap between
the HOMO and LUMO give a chance for strong mixing of
the doubly excited configuration ldDH,HHL)L with the ground-
state configuration '®,;y;. The biradical character can be es-
timated from the extent of the admixture, because the
LUMO occupation number in a multiconfigurational wave-
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Figure 1. a) HOMO and b) LUMO of 1a calculated with the RB3LYP/6-
31G** method; dark- and light-gray surfaces represent the relative signs
of the orbital coefficients. Spin densities of c¢) 1a and d) phenalenyl radi-
cal calculated with the UB3LYP/6-31G** method; dark- and light-gray
surfaces represent o and B spin densities drawn at the 0.004 eau level,
respectively.

function is a good indicator of singlet-biradical character.!'”!
A perfect biradical is characterized by occupation numbers
of 1.0 for the HOMO and LUMO (i.e., y=100%), whereas
a perfect closed-shell molecule has occupation numbers of
2.0 and 0.0 for the HOMO and LUMO (i.e., y=0%), re-
spectively.' A CASSCF(2,2) calculation for la gave
HOMO and LUMO occupation numbers of 1.86 and 0.14,
respectively. The biradical index y was determined to be
14 % on the basis of the LUMO occupation number. Recent
progress of unrestricted DFT calculations in the broken-
symmetry formalism enables an approximate description of
spin structure in singlet biradicals."”? A broken-symmetry
UB3LYP calculation for 1a showed a large spin density on
the phenalenyl rings with the same distribution pattern as
that of phenalenyl radical as shown in Figure 1c and d.
Thus, the ground state of 1a can be described by a reso-
nance structure of Kekulé and biradical canonical forms
(Scheme 1).

Synthesis of Phenyl Derivative 1b

The reactive 1a can be stabilized by substituents on the
phenalenyl rings. Bulky substituents, however, prohibit ef-
fective m—m overlap between molecules in the solid state and
decrease the electron—electron interaction between mole-
cules. We decided to introduce phenyl groups on the 2- and
2'-positions of the rings, because it seemed unlikely that the
phenyl groups would prohibit large m—m overlap, according
to our study with the Corey-Pauling—Koltun (CPK) model.
Furthermore, small coefficients of the frontier orbitals at
these positions would not affect the electronic structure of
the parent molecule (Figure 1).

The phenyl derivative 1b was prepared according to the
procedure shown in Scheme 2. The phenyl group was intro-
duced by the reaction of 1-chloromethylnaphthalene with di-
ethyl 2-phenylmalonate. After hydrolysis and decarboxyla-
tion of 2, the resulting 3 was subjected to Friedel-Crafts cyc-
lization to give dihydrophenalenone 4. The reaction of 4
with lithium trimethylsilylacetylide followed by methylation
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al COOEt 1. KOH
PhCH(COOEt), COOEt

EtOH/H,O COOH
NaOEt, EtOH, RT reﬂux
90 D) mpe
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2, 83%
Ph
1. BuLi, TMSA
1.(COCl), THF
reflux —78 °C to RT OMe
2. AICl3, CH,Cly OO 2. Me,SO,, RT
—78 to —40 °C
4,61%
(2 steps)
=
TBAF, THF, RT OMe 1. EtMgBr, THF, RT
2.4, THF, 0°Cto RT
6,43%
(2 steps)
O‘ Ph
TsOH+H,O | | (:T
benzene benzene C
reflux Ph I I reflux 'l ’
7,51% 8 1b, 87% (2 steps)

Scheme 2. Preparation of 1b. DDQ=2,3-dichloro-5,6-dicyano-p-benzo-
quinone, TBAF =tetra-n-butylammonium fluoride, TMSA =trimethyl-
silylacetylene, T's =p-toluenesulfonyl.

afforded 5 as a diastereomeric mixture. After deprotection
of the TMS group, we obtained a diastereomer of 6 in pure
form by recrystallization. The other diastereomer of 6 in-
cluded some impurities, which could not be removed by con-
ventional purification methods. The acetylide of the purified
6 was generated with EtMgBr and then treated with 4 to
give 7 as a diastereomeric mixture. Dehydration and cleav-
age of propargyl ether in the mixture 7 with a catalytic
amount of TsOH-H,O afforded dihydro precursor 8 as an
air-sensitive solid. The final target compound 1b was ob-
tained as dark-blue prisms by dehydrogenation of 8 with
DDAQ. In contrast to 1a, the solid 1b was found to be stable
under atmospheric conditions for several weeks.

Determination of the HOMO-LUMO Gap of 1b

As mentioned above, a small gap and a large spatial overlap
between HOMO and LUMO are essential factors for biradi-
cal character. The HOMO-LUMO gap of 1b was estimated
by electrochemical and optical methods. The cyclic voltam-
mogram (see Supporting Information, Figure S2) of 1b gave
two reversible oxidation (E,;*=-+0.05, E,*=+0.42V vs.
FcH/FcH'; FcH=ferrocene) and two reversible reduction
waves (E;"=—1.44, E,**=—1.79 V), which led to an elec-

Chem. Asian J. 2007, 2, 1370-1379
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Figure 2. Optical-absorption spectra of 1b in CH,Cl, (solid line) and KBr
pellet (dashed line).

trochemical HOMO-LUMO gap of 1.49 eV.'¥! The absorp-
tion spectrum of 1b in CH,Cl, (Figure 2) afforded an in-
tense low-energy band at 15700cm™' (638nm, &=
202300 cm'mol™'L). An INDO/S calculation for 1a pre-
dicted a fully allowed HOMO-LUMO transition at
16100 cm™* (620 nm). Thus, the optical HOMO-LUMO
energy gap was determined to be 1.94 eV. Although there is
no decisive guideline on how small an energy gap is re-
quired for singlet-biradical character, the HOMO-LUMO
gaps determined are sufficiently small according to the
Hoffman suggestion that a gap of 1.5 eV is borderline for a
triplet ground state.'”) A small HOMO-LUMO gap is rele-
vant to promotion to an energetically low-lying triplet excit-
ed state as well as singlet-biradical character. The 'H NMR
spectrum of 1b showed signal line broadening for the pro-
tons on the phenalenyl rings above room temperature (see
Supporting Information, Figure S3). This behavior might be
caused by thermal excitation to the triplet state, although
ESR signals typical for triplet species were not detected in a
powdered sample of 1b even at 400 K.*!

Crystal Structure of 1b

Recrystallization of 1b from a solution of toluene gave
single crystals suitable for X-ray crystallography. As shown
in Figure 3, 1b has the E conformation with a parallel ar-
rangement of the two phenalenyl rings.”!! Strong bond alter-
nation was observed on the A ring of the phenalenyl rings,
especially for CI13—C2 (1.460(3) A), C2—C3 (1.441(4) A),
C3—C4 (1.367(4) A), and C4—C5 (1.446(4) A). The geome-
tries of the B and C rings are similar to that of naphthalene
(see Supporting Information, Figure S4).”? These geometri-
cal considerations on the phenalenyl rings indicate the large
contribution of the Kekulé structure to the ground state. In
the cumulene moiety, however, the terminal (C1—C2
1.378(4) A) and central (C1—C1’ 1.234(5) A) double bonds
are longer and shorter than those of C(sp?)-substituted buta-
trienes (1.334-1.349 A for the terminal and 1.24-1.260 A for
the central),® respectively. More single- and triple-bond
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Figure 3. ORTEP drawing of 1b with thermal ellipsoids at 50 % probabil-
ity.

character in the cumulene moieties suggests the biradical
contribution in the ground state.

Unfortunately, there were no n—n contacts shorter than
the sum of the van der Waals radii of the carbon atoms be-
tween molecules (Figure 4). The packing is dominated by

Figure 4. a) Crystal packing of 1b. Hydrogen atoms are omitted for clari-
ty. b) Overlap pattern of 1b. Hydrogen atoms and phenyl groups are
omitted for clarity.

CH:--r interactions and is quite different from that of the
polycyclic hydrocarbon with 30% biradical character men-
tioned in the Introduction,”™ which has large m—m overlap.
The small biradical character does not afford effective inter-
molecular spin-spin interaction, and the CH--r interactions
are stronger than the weak spin—spin interaction. The non-
effective m—m overlap results in small band dispersions in all
directions (not shown). The absorption spectra of powdered
solid 1b in a KBr pellet showed no appreciable lower-
energy shift relative to the solution band (Figure 2), thus re-
flecting the small orbital overlap between molecules.

www.chemasianj.org 1373
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Generation of Radical Cation Species of 1b

The small electrochemical gap is a characteristic of the sin-
glet biradical 1b. Another prominent feature is the small
difference (AE) between the first and second oxidation (and
reduction) potentials. The small AE value indicates that
singly oxidized (and reduced) species of 1b have a small dis-
proportionation energy for the reaction 2x1b*t)=1b+
1b**@7) A small disproportionation energy is known to be
an important factor for highly conductive materials.”! Com-
pounds with weakly interacting radical centers are prone to
small AE values;®! thus, 1b"* and 1b"~ would be good can-
didates for electroconductive materials based on the one-
electron redox species of weakly coupled electron systems.
The reaction of 1b with a slight excess (1.2 equiv) of tetra-
fluorotetracyanoquinodimethane (F,-TCNQ) gave shiny
black crystals of a charge-transfer (CT) complex composed
of 1b and F,-TCNQ (1:1). The crystal was stable under at-
mospheric conditions for several weeks. The ionicity of the
CT complex was estimated by using Raman spectroscopy,
which showed a strong peak at 1643 cm™' assignable to the
a, v, mode dominated by C=C stretching of the F,-TCNQ
six-membered ring. The peak position is similar to that of
the F,-TCNQ radical anion, which indicates complete
charge transfer (i.e., ionicity=1)."! Therefore, 1b can be
safely assigned as a monoradical cation. The spin and charge
of 1b'* should delocalize over the entire molecule, thus re-
taining the nonbonding character of phenalenyl radical, ac-
cording to the ESR measurement of 1a'* previously report-
ed.” As shown in Scheme 3, the best description of the
electronic structure of 1b'* is the resonance of two canoni-
cal structures (1b*Y, in which phenalenyl radical and cation
are connected through the acetylene conjugation.

oo, O,

I — Il
SRR

1b** (1 bt )-

Ph

Scheme 3. Resonance structures of 1b**.

Crystal Structure and Conductive Behavior of CT Complex
Around Room Temperature

X-ray crystallographic analysis of the CT complex revealed
that 1b'* has more acetylenic character in the linker moiety
(terminal C1—C2 1.403(3) A; central C1-C1’ 1.211(4) A).1”®
Moreover, the A ring (Figure 3) showed appreciable de-
crease in bond alternation relative to the neutral 1b for the
following bonds: C13—C2 1.444(3), C2—C3 1.422(3), C3—C4
1.371(3), C4—C5 1.422(3) A. These geometric considerations
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support the limiting structure (1b*) in Scheme 3 for the
ground state of 1b'*. The most important feature in the
crystal structure is the molecular packing of 1b**, in which
there is large m—m overlap of the phenalenyl rings with an
average distance of 3.34 A in the staggered stacking motif
(Figure 5). The molecules are completely superimposed at

a) D‘O\q_ (\‘O

Figure 5. a) Crystal structure of the 1b-F,-TCNQ CT complex at room
temperature. Phenyl groups and hydrogen atoms are omitted for clarity.
b) Overlap pattern of 1b'*. Hydrogen atoms are omitted for clarity.

the carbon positions that have large atomic-orbital coeffi-
cients in the SOMO of 1b'*, thus leading to very effective
orbital overlap between molecules. The positive charge in-
duced by the removal of one electron lowers the CH:-m in-
teraction, which is one of the dominant factors for control-
ling the packing of the neutral 1b. Besides, the attractive
force between phenalenyl radical and cation moieties, which
could be recognized as a bonding interaction similar to that
in the “m-pimer” studied thoroughly by Kochi and co-work-
ers,'? would contribute to the characteristic overlap. The
band-structure calculation with extended Hiickel theory
(EHT) gave a relatively large dispersion (0.42eV) for a
half-filled band along the m—m stacking direction, X (!}, 0,
0). The electroconductivity of the CT complex was mea-
sured by using four-probe contacts on a single crystal. The
room-temperature (290 K) resistivity prr was about 0.7 Q cm
with metallic-like behavior down to about 280 K (Figure 6).
Semiconductive behavior at low temperature will be dis-
cussed below.

Solid-State Electronic Structure of CT Complex at Around
Room Temperature

Figure 7 shows the optical conductivity g, of the CT com-
plex, which was obtained by Kramers—Kronig transforma-
tion of the reflection spectra of a single crystal. A broad

Chem. Asian J. 2007, 2, 1370-1379
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Figure 6. Single-crystal resistivity of 1b-F,-TCNQ as a function of
temperature. Inset: Resistivity at around room temperature.

400

100

v/10* cm™

Figure 7. Optical conductivity o,, of 1b-F,-TCNQ at room temperature
obtained with light polarized along (solid line) and perpendicular
(dashed line) to the a axis on the single-crystal (001) face.

peak polarized along the a axis (E//a) was observed at
2600 cm !, whereas the E la spectrum gave a weak band
below 13000 cm™'. The low-energy broad peak (E//a) ap-
proached zero conductivity toward frequency w=0. This
finding indicates a small energy gap between the valence
and conduction bands, and, accordingly, the CT complex is
intrinsically regarded as a Mott—-Hubbard insulator. Analyz-
ing the peak profile, we determined a transfer integral =
0.09 eV and an effective on-site Coulombic repulsion U ;=
0.61 eV.”! The transfer integral determined gives a band-
width W (=4) of 0.36 eV, which is consistent with the calcu-
lated dispersion of the half-filled band (0.42 e¢V) and is com-
parable to that of general highly conductive organic materi-
als. The effective m—m overlap on the phenalenyl rings is re-
sponsible for the relatively large band dispersion. The birad-
ical character of 1b in the neutral state is in close relation to
a weak interaction between the phenalenyl rings, thus lead-
ing to some independence of the redox centers. Hence, the
first and second oxidation waves are close in potential, and
the small U, value is established in the CT complex.”” The
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small U.q/4t ratio (=1.7) is relevant to the highly conductive
behavior of the CT complex. Such highly conductive Mott
insulators, as a result of a small U,,/4t value, have been ex-
tensively studied in TTM-TTP-I,,® DMTSA-BF,*? and
the spirobiphenalenyl system.’! In particular, the spirobi-
phenalenyl system has a similar electronic structure to 1b-*
(i.e., weak interactions between phenalenyl radical and
cation moieties through acetylene or spiroconjugation).

Changes in Crystal and Electronic Structure at Low
Temperature

Upon cooling the CT complex below 280 K, a steep increase
in electroresistivity p was observed, and the sample entered
a semiconductive state with an activation energy of 0.30 eV
below 240 K. Drastic changes in optical conductivity were
observed at around 270 K (Figure 8). The lowest-energy

400 - 290K

300 -

Topt /S cm™!
N
S
3
;

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
v/ 10* cm™
Figure 8. Variable-temperature optical conductivities o, of 1b-F,-TCNQ

obtained with light polarized along the a axis on the single-crystal (001)
face.

band at 2600 cm ™! disappeared at 265 K, and a new higher-
energy band appeared at around 5000 cm ', This new band
was derived from isolated (i.e., monomeric) 1b'*, because
the reaction of neutral 1b with 1.1 equivalents of tris(4-bro-
mophenyl)aminium hexachloroantimonate in CH,Cl, at
room temperature gave a low-energy intense band at
5550 cm™ (see Supporting Information, Figure S5), which
was assigned to a SOMO-LUMO transition of 1b't accord-
ing to the INDO/S calculation.” Thus, the semiconductive
state at low temperature loses the delocalizing character of
an electron in the m—m one-dimensional chain along the a
axis, and the electron localizes on one 1b'* molecule. X-ray
crystallographic analysis at 90 K strongly supports this
idea.’ At 90 K, o bonds are formed between C(CN), of F,-
TCNQ and a phenalenyl carbon (C6 position in Figure 3).
Figure 9 shows packing diagrams at room temperature and
90 K. The unit cell at 90 K is almost three times larger in
volume than that at room temperature; thus, the cell should
consist of three 1b and three F,-TCNQ fragments. Within
the unit cell, two 1b molecules react with one F,-TCNQ

www.chemasianj.org 1375
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Figure 9. Crystal packing of 1b-F,-TCNQ at a) room temperature and
b) 90 K. The green lines at 90 K represent the o bonds formed between
1b and F,-TCNQ. The red molecules at 90 K are the radical-cation spe-
cies 1b**, each of which is crystallographically identical.

molecule, and one 1b and two F,-TCNQ molecules retain
the original structure observed at room temperature. An un-
paired electron localizes on the one 1b* molecule un-
changed structurally, which is responsible for the higher-
energy band at 5000 cm™ at low temperature. Notably, the
optical and structural changes as a function of temperature
are reversible.

Conclusions

We have prepared and characterized the bisphenalenyl
system 1b connected by acetylene, and confirmed its biradi-
cal character theoretically and experimentally. The two
phenalenyl rings weakly perturbed by the acetylene linker
are somewhat independent, which results in the small dis-
proportionation energy AE of 1bt and the small on-site
Coulombic repulsion U, in the CT complex of 1b and F,-
TCNQ. The characteristic staggered stacking on the phen-
alenyl rings was established in the one-dimensional infinite
chain of 1b't in the CT complex; consequently, a large
transfer integral ¢+ was obtained. The electronic structure of
the phenalenyl radical, which is characterized by the highly
symmetric nonbonding SOMO, largely contributes to the
small U,/4t ratio and, accordingly, to the metallic-like con-
ductive behavior at around room temperature in the CT
complex. Unfortunately, the CT complex showed a steep in-
crease in resistivity below 280 K due to o-bond formation
between 1b and F,-TCNQ. However, this bond formation
would be suppressed by the exchange of F,-TCNQ with in-
organic counteranions such as BF,, ClO, , and SbCl .
Mott insulators have a strong correlation of electrons, which
has attracted much interest over the decades not only in the
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fundamental physical understanding of the metal-insulator
transition®® but also in the development of high-T, super-
conductive materials.”*®**Y Qur study demonstrated that
monocationic species of bisphenalenyl molecules might be
promising compounds for highly conductive Mott insulators.
Phenalenyl-based singlet biradicals have the characteristic
feature of weakly coupled electrons together with potential-
ly effective m—m overlap; this unusual electronic structure
should play an important role in the rational search for new
functional properties.

Experimental Section
General

All experiments with moisture- or air-sensitive compounds were per-
formed in anhydrous solvents under argon atmosphere in well-dried
glassware. Dried solvents were prepared by distillation under argon. An-
hydrous ethanol was dried and distilled over Mg/I,. THF was dried and
distilled over sodium/benzophenone. Benzene, dichloromethane, toluene,
and 1,2-dichloroethane were dried and distilled over calcium hydride.
Column chromatography was performed with silica gel 60 (Merck). The
products 5 and 7 were mixtures of diastereomers. The diastereomeric
mixture of 5 was used for the following deprotection, and the individual
isomers of the deprotected product 6 were isolated. The individual iso-
mers of 7 were not isolated for further transformations because all the
isomers could lead to the single compound 1b. Infrared spectra were re-
corded on a JASCO FT/IR-660M spectrometer. Electronic spectra were
recorded with a Shimadzu UV-3100PC spectrometer. '"H NMR spectra
were obtained on JEOL EX-270 and LAMBDA-500 spectrometers. Posi-
tive EI and FAB mass spectra were obtained by using Shimadzu QP-
5000 and JEOL JMS SX-102 mass spectrometers. Polarized reflection
spectra in the infrared and visible regions were observed by using two
spectrometers combined with a microscope: Nicolet Magna 760 FTIR
spectrometer (600-12000 cm ') and Atago Macs 320 multichannel detec-
tion system (11000-30000 cm™'). The absolute reflectivity was deter-
mined by comparing the reflected light from a gold mirror and silicon
single crystal, respectively. The single crystal was fixed with silicone
grease on a copper sample holder, and the crystal face was adjusted to be
normal to the incident light by use of the goniometer head. Low-temper-
ature spectra were obtained by using an Oxford CF1104 helium-flow
cryostat. Optical-conductivity spectra were calculated from the infrared
reflection spectra with Kramers—Kronig analysis.*®’ Raman spectra were
obtained with JASCO NR-1800 spectrometer. Four-probe direct-current
resistance measurements were made on a single crystal, and electrical
contacts to the crystal were made with a 25-um gold wire and gold paint.
Data collection for X-ray crystal analysis were performed on a Rigaku/
MSC Mercury CCD diffractometer (Mog,, A=0.71069 A). The structure
was solved with direct methods and refined with full-matrix least squares
(teXsan). Cyclic voltammetry was performed with a BAS CV-50W elec-
trochemical analyzer. The cyclic voltammogram of 1b (5x10~*m) was re-
corded with a glassy carbon working electrode and a Pt counterelectrode
in CH,Cl, containing 0.1mM Bu,NCIO, as supporting electrolyte. The ex-
periments employed an Ag/AgNO; reference electrode. Electrochemical
experiments were done under nitrogen atmosphere at room temperature.

Computational Details

All DFT calculations were performed with the Gaussian 98 program.””
All geometry optimizations were carried out at the B3LYP level of
theory with the 6-31G** basis set and C,, symmetry constrains. Singlet-
biradical character was estimated by using the CASSCF(2,2) method in
RB3LYP-optimized geometry, and by using the broken-symmetry
UB3LYP/6-31G** method along with geometry optimization. The band-
structure calculation was performed with the extended HMO method by
using the YAeHMOP packageP in X-ray crystallographic geometry.
INDO/S calculations were conducted with the CAChe Ver. 4.5 software.
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Syntheses

2: A solution of sodium ethoxide was freshly prepared from anhydrous
ethanol (15 mL) and sodium (0.54 g, 23 mmol) in a 100-mL three-necked
round-bottomed flask at room temperature. Diethyl phenylmalonate
(5.0 mL, 23 mmol) was added to the colorless solution, and the mixture
was stirred for 1 h under argon atmosphere. A solution of 1-chlorometh-
ylnaphthalene (2.9 mL, 19 mmol) in ethanol (anhydrous, 10 mL) was
added by cannula, and the reaction mixture was stirred overnight. Most
of the ethanol was distilled off under reduced pressure, and the residue
was mixed with water and ethyl acetate. The organic layer was separated,
washed with aqueous NH,Cl and brine, dried over Na,SO,, and filtered.
The filtrate was concentrated in vacuo. Recrystallization from hexane
gave 2 (5.9 g, 83%) as colorless blocks. R;=0.43 (benzene); m.p.: 84—
85°C; IR (KBr): #=1732, 1227 cm™'; '"H NMR (270 MHz, CDCl;): =
1.16 (t, J=7.2 Hz, 6H), 4.07-4.24 (m, 6H), 7.08-7.29 (m, 8H), 7.32-7.39
(m, 1H), 7.62 (d, J=8.6 Hz, 1H), 7.68 (d, J=8.1Hz, 1H), 7.75 ppm (d,
J=79Hz, 1H); MS (EI): m/z (%)=376 (2) [M]*, 229 (9), 141 (100)
[M—PhC(COOCGC,H;s),]*; elemental analysis: caled (%) for C,H,,0,: C
76.57, H 6.43; found: C 76.57, H 6.42.

3: Ethyl ester 2 (5.9 g, 16 mmol) was suspended in ethanol (35mL) in a
200-mL round-bottomed flask. A solution of potassium hydroxide (4.7 g,
84 mmol) in water (19 mL) was added to the suspension, and the mixture
was heated under reflux at 90°C for 1 h. Most of the ethanol was distilled
off, then aqueous HCI was added to acidify the solution, and the mixture
was heated under reflux at 105°C for 1 h. The aqueous mixture was ex-
tracted repeatedly with diethyl ether. The combined organic layer was
washed with brine, dried over Na,SO,, and filtered. The solvent was re-
moved in vacuo to give the colorless solid 3 (4.5 g). This material was
used for the next reaction with no purification. R;=0.49 (hexane/ethyl
acetate = 1:1); "H NMR (270 MHz, CDCl;): 6=3.47 (dd, J=6.3, 14.0 Hz,
1H), 3.91 (dd, /=83, 14.0 Hz, 1H), 4.06 (dd, /=6.3, 83 Hz, 1H), 7.18
(d, J=6.9Hz, 1H), 7.24-7.35 (m, 6H), 7.44-7.52 (m, 2H), 7.70 (d, J=
8.0 Hz, 1H), 7.83-7.87 (m, 1H), 7.98-8.01 ppm (m, 1H).

4: A mixture of 3 (4.5g, 16 mmol) and oxalyl chloride (40 mL) was
heated at 82°C for 1h in a 200-mL three-necked round-bottomed flask
under argon atmosphere. After removal of excess oxalyl chloride under
reduced pressure, the residue was dissolved in dichloromethane (50 mL),
and the mixture was cooled to —78°C. Aluminum chloride (2.69 g,
20 mmol) was added to the cooled solution in one portion, and the reac-
tion mixture was stirred for 2.5 h while being slowly warmed to —40°C.
Aqueous HCI (3n) was added to the mixture, and the organic layer was
separated. The aqueous layer was extracted with dichloromethane. The
combined organic layer was washed with aqueous HCI (3N) and saturat-
ed aqueous NaHCO;, dried over Na,SO,, and filtered. The solvent was
removed in vacuo. After column chromatography on silica gel (benzene),
4 (2.5 g, 61%, 2 steps) was obtained as a pale-yellow solid. Further purifi-
cation was done by recrystallization from benzene/hexane to give pale-
yellow needles. R;=0.34 (benzene); m.p.: 149-151°C; IR (KBr): 7=
1680 cm™'; 'H NMR (270 MHz, CDCly): 0 =3.66-3.83 (m, 2H), 4.25 (dd,
J=6.6, 9.2 Hz, 1H), 7.22-7.35 (m, 5H), 7.48-7.56 (m, 2H), 7.61 (dd, J=
7.2, 82Hz, 1H), 7.81-7.85 (m, 1H), 8.10 (dd, /=13, 8.0Hz, 1H),
821 ppm (dd, J=1.3, 7.2 Hz, 1H); MS (EI): m/z (%)=258 (100) [M]™,
181 (34) [M—C¢Hs]™; elemental analysis: caled (%) for CyoH,,0: C 88.34,
H 5.46; found: C 88.34, H 5.33.

5: n-Butyl lithium (1.6M in hexane, 4.9 mL, 7.8 mmol) was added slowly
to a solution of bis(trimethylsilyl)acetylene (1.8 mL, 7.9 mmol) in THF
(5.0mL) at —78°C in a 50-mL Schlenk tube under argon atmosphere.
The reaction mixture was warmed to room temperature and stirred for
2 h to generate lithium trimethylsilylacetylide. The reaction mixture was
cooled to —78°C again, and a solution of 4 (1.0 g, 3.9 mmol) in THF
(10 mL) was added dropwise by cannula. After 0.5 h (complete consump-
tion of 4 was checked with TLC), dimethyl sulfate (1.3 mL, 14 mmol)
was added, and the mixture was stirred for 9h at room temperature.
Water was added, and the mixture was stirred vigorously to hydrolyze
the excess dimethyl sulfate. Diethyl ether was added to the mixture, and
the organic layer was separated. The aqueous layer was extracted repeat-
edly with diethyl ether. The combined organic layer was washed with sa-
turated aqueous NaHCO; and brine, dried over Na,SO,, and filtered.
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The solvent was removed in vacuo, and the residue was passed through a
short pad of silica gel (hexane/ethyl acetate =5:1 v/v) to give 5 as a color-
less or pale-green oil (1.6 g, crude). This material was a mixture of two
diastereomers (5a and 5b) and was used for the next reaction without
further purification. The two diastereomers could be separated for struc-
tural analysis by using repeated column chromatography on silica gel
(hexane/ethyl acetate=10:1). 5a: R;=0.73 (hexane/ethyl acetate=4:1);
'"H NMR (270 MHz, CDCl;): §=0.08 (s, 9H), 3.08 (s, 3H), 3.08-3.16 (m,
1H), 3.39-3.45 (m, 1H), 3.98-4.08 (m, 1H), 7.27-7.36 (m, 4H), 7.40-7.53
(m, 4H), 7.74 (d, J=82 Hz, 1H), 7.86 (dd, J=0.6, 7.7 Hz, 1H), 7.94 ppm
(dd, /=1.3, 7.1 Hz, 1H); MS (El): m/z (%)=370 (6) [M]*, 338 (47)
[M—CH;OH]*, 265 (100). 5b: R;=0.64 (hexane/ethyl acetate=4:1);
'HNMR (270 MHz, CDCL): 6=0.12 (s, 9H), 3.17 (s, 3H), 3.40 (dd, J=
4.1, 16.5 Hz, 1H), 3.70-3.74 (m, 1H), 3.83 (dd, /=5.9, 16.5 Hz, 1H),
7.00-7.14 (m, 5H), 7.31-7.35 (m, 1H), 7.42-7.53 (m, 2H), 7.75 (d, J=
79 Hz, 1H), 7.80 (dd, J=1.2, 72 Hz, 1H), 7.84 ppm (dd, /=12, 8.2 Hz,
1H); MS (EI): m/z (%)=370 (9) [M]*, 338 (44) [M—CH,;OH]"*, 265
(100).

6: TBAF (1.0m in THF, 4.0 mL, 4.0 mmol) was added to a solution of the
diastereomeric mixture 5 (1.6 g, crude, 3.9 mmol) in THF (SmL) in a
100-mL round-bottomed flask, and the mixture was stirred for 5 min at
room temperature. After addition of aqueous NH,Cl, the mixture was ex-
tracted repeatedly with diethyl ether. The combined organic layer was
washed with brine, dried over Na,SO,, and filtered. The filtrate was con-
centrated in vacuo. The residue was purified by column chromatography
on silica gel (hexane/dichloromethane=2:1 v/v). Two diastereomers, 6a
(colorless oil, 0.33 g, 28%) and 6b (pale-yellow solid), were obtained.
Compound 6a included some impurities, which could not be removed by
column chromatography or recrystallization. On the other hand, 6b was
purified by recrystallization from benzene/hexane to give colorless blocks
(0.52g, 43%). 6a: R;=0.42 (hexane/dichloromethane=2:1); 'H NMR
(270 MHz, CDCl;): 6 =2.60 (s, 1H), 3.12 (s, 3H), 3.13 (dd, J=4.0, 16 Hz,
1H), 3.45 (dd, J=4.0, 13 Hz, 1H), 3.95-4.06 (m, 1H), 7.30-7.57 (m, 8H),
7.76 (d, J=8.1Hz, 1H), 7.88 (dd, /J=1.1, 8.3 Hz, 1H), 7.96 ppm (dd, /=
12, 71Hz, 1H); MS (EI): m/z (%)=298 (4) [M]*, 266 (64)
[M—CH,OH] ™, 189 (100). 6b : R;=0.29 (hexane/dichloromethane =2:1);
m.p.: 150-151°C; IR (KBr): #=3296, 2110 cm™'; '"HNMR (270 MHz,
CDCL): 6 = 2.69 (s, 1H), 3.19 (s, 3H), 3.39 (dd, /=44, 16 Hz, 1H),
3.74-3.88 (m, 2H), 7.01-7.16 (m, SH), 7.28-7.33 (m, 1H), 7.41-7.52 (m,
2H), 7.76 (d, J=79Hz, 1H), 7.84-7.89 ppm (m, 2H); MS (EI): m/z
(%)=298 (7) [M]*, 266 (64) [M—CH;OH]*, 189 (100); elemental analy-
sis: caled (%) for C,H,30: C 88.56, H 6.08; found: C 88.56, H 5.98.

7: EtMgBr (1.0m in THF, 1.2 mL, 1.2 mmol) was added to a solution of
6b (0.3 g, 1.0 mmol) in THF (1.2 mL) in a 20-mL Schlenk tube, and the
mixture was stirred for 0.5h at room temperature under argon atmos-
phere. The reaction mixture was cooled to 0°C, and a solution of 4
(0.26 g, 1.0 mmol) in THF (2.8 mL) was added dropwise by cannula. The
mixture was allowed to warm to room temperature and stirred for 1.5 h.
After addition of aqueous NH,CI, the mixture was extracted repeatedly
with diethyl ether. The combined organic layer was washed with brine,
dried over Na,SO,, and filtered. The filtrate was concentrated in vacuo.
The residue was purified by column chromatography on silica gel
(hexane/dichloromethane =2:1-0:1 v/v) to give 7 (282 mg, 51 %), which
included three isomers (7a, 7b, and 7¢). This diastereomeric mixture was
used for the next reaction without further purification. However, each
isomer could be separated for structural analysis by using repeated
column chromatography on silica gel (hexane/dichloromethane =1:1 v/v).
7a: R;=027 (hexane/ethyl acetate=6:1); 'H NMR (270 MHz, CDCL,):
0=2.07 (s, 1H), 2.87 (s, 3H), 3.11-3.25 (m, 2H), 3.40 (dd, /J=3.4, 13 Hz,
1H), 3.65-3.71 (m, 2H), 3.82-3.92 (m, 1H), 6.90-6.94 (m, 2H), 7.02-7.16
(m, 3H), 7.22-7.32 (m, 6H), 7.36-7.49 (m, 7H), 7.71-7.85 ppm (m, 4H);
MS (EI): m/z (%) =556 (16) [M]*, 152 (100). 7b: R;=0.22 (hexane/ethyl
acetate=6:1); '"H NMR (270 MHz, CDCl,): 6 =2.45 (s, 1 H), 2.96 (s, 3H),
3.16-3.24 (m, 2H), 3.33 (dd, J=3.6, 12 Hz, 1H), 3.56-3.68 (m, 3H), 6.69—
6.82 (m, 4H), 6.94-7.00 (m, 1H), 7.15-7.31 (m, 8H), 7.36-7.55 (m, 4H),
7.71 (d, J=8.2 Hz, 1H), 7.77-7.85 ppm (m, 4H); MS (El): m/z (%) =557
(12) [M+H]*, 556 (10) [M]*, 152 (100). 7¢: R;=0.17 (hexane/ethyl ace-
tate=6:1); '"HNMR (270 MHz, CDCLy): 6=2.42 (s, 1H), 2.99 (s, 3H),
2.97-3.12 (m, 2H), 3.18-3.36 (m, 2H), 3.43-3.48 (m, 2H), 6.51 (brd, J=
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7.3 Hz, 2H), 6.77-6.83 (m, 2H), 6.93 (br d, J=7.4 Hz, 2H), 7.01-7.14 (m,
3H), 7.20-7.29 (m, 2H), 7.41-7.59 (m, 6H), 7.76-7.89 ppm (m, SH); MS
(EX): miz (%) =557 (12) [M+H]*, 556 (11) [M]*, 152 (100).

8: A solution of the diastereomeric mixture 7 (282 mg, 0.51 mmol) in
benzene (10 mL) was heated under reflux at 95°C under argon atmos-
phere in a 100-mL two-necked round-bottomed flask. TsOH-H,O (5 mg,
0.03 mmol) was added to the solution, and the reaction mixture was
heated under reflux for 5 min. The mixture was then cooled in an ice
bath. The crude product was purified with flash column chromatography
on silica gel (dichloromethane). The solvent was removed in vacuo, and
the dehydrated compound 8 was obtained as an air-sensitive dark-gray-
ish-violet powder (244 mg). R;=0.29 (hexane/benzene=2:1); MS (EI):
miz (%)=506 (16) [M]*, 252 (100).

1b: A solution of 8 (244 mg, 0.48 mmol) in benzene (100 mL) was heated
under reflux at 95°C under argon atmosphere in a 200-mL round-bot-
tomed flask. DDQ (120 mg, 0.53 mmol) was added to the solution, and
the reaction mixture was heated under reflux for 10 min. The mixture
was then cooled in an ice bath. The crude product was purified by
column chromatography on silica gel (dichloromethane) to give 1b
(220 mg, 92%, 2 steps) as a dark-grayish-blue powder. Further purifica-
tion was done by recrystallization from toluene to give dark-blue prisms.
R;=032 (hexane/benzene=2:1); m.p.: >300°C; Raman: 2014 cm';
'"HNMR (500 MHz, CDCl): 6=6.59 (d, J=8.0 Hz, 2H), 6.94 (s, 2H),
7.01 (t, J=8.0 Hz, 2H), 7.22 (d, J=8.0 Hz, 2H), 7.30 (t, J=8.0 Hz, 2H),
7.45-7.50 (m, 4H), 7.50-7.54 (m, 4H), 7.57-7.63 ppm (m, 6H); MS (EI):
mlz (%)=504 (5) [M]*, 252 (100); elemental analysis: calcd (%) for
CyH,,: C 9521, H 4.79; found: C 95.11, H 4.72.

CT complex of 1b and F,-TCNQ: Crystals of 1b (1.5mg, 3.0x
10~ mmol) and F,-TCNQ (1.0 mg, 3.6x 107> mmol) were placed at the
bottom of each side of an H-shaped tube. Diffusion in toluene (10 mL)
at 20°C for about one week afforded the CT complex as black plates
suitable for X-ray analysis. M.p.: >300°C; Raman: 2172, 1643 cm™'; ele-
mental analysis: caled (%) for Cs,H,,F,N,: C 79.99, H 3.10, N 7.18;
found: C 80.30, H 3.25, N 6.89. Diffusion of 1b and F,-TCNQ in 1,2-di-
chloroethane (10 mL) at 20°C also gave single crystals of the CT com-
plex, which were used for polarized reflection spectroscopy and electro-
conductivity measurements. The crystals from toluene and 1,2-dichloro-
methane had the same crystal structures according to X-ray analysis.

Generation of 1b'* for electronic absorption spectroscopy: A solution of
tris(4-bromophenyl)aminium hexachloroantimonate in CH,Cl, (1.8x
10~°m, 2.2 mL) was added to a solution of 1b in CH,Cl, (1.8x10°m,
2 mL) at room temperature. The resulting pale-green solution was used
to obtain the electronic absorption spectrum.
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