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Abstract: We report the preparation, crystallization, and solid-state characterization of the first two members
of a new family of spiro-bis(1,9-disubstituted phenalenyl)boron neutral radicals based solely on oxygen
functionalization, and we show that this strategy significantly lowers the electrochemical disproportionation
potentials (AE), in comparison with other spiro-bis(1,9-disubstituted phenalenyl)boron salts. In the solid
state, these radicals pack in a continuous array of m—n-stacked phenalenyl units with very short
intermolecular carbon---carbon contacts. These two radicals are among the most highly conducting neutral
organic solids, with room temperature conductivities reaching 0.3 S/cm. Magnetic susceptibility measure-
ments show that the radicals do not exist as isolated free radicals, and there is significant spin—spin
interaction between the molecules in the solid state as expected from the crystal structures and the calculated
band structures; the solid-state properties are best rationalized in terms of the resonating valence bond
model.

Introduction conventional charge-transfer organic conductors and supercon-
ductors, in which the unpaired electrons of the neutral radicals
serve as charge carriér$.Sulfur—nitrogen radicals were the

Open-shell organic molecules are rare in the solid state, butf'r_St (_:Iasss of gompound_s to show conductivity based on t_h's
even in this case, it is unusual to obtain conducting solids principle- The_ |d(_aa O_f using the phenalenyl system as a building
because of the strength of the on-site Coulomb repulsion which block for de_3|gn|ng intrinsic mplecular conductors a_nd super-
leads to a Mott insulating ground state; thus most organic cqnductors Is not only appealllng but also ghallengitﬁ@,nd
molecular conductors are based on charge-transfer salts whichthIS system has attracted theoretical and experimental atténtfon.

require electron transfer between two components (donor and Phhenalenyl IS a Welrll-_kﬂor\]/vn o:d akl)t_(la_rnantf hydrc;]carbondwnh
acceptor) to generate charge carriers. In fact, both componentd"9 symmetry D3h)‘3’, ICI azt e,g_ﬁ'l;ty to }?m;t ree recox
can be incorporated into a single molecule which undergoes SPECIes: cation, radical, and anion-* Such characteristic
internal charge transfe_r, as in t.he case of single component (6) Haddon, R. CNature 1975 256 394-396.
conductors based on dithiolate ligarids. §7g Haﬁldon, R. CAust. J. Cri]hen1975 28, 2343-2351.

: 8) Oakley, R. T.Can. J. Chem1993 71, 1775-1784.
Single component molecular conductors based on neutral (9) Goto, K.; Kubo, T.; Yamamoto, K.; Nakasuji, K.; Sato, K.; Shiomi, D.;

radical building blocks represent an appealing alternative to Takui, T.; Kubota, M.; Kobayashi, T.; Yakusi, K.; OuyangJJAm. Chem.
Soc.1999 121, 1619-1620.
(10) Morita, Y.; Aoki, T.; Fukui, K.; Nakazawa, S.; Tamaki, K.; Suzuki, S.;

Most closed shell-conjugated organic molecules do not form
conducting solids owing to their wide HOM&@.UMO gap.

lUn!vers!ty of California, Riverside. Fuyuhiro, A.; Yamamoto, K.; Sato, K.; Shiomi, D.; Naito, A.; Takui, T.;
University of Kentucky. Nakasuji, K.Angew. Chem., Int. E®002 41, 1793-1796.
§ University of Waterloo. (11) Fukui, K.; Sato, K.; Shiomi, D.; Takui, T.; Itoh, K.; Gotoh, K.; Kubo, T.;
(1) Tanaka, H.; Okano, Y.; Kobayashi, H.; Suzuki, W.; KobayashSéience Yamamoto, K.; Nakasuji, K.; Naito, ASynth. Met1999 103 2257-2258.
2001, 291, 285-287. (12) Koutentis, P. A.; Chen, Y.; Cao, Y.; Best, T. P.; ltkis, M. E.; Beer, L.;
(2) Tanaka, H.; Tokumoto, M.; Ishibashi, S.; Graf, D.; Choi, E. S.; Brooks, J. Oakley, R. T.; Brock, C. P.; Haddon, R. @.Am. Chem. So@001, 123
S.; Yasuzuka, S.; Okano, Y.; Kobayashi, H.; KobayashiJ AAm. Chem. 3864-3871.
So0c.2004 126, 10518-10519. (13) Takano, Y.; Taniguchi, T.; Isobe, H.; Kubo, T.; Morita, Y.; Yamamoto,
(3) Kobayashi, A.; Sasa, M.; Suzuki, W.; Fujiwara, E.; Tanaka, H.; Tokumoto, K.; Nakasuji, K.; Takui, T.; Yamaguchi, KI. Am. Chem. So@002 124,
M.; Okano, Y.; Fujiwara, H.; Kobayashi, H. Am. Chem. So2004 126, 11122-11130.
426—-427. (14) Takano, Y.; Taniguchi, T.; Isobe, H.; Kubo, T.; Morita, Y.; Yamamoto,
(4) Llusar, R.; Uriel, S.; Vicent, C.; Clemente-Juan, J. M.; Coronado, E.; K.; Nakasuji, K.; Takui, T.; Yamaguchi, KChem. Phys. LetR002 358
Gomez-Garca, C. J.; Brada, B.; Canadell, EJ. Am. Chem. SoQ004 17-23.
126, 12076-12083. (15) Reid, D. H.Quart. Re. 1965 19, 274-302.
(5) Kobayashi, A.; Fujiwara, E.; Kobayashi, Bhem. Re. 2004 104, 5243- (16) Reid, D. H.Chem. Ind.1956 1504-1505.
5264, (17) Reid, D. H.Tetrahedron1958 3, 339-352.
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features have been widely utilized for exploring new conjugated netic, electrical, and opticaf which has been rarely realized
electronic systems, such as multifunctional electronic and in a single syster®® The bistability in these crystald @nd3)

magnetic material& Certain paramagnetic phenalenyl radicals
undergo facile dimerization either by-association or by
o-association. Recent progress in phenalenyl cherflisthy®
has led to the isolation of the radical itself in the crystalline
state through the introduction of bulky substituet3!2In fact,
the intermolecularr-association of 2,5,8-tiert-butylphenalenyl
radicals can take place either by formation of a two-electron
bond to form ar-dimer (radicat-radical pair) or by formation
of a one-electron bond to formmapimer (radical-cation pair)®

In the pursuit of our goal of realizing phenalenyl-based neutral
radical intrinsic molecular conductors, we have reported two
different families of spiro-bis(1,9-disubstituted phenalenyl)boron
neutral radicals—11, Scheme 1§%2” The spiro-conjugation
at the boron center leads to an intramolecalatr energy level
splitting of ~0.5 eV28 and the lower level becomes the singly
occupied molecular orbital (SOMO). Unlike conventional neutral

originates from a phase transition between high-temperature
paramagnetic states and low-temperature diamagnetic states,
with an increase of conductivity at the phase transition. Recently,
we reported the first example of light-mediated crystallization,
which is dependent on-©C o-bond formation between radicals
(6).25 Thus6 exists as two different forms, namely, a free radical
semiconductor and a-dimerized insulator, and their forma-
tion is dictated by the absence or presence of light at the in-
stant of crystallization. The preparation, crystallization, and
solid-state characterization of the first members of a new family
of spiro-bis(1,9-diamino-substituted-phenalenyl)boron neu-
tral radicals 9—11) have been reported. The measured
conductivities of these neutral radica®—-11) correlate with

the closest intermolecular contacts in the solid state and with
the calculated band dispersions, even though the bandwidths
are much smaller than those found in typical organic conductors

radicals, in the solid state the spiro-conjugated biphenalenyls (as in1—6).

give rise to a quarter-filled energy band, and this significantly
reduces the on-site Coulomb correlation energdy, (vhich is

The distinctive features of the molecular solids6 and9—11
include the following: (1) the absence of any obvious conduct-

usually responsible for the insulating ground state that occurs ing pathway(s); these radicals do not stack infinitely in the solid

in half-filled band structures. The spiro-geometry severely
inhibits the one-dimensional packing (ség* that is charac-
teristic of many organic charge-transfer salts.

Since the discovery of the first boron-containing neutral
radical molecular conductos),2° we have reported a class
of m-dimeric neutral radical molecular conductor$ @&nd
3) differing only in the length of the alkyl groups (Scheme
1)21 These z-dimeric neutral radicals 1( and 3) simul-
taneously exhibit bistability in three physical channels: mag-

(18) Itkis, M. E.; Chi, X.; Cordes, A. W.; Haddon, R. Gcience2002 296,
1443-1445.

(19) Small, D.; Zaitsev, V.; Jung, Y.; Rosokha, S. V.; Head-Gordon, M.; Kochi,
J. K. J. Am. Chem. So2004 126, 13850-13858.

(20) Chi, X.; Itkis, M. E.; Patrick, B. O.; Barclay, T. M.; Reed, R. W.; Oakley,
R. T.; Cordes, A. W.; Haddon, R. G. Am. Chem. So4999 121, 10395~
10402.

(21) Chi, X.; Itkis, M. E.; Kirschbaum, K.; Pinkerton, A. A.; Oakley, R. T.;
Cordes, A. W.; Haddon, R. @. Am. Chem. So@001, 123 4041-4048.

(22) Chi, X.; ltkis, M. E.; Reed, R. W.; Oakley, R. T.; Cordes, A. W.; Haddon,
R. C.J. Phys. Chem. BR002 106, 8278-8287.

(23) Chi, X.; ltkis, M. E.; Tham, F. S.; Oakley, R. T.; Cordes, A. W.; Haddon,
R. C.Int. J. Quantum Chen2003 95, 853-865.

(24) Pal, S. K,; Itkis, M. E.; Reed, R. W.; Oakley, R. T.; Cordes, A. W.; Tham,
F. S.; Siegrist, T.; Haddon, R. Q. Am. Chem. SoQ004 126, 1478~

84

1484.

(25) Liao, P.; Itkis, M. E.; Oakley, R. T.; Tham, F. S.; Haddon, R.JCAm.
Chem. Soc2004 126, 14297-14302.

(26) Mandal, S. K.; Itkis, M. E.; Chi, X.; Samanta, S.; Lidsky, D.; Reed, R.
W.; Oakley, R. T.; Tham, F. S.; Haddon, R. £.Am. Chem. So005
127, 8185-8196.

(27) Pal, S. K.; Itkis, M. E.; Tham, F. S.; Reed, R. W.; Oakley, R. T.; Haddon,
R. C. Science2005 309, 281—-284.

(28) Huang, J.; Kertesz, M. Am. Chem. So@003 125 13334-13335.

state within van der Waals atomic separations, and thus the
mechanism of conductivity remains to be explained in this class
of compounds; (2) magnetic susceptibility measurements show
that these compounds behave as free radicals with one spin per
molecule, indicating that there is little spispin interaction
between the molecules in the solid state; (3) the versatility shown
by their lattice arrangement in the solid state and the sensitivity
of solid-state packing and properties to small change in the
ligand system; for example, tHé-hexyl-substituted radiced
shows a conductivity ofirr = 5 x 1072 S/cm, while radica#
with a pentyl substituent on nitrogen, just one carbon less in
the aliphatic chain, shows a conductivityzg = 4 x 107 S/cm)
which is 5 orders smaller in magnitude than thabpénd (4)
the difficulty in rationalizing the structures, band structures,
magnetism, and conductivity to provide a consistent picture of
the electronic structure.

While the compounds discussed abote-§, 9—11) fall in
the extreme narrow bandwidth limi\( < 0.1 eV)3%31we have
very recently discovered two compoundsafnd8) which show
bandwidths which are reminiscent of standard organic conduc-
tors and superconductoré/(~ 0.5 eV), and below we discuss

(29) Miller, J. S.Angew. Chem., Int. ER003 42, 27—29.

(30) Haddon, R. C.; Ramirez, A. P.; Glarum, S.Atl.. Mater.1994 6, 316—
322.

(31) Haddon, R. C.; Siegrist, T.; Fleming, R. M.; Bridenbaugh, P. M.; Laudise,
R. A. J. Mater. Cheni995 5, 1719-1724.
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in detail their relationship with the compounds reported in the Scheme 2

present paperl@ and 13). Rs
Recently we reported as the first one-dimensional phenale- @ or

nyl-based neutral radical molecular conductbim the solid R

state, phenalenyl units af pack parallel to one another in the ° @O

y-direction in arr-step stack structure with inefficientoverlap. O 5

More recently, we reported the cyclohexyl-substituted radical ‘O BCla -

8, revealing a symmetrical crystal structure with a continuous

array ofr—m-stacked superimposed phenalenyl units and short o o

intermolecular carborrcarbon contacts¥3.28 A)2” Compound H o L%Ry=H © 12°Cl; Ry =H

8 displays temperature-independent Pauli paramagnetism char- L2 R = Methyl @ 13"CI"; R3 = Methyl

acteristic of a metal. Extended ekel calculation indicated that

compound8 is a three-dimensional organic metal with a Rs

bandwidth of~0.5 eV. Nevertheles$§ showed semiconducting

behavior with activation energy of 0.054 eV and measured @

optical energy gap of 0.34 eV. These apparently contradictory ©©

properties were best resolved in terms of the resonating valence

bond (RVB) ground state postulated by Paulihand Ander- NaTFPB o 0

son® - B
Improved conductivities usually result from the design of Q .

materials with a higher ratio o\/U, that is, by increasing the @O 12 TFPB: Ry =H

bandwidthW or by reducing the on-site Coulomb repulsiah, 13°TFPB’; Rs = Methyl

The bandwidth () depends on the strength of atomic (or @

molecular) orbital interactions between neighboring lattice sites Rs

and hence is determined by the molecular packing in the solid

state. In conventional inorganic metals, such as Cu or Na, the jts with intermolecular carbencarbon contacts shorter than

atomic orbitals interact with each other to form broad electronic e sum of the van der Waals atomic separation, thus forming

energy bands of widthV > 3 eV3* These materials are good 5 polymeric network and providing a conduction pathway that

conductors and can be viewed as crystallized atomic free radicalsipciydes the spiro-linkage of the phenalenyl units. Magnetic

or cations in a sea of labile electrons. On the other hand, for sysceptibility measurements show that these radicals do not exist

organic solids, such as the charge-transfer salts, the interactiongs jsolated free radicals with independent spins, but support the

between the molecules are weak, forming narrow bads-(  jgea of strong spirspin interactions between individual

0.5 eV) in comparison with the inorganic metals. The on-site jecules in the solid state as observed in the solid-state X-ray

Coulomb repulsion,U, can be loosely equated with the girctures. These two radicals are among the most highly

electrochemically measurable solution-based disproportionationcongucting neutral organic solids, and we argue that their

potential (AE), and for purely neutral systems in order 10 properties are best explained in terms of the RVB ground state

improve conductivities, the need to design systems with lower previously identified in7 and8.27

AE is clear’>38 We have therefore pursued the development

of stable neutral radicals based on a phenalenyl system in whichResults and Discussion

U is minimized andW is maximized. i ) Preparation and Electrochemical Properties of Radicals

In the present paper, we report the synthesis, electrochemistry, 5 444 13.The syntheses of radical and 13 followed the
crystallization, and solid-state properties of the first two radicals ¢5me pasic principle that has been applied to prepare radicals
(12 and 13) of a new family of spiro-bis(1,9-disubstituted  1_ 11 20.21.24-27 e first prepared the chloride saltsX Cl~ and
phenglenyl)boron neutral radicals bearing the phenalenyl-basedl3+c|f) by following literature method® and then exchanged
0,0-ligand system (Scheme ¥)Interestingly, the observed  he counterion for the tetrakis[3,5-bis(trifluoromethyl)phenyl]-
disproportionation potential\€) obtained from electrochem- |, 410 (TFPB) anion to achieve the required solubility proper-
istry are significantly lower than those observed for salts of jiog of the salts (Scheme 2). The TFPB saltg"TFPB- and
previously reported spiro-bis(1,9-disubstituted phenalenyl)boron 13*TFPB") are purified as light-sensitive yellow crystals by
neutral radicalsi—11). In the solid state, these radicals neither recrystallization from ether/hexane mixtures.

remain strictly monomeric nor do they form simpie or The electrochemistry of2*TFPB~ and 13" TFPB" is pre-
m-dimers. The X-ray structures show that these radicals paCksented in Figure 1, where it may be seen that each of these

in a continuous array of —s-stacked neighboring phenalenyl salts shows a well-behaved reversible double reduction corre-

. sponding to the successive generation of radical and anion
(32) Pauling, L.Nature1948 161, 1019-1020. . . . . .
(33) Anderson, P. WMater. Res. Bull1973 8, 153-160. (Scheme 3). The reduction potentials and the disproportionation

(34) gnrsc;g/rir EI.GCVM?(t)?IEiaIlSQQGToday’sWorIdan ed.; McGraw-Hill's Primis potentials AEZ—l — E21/2 _ Ell/z) are given in Table 1. As
(35) Boere, R. T.; Moock, K. HJ. Am. Chem. S0d995 117, 4755-4760. would be expected based on the electronegativities of the

(36) Chandrasekhar, V.; Chivers, T.; Parvez, M.; Vargas-Baca, |.; Ziegler, T. i i i
Inorg. Chem 1097 36, 47724777, substituents, the reduction potentials of the new compounds

(37) Garito, A. F.; HeegerhA. JAcc. Chem. Red.974 7, 232-240. (12*TFPB™ and 13"TFPB") occur at less negative potentials

38) Torrance, J. BAcc. Chem. Red.979 12, 79-86. + —_ 11+ — H H : :

2393 Haddon, R. C.: Chichester, S. V.; Marshall, J. Tétrahedron1986 42, than those ol "BPh,”—11"BPh,”, while the disproportionation
6293-6300. potentials AE>"Y) are lower than those of the previously

1984 J. AM. CHEM. SOC. = VOL. 128, NO. 6, 2006
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Table 1. Half-Wave Potentials and Disproportionation Potentials
(Volts vs SCE) for Spiro-bis(1,9-disubstituted phenalenyl)boron

Salts in CH3CN

Potential (Volts vs. SCE)

Figure 1. Cyclic voltammetry of (2)12'TFPB~ and (b) 13'TFPB™ in
acetonitrile, referenced to SCE via internal ferrocene (not shown).

Scheme 3
R3 R3
O\ /O +e O\ ?
N\, o -e \o

@ 12%Ry= H @
13*; Rz = Methyl

12;R3=H
13; Ry = Methyl
R3 R3
Rs
+e O\ O
_e -
o

@ 127 Ry =H
137 Ry = Methy
Ra

reported saltsi(*BPh,—11"BPh,~). The AE?"! value largely
determines the on-site Coulombic correlation enekd)yif the

solid state, and it is well established as an important discrimina-

tor for organic metalg’38
We crystallized the radicalt2 and13 by reducing the TFPB

salts (2"TFPB~ and13"TFPB") using the chemical reductant,

tetrakis(dimethylamino)ethylene (TDAERY,in a H-cell and

salt = By AET
1tBPhy~ -0.75 -1.10 —-0.35
2"BPh~ —-0.75 -1.10 —-0.35
3*BPhy~ —-0.73 —1.09 —0.36
5tBPhy" —-0.74 -1.11 -0.37
6"BPh~ -0.74 -1.12 —-0.38
7tBPh~ —-0.68 -1.02 -0.34
8TBPh~ -0.75 -1.12 -0.37
9tBPh;" -1.02 -1.37 -0.35
10"BPh;~ —-1.06 —1.41 -0.35
11"BPhy~ -1.01 -1.39 —-0.38
12TFPB- —-0.36 —0.65 —-0.29
13"TFPB- —0.36 —0.64 —-0.28
Scheme 4
R3 R3

@ TFPB" @

o_ ° TDAE o_ 0
}\_ }\_

o o CH3CN o o

:: 12*TFPB; Ry = H :: 12:Ry = H

13*TFPB"; R; = Methyl 13; R3 = Methyl

R3 R3

a minimum of three times on a vacuum line before mixing the
reductant and salt. Crystal growth started on the glass frit after
a few hours, and the crystals reached their optimum size and
quality in about 2-3 days. Though solutions of the radical are
extremely oxygen sensitive, the crystals are stable enough to
allow us to obtain chemical analyses data, X-ray crystal
structures, and other solid-state measurements after handling
the crystals in the air.

X-ray Crystal Structures of 12 and 13. The structures of
12 and13 were determined at two different temperatures (100
K and room temperature (RT)) in order to study the interplanar
separation as a function of temperature and to test for the
presence of phase transitions, such as those observed in the case
of 1 and3.21 Table 2 provides crystal data, and Figure 2 shows
ORTEP drawings of the radicalk2 and 13. There are four
molecules ofL2 and two molecules of3in the corresponding
unit cells. The most important point for our purposes is the
absence of simple- or zz-dimerization. We did not employ
bulky substituents at the active position of the phenalenyl
nucleus in order to suppress intermolecular caroarbon bond
formation1241.42Carbon-based free radicals usually require steric
hindrance to suppressdimerization in the solid staf&®and
we are not aware of any other system where resonance
stabilization has been sufficient to allow the realization of
carbon-based free radicals in the solid state. The asymmetric
unit of the moleculel2 is composed of half of the molecule,
while the asymmetric unit of molecul&é3 consists of the
complete molecule, indicating symmetric solid-state packing,

obtained a moderate yield of high-quality black radical crystals particularly in the case af2.

(Scheme 4). To ensure high crystal quality, the H-cell was

loaded in a drybox and the solvent (acetonitrile) was degassed?) Haddon, R. C.; Wudl, F.; Kaplan, M. L.; Marshall, J. H.; Cais, R. E.;

(40) Kolomeitsev, A.; Medebielle, M.; Kirsch, P.; Lork, E.; Roschenthaler, G.-

V. J. Chem. Soc., Perkin Trans.2D0Q 2183-2185.

Bramwell, F. B.J. Am. Chem. Sod.978 100, 7629-7633.

(42) Haddon, R. C.; Chichester, S. V.; Stein, S. M.; Marshall, J. H.; Mujsce, A.
M. J. Org. Chem1987 52, 711-712.

(43) Griller, D.; Ingold, K. U.Acc. Chem. Red.976 9, 13—19.

J. AM. CHEM. SOC. = VOL. 128, NO. 6, 2006 1985
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Table 2. Crystal Data for Radicals 12 and 13 Thus the solid-state packing df2 is very similar to that
radical 12 13 observed for radicaB, which forms a highly symmetrical
Lo”“u'a 4%61"'1%504 3255'128204 z-chain-type structure by repeating the superimposeserlap

W . . - . N .
crystal system monoclinic riclinic along the [1 0 1] direction but at slightly greater intermolecular
space group c2ilc PL C:--C distances (3.283.36 A)27 In 12, the mean plane

. (ZK) 1002) ;‘93(2) 100@2) 2 30002 separation between the superimposeaverlapping phenalenyl

emp . . .

a A 16.3665 (13) 16314(5)  7.3847(3)  7.5018(d) units is 3.17 A (100 K, Figure 3b), and this increases t03.22 A

b, A 8.7668(7) 8.923(5) 10.7758(5)  10.8505(6) at higher temperature (293 K) and may be compared with values

c, A 13.0351(9)  13.071(5) 12.6337(6)  12.6187(7) of 3.27 A (100 K) and 3.32 A (300 K) found ia.

v, A3 1817.4(2)  1849.4(14) 968.96(8)  992.35(9) ) i , , )

a, deg 90.00 90.00 99.3230(10)  95.4420(10) The ethyl radical 1) exists as an isolated-dimer with a

B, geg 3836855(5) ;8?6597(5) 9%963524%0((1102) 9%8&%%(2(110())) mean plane separation of 3.18 A in its spin-paired diamagnetic

7, deg . : ) . . .

6'range, deg 5 651035.86 257 1028.61 165102828 165102828 Stateat _100 K, while the paramagnetic state shows a mean plane

indep. reflections 3889 2167 4776 4900 separation of 3.35 A at 293 K; thus the mean plane separations

final Rindices R =0.0494 R,=0.0348 R;=0.0451 R,=0.0444 in 12 are shorter than those ih and this point is discussed

[1 > 20(1)] WR, = 0.1289 WR; = 0.0656 WR, = 0.1159 WR, = 0.1051 further below

Rindices Ri=0.1180 R;=0.1915 R, =0.0747 R;=0.1054 '

(all data) WR, = 0.1575 wR, = 0.1063 wR, = 0.1298 wR, = 0.1263 In the crystal lattice of molecul&2, there is another weak

mean plane 3.17 3.22 3.26,3.29 3.30, 3.30

interaction along the [0 1 0] direction. The molecules form a
m-step stack along thg-axis (see Figure S1 in Supporting
Information), and the packing df2 in the y-direction can be
compared to that observed for the benzyl radicaivhich packs

in a 1-D z-step structure along theaxis24 Nevertheless, for
12, the closest intermolecular carbettarbon distance (3.38
important difference in the molecular geometrieslafand13 A, Figure 5) along the-direction between slipped pairs of spin-
arises from the bending of one of the phenaleny! units3rat bearing carbon atoms is shorter than in the case {47 A)
two of its oxygen atoms (O3 and O4, Figure 2b). The angle of but is exactly tr_le same as that observed in the caSead223
bend in13is ~32° (Figure 2b), wheread2 remains almost K along they-direction?’

separations, A

The spiro-conjugated phenalenyl rings in molecl®eare in
an almost perpendicular orientation (dihedral angle §9.7
whereas the rings deviate considerably from the perpendicular
orientation (dihedral angle 85.pin molecule13. The most

planar (the angle of bend at the oxygen atoms @9 in 12). The two phenalenyl units in radicdl2 are involved in
As discussed below, the bending 18 results from the steric ~ equivalentz-overlap with adjacent phenalenyl units of nearest
requirements of the 5-methyl substituents. neighbors. However, in the case of radida®, the presence

The solid structure ofl2 and 13 reveals that both of these ~ Of the 5-methyl substituents sterically hinders this type of
radicals pack in a continuous array mfstacked neighboring ~ close-packedr-overlap; the result is a compromise in which
phenalenyl units with parallel orientation and very short one phenalenyl unit aligns to give a superimposeadverlap
intermolecular carbor-carbon contacts so as to form a poly- between the neighboring phenalenyl unit (as#) but with a
meric network of neutral radicals (Figures 3a and 4). It has been bend at the oxygen atoms, whereas the other phenalenyl adopts
previously established that the orientation of the radical @ slippedz-overlap structure, as shown in Figure 6. In the
molecules in the well-spaced, narrow bandwidth lattices plays Superimposedr-overlap interaction i3, all of the six spin-
the determining role in influencing the conductivity properfies.  bearing carbon atoms of the adjacent phenalenyl units are in
In the present case, it is clear that the carbon atoms with short'egistry (Figure 6a), whereas in the slippeestructure, only
intermolecular contacts possesrbitals which are oriented  two pairs of fully spin-bearing carbon atoms of adjacent
for efficient overlap in radicalsl2 and 13. The previously ~ Phenalenyl units are in registry (Figure 6b). Even in the bent,
reported (well-spaced) compounds-6, 9—11) are structurally ~ fully superimposed structure, the methyl groups severely
different from each other, but none of them exhibits a continuous compromise the approach of the two phenaleny! units involved
array of-stacked neighboring phenalenyl units with intermo- in the zz-overlap, and it is apparent from Figure 6b that the
lecular carbon-carbon contacts shorter than the van der Waals Phenalenyl units are slightly bowed so that the central carbon
distances for the carbon atoms (3.4 A). Examination of the atoms (C13 and C17, Figure 2b) approach much more closely
packing of moleculd 2 reveals that phenalenyl units of nearest (3.14 A, Figure 6a) than the carbon pairs at the ends of the
neighbor molecules are parallel to each other and are involvedmolecules; this leads to a mean plane separation for the
in a superimposed-overlap by selective registry between all Superimposed-structure of 3.26 A.
six pairs of spin-bearing carbon atoms. Thus there is almost In the case of the slipped, partiatoverlap between phe-
complete superposition of all six active carbon atoms of the nalenyl units inl3, there is registry between each of the central
phenalenyl nucleus with all intermolecular distances between carbons and three of the fully spin-bearing carbon atoms. In
the spin-bearing carbon centers well below the sum of the van fact, the zero value of the spin density found at the central carbon
der Waals atomic separations for carbon (Figure 3b), with closestin the simple HMO calculation is accidental; this is an active
C--C distance of 3.18 A at 100 K. This configuration minimizes position, and more sophisticated calculations indicate a finite
the steric interference and maximizes the overlap between thespin density at the central carbon atom of phenalenyl. For
singly occupied molecular orbitals (SOMOs) of the adjacent example, an early valence bond calculation on the parent

phenalenyl units. By repeating this superimposedverlap, phenalenyl radical found spin densities @f = 0.32, p2 =
moleculel2 forms a highly symmetricat-chain structure along —0.18, p3a = —0.22, andpgp, = 0.26* note that it is only the

[2 0 1], and this spiro-conjugated pathway corresponds to the carbon atoms with positive spin density that are in registry
long axis of the crystal (Figure 3a). (Figure 4b).
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Figure 2. ORTEP diagrams and normalized view of radicalsi2nnd (b)13. One of the phenalenyl units it8 undergoes severe bending (32.4at two
of the oxygen atoms (O3 and O4), unli&&, in which the phenalenyl units remain essentially planar.

The alternating scheme of-overlaps in13 is attributed the van der Waals distance for carbon atoms (3.4 A). The
to the presence of the methyl substituent, which leads in molecules ofl3 form an-chain as observed for molecul®
one case to a bend of the molecules so as to minimize thebut by alternating superimposed and partialverlap along [4,
steric interaction of the methyl group with the oxygen of —1, —1] (Figure 4), which corresponds to the needle axis of
the other molecule involved in the-dimer. The slipped struc-  the crystal.

ture arises for a similar reasethe methyl group cannot In the crystal lattice ofL3, there is another weak interaction
be avoided by a second bend in the molecule, and so theyong the direction of the-axis. Those phenalenyl units that
molecules of ther-dimer translate to reduce this steric interac- take part in the superimposed-overlap also stack in the

tion. . . direction of thex-axis, as shown in Figure 7, leading to a closest
In 13, the closest €-C dlstar!ces between phenalenyl units distance of 3.41 A which occurs between two pairs of spin-
at 100 .K are 3.14 A for supenmposezdoverlap and 3.28 A bearing carbon atoms of two parallel phenalenyl units. Those
for partialz-overlap, respectively. At low temperature (100 K), Sphenalenyl units that take part in the partiabverlap exhibit
a

the mean plane separations are 3.26 and 3.29 A, where : hain i . ith a cl di £361 A
this parameter increases to 3.30 A at 300 K for the super- poor 'T“e“: an |nteract_|ons with a closest distance of 3.61 A.
' Thus in the crystal lattice 012 and 13, the molecules form

im n rtiak-overlap interactions. Th ration . . . . .
posed and pataztg erlap interactions. These sepa ations quasi two-dimensional structures which are dominated by 1-D
may be compared with the mean plane separation (3.35 A) . . . -
mt-chains with very short intermolecular contacts, providing an

observed in the ethyl radicall) in its high-temperature . . . .
y X g P obvious pathway for conduction. Particularly in the caséf

paramagnetic state at 293 2K.The distances between the
phenalenyl rings (Figure 6) in both modes of overlap are within the structures of these compounds are strongly related to that
of 8, in which the superimposed 1-B-chains also dominate

(44) McConnell, H. M.; Dearman, H. HI. Chem. Phys1958 28, 51-53. the packing.
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superimposed superimposed

3.18
Figure 3. (a) Extended representation of solid-state packintsfhowing
that a single type of repeating superimpogedverlap leads to an infinite
spiro-conjugated chain in the crystal lattice, and (b) the closer view of the
s-chain of12; the selective, symmetrical, and continuausverlap between
all six pairs of spin-bearing carbon atoms of the adjacent phenalenyl units
form a polymericz-chain in the solid state with an interplanar separation
between the adjacent phenalenyl units of 3.17 A at 100 K.
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Figure 4. Extended representation of solid-state packind ®tshowing

(a) superimposed-overlap, and (b) partiat-overlap. These two types of
alternatingz-overlap lead to an infinite spiro-conjugated chain in the crystal
lattice.

Magnetic Susceptibilities of 12 and 13The temperature
dependence of the magnetic susceptibilitigsdf 12 and 13
was measured over the range ef30 K and is shown in Figure
8a and 8b as the paramagnetic susceptibijifydfter correction
for the sample diamagnetism). In compouh® y, increases

n-chain1 n-chain2 n-chain3

12

Figure 5. The stackedr-chains interact through a pair of spin-bearing
carbons in each phenalenyl unit along thdirection in the crystal lattice
of 12 with a separation of 3.38 A at 100 K.

partial superimposed

superimposed

partial

Figure 6. The continuousr-chain observed in the crystal lattice d8
forms an alternate superimposed and parti@verlap: (a) superimposed
s-overlap showing that all six pairs of spin-bearing carbon atoms of the
adjacent phenalenyl units interact with each other with a closest distance
of 3.14 A, and (b) partiak-overlap showing that only two pairs of spin-
bearing carbon atoms of the adjacent phenalenyl units interact with each
other at a distance of 3.28 A at 100 K.

S = 1/2 antiferromagnetic Heisenberg chain of isotropically
interacting spin® in analytical representation to fi(T) 46 in
the temperature range of 58330 K (Figure 8a and 8b), and
we obtained an intrachain exchange constant, —86 cnt?,

for compoundl12, a sign of strong antiferromagnetic inter-

with decreasing temperature below 330 K and reaches a broad, (4.

maximum atTmax = 150 K. Because of the uniform chain-
like structure ofl2, we used the BonnetFisher model for the

1988 J. AM. CHEM. SOC. = VOL. 128, NO. 6, 2006
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n-chain3 dominates the magnetic susceptibility at low temperatures,
: although contributions from alternative magnetic pathways
: involving interchain coupling cannot be completely excluded
£ T~ partal as it can be seen that the 1-D chaindhand 13 interact with
P neighboring chains through two pairs of spin-bearing carbon
centers. The 1-D chains @R interact with each other through
two pairs of spin-bearing carbon centers on the two different
phenalenyl units of the molecule (Figure 5) at a distance of
superimposed 3.38 A, while the interchain interaction a3 arises from the
interaction of two pairs of spin-bearing carbon centers on the
phenalenyl unit, which is involved in the superimposed interac-
tion (distance of 3.41 A, see Figure-fthese distances are close
to the sum of the van der Waals atomic separations for carbon
(3.4 A).
Electrical Resistivity of 12 and 13. The single-crystal
electrical conductivitiesd) of 12 and13 were measured using
a four-probe configuration, and the temperature dependence of
the conductivity is shown in Figure 8d. A number of crystals
were evaluated with similar results. The values of the room
temperature conductivities avgr = 0.1 S/cm (2) andorr =
Figure 7. In 13, the phenalenyls with superimposedverlap also interact ~ 0-3 S/cm 1.3). These values, together with that&{orr = 0.3
along the direction of the-axis with closest contacts of 3.41 A between ~ S/cm)2” are among the highest obtained for any neutral organic
z-chains at 100 K. solid and are about 1 order of magnitude higher than previously
) _ ) reported neutral radical conductdréogrr = 1.0 x 102 S/cm),
For compoundL3, y, increases with decreasing temperature 3 (2.4 x 1072 Slcm),5 (4.9 x 102 S/cm),9 (4 x 10-2 S/cm),
between 330 and 40 K, but at a rate more slowly than would 5410 (1 x 1072 S/cm)20.21.26and significantly higher tha@
be expected for a Curie paramagnet; Tox 25 K, there is a (1.4 x 1076 S/cm) andd (4 x 10~7 S/cm)2223The conductivity
sharp growth iy due to paramagnetic impurities (defects). To  gata show semiconducting temperature dependence with activa-
fit the data for compound3, we utilized theS= 1/2 alternating tion energies oA = 0.24 eV for12 and 0.12 eV forl3.

antiferromagnetic Heisenberg chain motfelin which the Optical Measurements of 12 and 13.To obtain further
antiferromagnetic interaction along the chain alternates betweensormation on the electronic structure. we measured the
values ofJ andaJ (0 = o = 1); a Curie-type impurity term  y-ansmission spectra of single crystalsl@fand13 (Figure 8e).
was introduced to account for the low-temperature paramagneticThe most important feature in the transmission spectra is a strong
tail.2* The best fit to the data for compoufi@in the temperature  jcrease of absorption below 0.38 eEy) for radical 12 and
range of 26-330 K was obtained with par?meteJSZ 59 0.37 eV Ey) for radical13. For compound 2, the transmission
cm™, o = 0.8, and a concentration of 2.94% of paramagnetic reaches a plateau at 0.25 e, while in the case of compound
impurity sites per formula unit. The impurity term dominates 13 the absorption extends deep into the phonon part of the
the magnetic susceptibility at low temperatures, masking the spectrum (below 0.1 eV), making the exact determination of
antiferromagnetic character of the host molecules, although theine pand edgesy’) impossible in our experiments. In the case
antiferromagnetic character is evident from Figure 8c, which of apn intrinsic semiconductor, the measured optical band gap
shows the effective fraction of Curie spins per molecyid( (E, or Eg) can be correlated with the activation energy) (
0.375) as a function of temperature. At high temperatures, thesec|cylated from the temperature dependence of the conductivity
values approach the Curie free-spin value of one unpaired according toEy ~ 2 x A.
electron per molecule, a signature of the neutral radicals we  g5nd Electronic Structures of 12 and 13.To address the
i 21,24-26 \\i i . . . ) .

have reported previous: With decreasing temperature, g estion of solid-state packing and the conductivity measured
xp1/0.375 dewat_es strongly f_rom t_he _Cu_rle moo_lel due f[o the tor 12 and 13, we carried out extended dkel theory (EHT)
very strong antiferromagnetic spispin interaction, which — pang srycture calculatioffson the crystal structures. Such
arises from the continuous array of overlappingstacked  ¢5icylations have been very useful in understanding the elec-
neighboring phenaleny! units in the structuresl@fand 13. _ tronic structure of the organic molecular superconduéidfs

Thus it is clear that the magnetism of these compounds is 4 thin-film field effect transistor& but it should be noted at
dominated by the 1-D antiferromagnetic coupling along the he gytset that there are certain objections to the application of
z-chains. In the case df2, the uniform Heisenberg model is  (ight pinding band theory to the neutral radical molecular
appropriate as the radicals spin couple through a single type ofconguctorg? in that the calculations are unable to correctly
interaction (fully superimposed-overlap, Figure 3), while the  gescripe the open shell electronic structure of some of these
alternating antiferromagnetic Heisenberg model is applicable compounds.

to compound13 because of the alternating mode of spin A characteristic feature of the previously reported radicals
coupling (superimposed and partialoverlap, Figures 4 and 35 peen the very narrow bandwidths found with the EHT
6). The antiferromagnetic coupling along the 1-D chains

n-chain2

n-chain1

(48) Hofmann, RSolids and Surface/CH: New York, 1988.

(46) Estes, W. E.; Gavel, D. P.; Hatfield, W. E.; Hodgson, Dndrg. Chem. (49) Wwilliams, J. M.; Ferraro, J. R.; Thorn, R. J.; Carlson, K. D.; Geiser, U.;
1978 17, 1415-1421. Wang, H. H.; Kini, A. M.; Whangbo, M.-HOrganic Superconductors
(47) Duffy, W.; Barr, K. P.Phys. Re. 1968 165 647-654. (Including Fullerenes)Prentice Hall: Englewood Cliffs, NJ, 1992.
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Figure 8. Solid-state properties of crystalliie and13. Paramagnetic susceptibility as a function of temperature, where the solid lines represent fits to the
S = 1/, Heisenberg chain model: (a) uniform exchange coupli®y,(b) alternating exchange coupling3. (c) Fraction of Curie spins as a function of
temperature. (d) Single-crystal conductivity as a function of temperature. (e) Single-crystal near- and mid-infrared transmission spectra.

calculations. The band dispersions found for these compounds Radical7 crystallizes in a 1-Dr-step structure with substantial
are always less than 0.1 eV, whereas most organic metals shovband dispersion (0.37 eV, along b*) and displays Heisenberg
EHT bandwidths in the range of 0-3.0 eV303149Although 1 antiferromagnetism; given the absence of a superlattice, the
and3 exist asz-dimers, this mode of packing does not extend structure is indicative of metallic charactértdowever, radical
through the crystal lattice, and these molecules sit in the lattice 7 exhibits semiconducting behavior with a room temperature
as isolated dimers, in much the same fashion #ha 5, and conductivity ofort = 1.4 x 1072 S/cm, which is very difficult
9—11 pack as isolated monomers. However, the packing in the to reconcile with the structure and remaining physical properties.
solid state of7 and particularly8, 12, and13 s entirely different Radical8 crystallizes as a highly symmetric spiro-conjugated
with a well-developed and continuogsoverlap extending along  s-chain along the [1 0 1] direction, and within the chain, the
one of the directions in the crystal, sometimes in conjunction C---C distances between repeatimglimers are in the range of
with strong secondary interactions in other directions. Where 3.28-3.36 A, and3 displays the temperature-independent Pauli
the long axes of the molecules are aligned in a parallel paramagnetism characteristic of a métaThe EHT band
orientation, we show that the nodal character of the SOMO leadsstructure and density of state (DOS) calculations on the crystal
to three well-defined modes of-overlap, all three of which lattice of 8 indicated a finite DOS at the Fermi level (metallic
are exemplified in the structures @f 8, 12, and13. character) with substantial band dispersions along the three
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Figure 9. Calculated band structures of (a) crystallitand (b) crystallinel3 based on X-ray structures determined at 100 K.

principal directions in reciprocal states with a bandwidth-6f5 molecules in the unit cell (four molecules fd2 and two
eV. Nevertheless, radic8lshows semiconducting behavior with molecules forl3); these basically consist of spiro-conjugated
an activation energy of 0.054 eV. We suggested that this symmetric and antisymmetric combinations of the 1,9-disub-
apparently contradictory behavior can be resolved in terms of stituted phenalenyl LUM@G?39 Alternatively, they can be
the resonating valence bond (RVB) ground state originally viewed as arising from the nonbonding molecular orbfitats
suggested by Pauling, but with the modifications introduced by each of the phenalenyl units in the unit cell (eight phenalenyl
Andersor?233 The most characteristic feature of the RVB units for12 and four phenalenyl units fdi3). In a band picture,
ground state is the presence of a high symmetry structurethese orbitals (eight fot2 and four forl3) now accommodate
stabilization by resonance over a number of different structures. a total of four electrons fot2 and two electrons fot3, leading
The spin coupling involved in the resonance structures might to a quarter-filled band complex and a finite DOS at the Fermi
be quite complex in compounds such&svhere a number of  level (metallic character).

different inter-carbon electron-pair bonds are possible, allowing It may be seen that the band dispersions foundif®are
resonance among many pairs of intermolecular (caroanbon) higher than those it2; the maximum dispersions are 0.08 eV

bonds. (along a*), 0.21 eV (b*), and 0.14 eV (c*) ih2 and 0.36 eV
Figure 9 shows the band structures and DOS calculated for (along a*), 0.03 eV (b*), and 0.001 eV (c*) ib3; note that?,

the lattices found in the X-ray crystal structuresl@fand13 at 8, 12, and13 show a quasi 1-D electronic band structure, and

100 K. The bands (eight bands fd2 and four bands fof.3) the absence of charge- or spin-density wave distortions is

are derived from the two LUMOs df2" or 13" for each of the surprising. Typically, the conductivity in molecular conductors
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Figure 10. (a) Lewis free radical resonance structuresf@dmand13 and
(b) the corresponding RVB resonance structurelfdand 13. The spiro-
biphenalenyl structure is simplified to a figure eight for convenience.

depends on the relationship between the bandwidih gnd
the on-site Coulomb correlation energy)( which often
determines the activation energy for the conductivity, (so

that A ~ U; U is primarily a molecular property that is often

related to the disproportionation potentislE2~1 and is similar

for radicals12 and13 (Table 1), whereas the transport energy

gaps are found to bA = 0.24 eV (2) and 0.12 eV 13). The
bare value ofU provides a lower bound for\, and the

bandwidths V), which are subject to solid-state packing effects,
play the determining role in the relative conductivity values.

The large transfer integrals implied by the bandwidth~ 1.2
eV) observed for radicadl3 as compared to the bandwidtV/(
~ 0.53 eV) observed for radical2 explain the improved
conductivity for13.

The bandwidthw for 13 originates from strong atomic (or

molecular) orbital interactions that lead to broad electronic

energy bands in the solid state. Raditalis the first among

spectroscopy of radical3 (see Figure S2 in Supporting
Information), which demonstrates extensive hyperfine coupling,
indicating a complete delocalization of spin over the whole
molecule. These observations suggest that the two phenalenyl
units do not act independently but are quite strongly coupled
insofar as the lowest unoccupied molecular orbital (LUMO) is
concerned?

In the solid state, we used the structural data in order to check
localization of the unpaired electron. 112, the two phenalenyl
units of the molecule are equivalent by symmetry; in the case
of 13, the symmetry is broken in two ways: one phenalenyl is
planar while the other is bent at the oxygen atoms, and the nature
of the overlap is distinct with one fully superimposeeverlap
and one partiat-overlap, although the mean plane separations
are remarkably similar, 3.26 and 3.29 A (100 K) and 3.30 and
3.30 A (300 K). To check for localization of the spins, we
calculated the standard deviations of the bond length differences
between the two halves of the phenalenyl unit on either side of
the spiro-linkage in molecul&3, reasoning that localization of
the spin or charge would lead to larger standard deviation
between formally equivalent bonds than would be observed in
the case where complete delocalization of spin octlitsvas
observed previously that the standard deviation of the bond
length differences between the two halves of the dimeric radicals
1 and3 provides an indicator for the location of the charge and
spin, and this established that the electron is preferentially
localized in a particular half of the molecule resulting in
bistability in these systems due to the existence of diamagnetic
and paramagnetic dime?#5%° A similar calculation of the
standard deviation of the bond length difference$3rsuggests
that in the solid-sate the electron is delocalized in a SOMO
extending over the whole molecule, as also observed by solution
ESR spectroscopy. Thus the electronic structuréand 13
is fully delocalized, in good agreement with the expectations
of the resonating valence bond modet23351

Conclusion

A new family of spiro-bis(1,9-disubstituted phenalenyl)boron
neutral radical conductors based on the O,0-ligand system has

the phenalenyl-based neutral radical conductors to possess &een synthesized, characterized, and the solid-state properties

large bandwidth in the solid state (greater than 1 eV).

have been investigated. In the solid state, these radicals neither

On the basis of the structural data, we give a representationremain strictly monomeric nor do they form isolated or

of the spiro-conjugated one-dimensiomathains in12 and13,

m-dimers, and the structures show that these radicals pack in a

which shows the resonance of the unpaired electron betweencontinuous array of-stacked neighboring phenalenyl units with

each phenalenyl unit in the molecules (Figure 9&jowever,

very short intermolecular carbercarbon contacts, thus provid-

the short G--C intermolecular distances support the idea of ing an obvious pathway for conduction. Magnetic susceptibility
coupling the spins into electron pair bonds (Figure 10b). On measurements support the idea that the radicals do not exist as

the basis of the magnetic susceptibility dataX8rand13, it is

isolated free radicals, and there is significant s{gpin interac-

clear that there is strong antiferromagnetic coupling along the tion between the molecules in the solid state, as expected from
7-chains of both compounds, but we find no evidence for the the crystal structures. The disproportionation energies, which
type of two-electron localization scheme shown in Figure 10b; largely determine the on-site Coulombic correlation energy in
instead these seem to be equally contributing resonancethe solid state in this class of radicals, are significantly lower

structures’

than those of the spiro-bis(1,9-disubstituted phenalenyl)boron

In solution, the delocalization of the unpaired electron neutral radicals based on the N,O-ligand or N,N-ligand systems
between the spiro-conjugated phenalenyl units in these radicalseported previously. This is reflected in the measured conduc-

has been established by ESR studfeRadical12 is found to

tivities of this new class of materials, which are among the

be paramagnetic, but with the spin density distributed over the highest of any neutral organic solid. These are the first of the

whole molecule, so that on the time scale of the experiment

the electron interacts with all of the nuclei in the moleci{Ié®

(50) Chi, X.; Tham, F. S.; Cordes, A. W.; Itkis, M. E.; Haddon, R.Synth.
Met. 2003 133-134, 367—372.

Similar results have been obtained from the solution ESR (51) Fazekas, P.; Anderson, P. Whilos. Mag.1974 30, 423-440.
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wide band phenalenyl-based neutral radical conductors with (m), 701(w), 683 (m). Anal. Calcd for 4gH26B204F24'0.5GH100: C,
bandwidths reaching greater than 1 eV, although the conductivity 55-36; H, 2.40. Found: C, 55.29; H, 2.27.

is still activated and this is best rationalized in terms of the

Preparation of 13"TFPB~. A quantity of 2.22 g (0.0025 mol) of

resonating valence bond model. Thus it is clear that the solid sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB)
conductivity of these neutral radicals can be strongly influenced Was added to a dichloromethane (20 mL) solutiori8fCI™ (1.16 g,

by the solid-state packing, and there is considerable scope for

improving the properties of these compounds.

Experimental Section

Materials. All reactions and manipulations were carried out under

0.0025 mol), and the resulting mixture was stirred 2ch at 25°C; a
white precipitate formed during the reaction. The mixture was filtered
and the solvent evaporated to give an orange solid. The solid was
recrystallized as yellow plates from a 2:1 ether/hexane mixture (1.9 g,
59%). MS (MALDI) m/z 429.'H NMR (CDsCN): 6 8.72 (d, 4H),
8.40 (s, 4H), 7.69 (br s, 8H), 7.66 (s, 4H), 7.51 (d, 4H), 2.70 (s, 6H).

an atmosphere of dry argon using standard Schlenk and vacuum-linelR (600—-4000 cnt?): 3041(w), 2940(w), 2877(w), 1632(m), 1601-

techniques; 1.0 M boron trichloride solution in g8, (Aldrich) and
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB) (Boul-

der Scientific Company) were used as received. Tetrakis(dimethylami-

no)ethylene (TDAE) was purchased from Aldrich and distilled under
argon prior to use. 9-Hydroxyphenalenone and 5-methyl-9-hydrox-

(m), 1580(m), 1505(m), 1480(m), 1435(w), 1354(m), 1308(m), 1277-
(s), 1158(m), 1220(s), 1039(m), 963(m), 939(m), 910(m), 881(s),
839(m), 794(w), 767(w), 744(w), 714(m), 700(w). Anal. Calcd for
CeoH30B204F24: C, 55.75; H, 2.34. Found: C, 56.09; H, 2.40.
Crystallization of 12. A solution of 64 mg ofl12"TFPB ~ (5.1 x

yphenalenone were synthesized according to literature procedures. 10-5 mol) in 16 mL of dry acetonitrile was placed in a container (25
Dichloromethane was distilled from Cakinmediately before use. The  mL round-bottom flask), and 30 mg of TDAE (150 10~° mol) was

NMR spectra were recorded on a Varian Inova 300 spectrometer. dissolved in 15 mL of dry acetonitrile in another container (25 mL
Chemical shifts downfield from the reference standard were assigned round-bottom flask). The containers were attached to an invertible H-cell
positive values. Cyclic voltammetric measurement was performed on in a glovebox. The H-cell was removed from the glovebox and attached
a Pine AFCBP1 potentiostat using a Pt wire electrode in dry acetonitrile to a vacuum line, and the containers were taken through three cycles
under argon atmosphere withBusNPF; as the supporting electrolyte  of freeze, pump, and thaw to degas the solutions. The H-cell was
with a saturated calomel reference electrode. The ferrocenium/ferroceneinverted slowly, and the solutions were allowed to diffuse through the

couple was used as internal reference.

Preparation of 127Cl~. 12tCl~ was prepared according to a
modified literature procedur®.9-Hydroxyphenalenone (0.98 g, 0.005
mol) in 1,2-dichloroethane (50 mL) was treated with boron trichloride
(2.4 mL, 1 M solution in CHCl,, 0.0024 mol) under argon in the dark,
and the mixture was stirred at 2% for 10 h. The bright yellow
precipitate was separated by filtration, washed with cold dichlo-
romethane (3x 10 mL), and dried under reduced pressure to yield
1.03 g (98%) of the title compound. MS (MALDIyz = 401. IR (600~
4000 cntl): 3069(w), 1622(s), 1601(s), 1572(s), 1541(w), 1501(m),
1476(m), 1442(w), 1423(m), 1362(w), 1347(m), 1311(vs), 1242(m),
1190(w), 1150(w), 1129(w), 1088(w), 1073(w), 1036(s), 961(m), 897-
(s), 856(s), 828(w), 769(w), 749(w), 721(w), 703(m).

Preparation of 13"Cl~. 5-Methyl-9-hydroxyphenalenone (1.05 g,
0.005 mol) in 1,2-dichloroethane (50 mL) was treated with boron
trichloride (2.3 mL, 1 M solution in CHCI,, 0.0023 mol) under argon
in the dark, and the reaction mixture was stirred overnight at room
temperature under argon. The yellow solid was isolated by filtration
(0.95 g, 89%). MS (MALDI)m/z 429. IR (606-4000 cntl): 3077-
(w), 3034(w), 2865(w), 1629(m), 1599(m), 1580(s), 1507(m), 1481-
(m), 1429(m), 1363(w), 1346(m), 1308(s), 1268(m), 1225(w), 1171(m),
1124(m), 1039(m), 965(m), 919(m), 887(s), 868(s), 836(m), 764(w),
722(w), 701(w).

Preparation of 12'TFPB~. A quantity of 0.45 g (5.1x 10~ mol)
of solid sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB)
was added to a solution &2"Cl~ (0.218 g, 5x 10~ mol) in 40 mL
of dichloromethane. The mixture was stirred at®5for 1 h, and a

glass frit. After sitting in the dark for 2 days, the cell yielded 7 mg of
black shining crystals. IR (6684000 cnt?): 3051(w), 1629(m), 1587-
(s), 1547(s), 1497(m), 1438(s), 1396(m), 1356(m), 1324(w), 1306(m),
1262(s), 1242(w), 1218(s), 1188(w), 1138(m), 1113(m), 1067(w), 964-
(s), 849(w), 837(w), 750(w), 681(w). Anal. Calcd fopdH14BOs: C,
77.83; H, 3.52. Found: C, 76.57; H, 3.35.

Crystallization of 13. A solution of 65 mg (5.0x 10°° mol) of
13'TFPB in 17 mL of dry acetonitrile was placed in a container (25
mL round-bottom flask), and 25 mg (120 10° mol) of TDAE
dissolved in 15 mL of dry acetonitrile was placed in another container
(25 mL round-bottom flask). The containers were attached to an
invertible H-cell in the glovebox. The H-cell was removed from the
glovebox and attached to the vacuum line, and the containers were
taken through three cycles of freeze, pump, and thaw to degas the
solutions. The H-cell was inverted slowly, and the solutions were
allowed to diffuse through the glass frit. After sitting in the dark for 3
days, the cell yielded 9 mg of black shining crystals. IR (6@000
cm1): 3036(w), 2976(w), 2917(w), 1632(m), 1591(m), 1561(s), 1501-
(m), 1438(m), 1409(m), 1377(w), 1356(m), 1300(m), 1278(m), 1248-
(s), 1157(s), 1128(w), 1100(m), 1016(m), 960(m), 909(s), 853(s),
792(m), 751(w), 720(w), 688(m). Anal. Calcd fopdH1sBO4: C, 78.34;

H, 4.23. Found: C, 77.77; H, 4.11.

X-ray Crystallography. Data were collected on an X8-APEX
Bruker Kappa four circles X-ray diffractometer system (Mo radiation,
4 =0.71073 A) for12 at 100 and 293 K. The X-ray data fa8 were
collected on a Bruker APEX2 (version :@2) platform CCD X-ray
diffractometer system (Mo radiatioh,= 0.71073 A). The crystals were

white precipitate formed during the reaction. The reaction mixture was mounted onto a glass fiber with epoxy resin. The crystallographic
filtered, and the filtrate was evaporated to dryness under reduced parameters and unit cell dimensions are summarized in Table 2.
pressure. The crude product was purified by recrystallization from an Absorption corrections were applied to the raw intensity data using

ether/hexanes mixture, yielding 0.315 g (50%) of the analytically pure
titte compound. MS (MALDI)m/z = 401.*H NMR (CDCl): ¢ 8.66

(d, 4H), 8.48 (d, 4H), 7.96 (t, 2H), 7.70 (br s, 8H), 7.45 (s, 4H), 7.44
(d, 4H); signals also appear at3.48 (), 1.21 (t) due to the diethyl
ether included in the lattice. IR (66@1000 cnT?): 2984(w), 1625-
(m), 1600(m), 1574(s), 1503(w), 1477(m), 1457(w), 1422(w), 1353-
(s), 1311(s), 1275(vs), 1242(m), 1122(vs), 1088(w), 1071(w), 1055(w),
1030(s), 961(m), 896(m), 886(m), 852(s), 840(w), 766(w), 747(w), 715

the SADABS prograni® Atomic coordinates, isotropic and anisotropic
displacement parameters of all the non-hydrogen atoms were refined
by means of a full matrix least-squares proceduré&drmrhe H-atoms
were included in the refinement in calculated positions riding on the
atoms to which they were attached. Full details, including bond lengths
and bond angles, are given in the Supporting Information.

Magnetic Susceptibility Measurements.The magnetic suscepti-
bilities were measured with a George Associates Faraday balance

(52) Haddon, R. C.; Rayford, R.; Hirani, A. M. Org. Chem1981, 46, 4587~
4588.

(53) SADABS5.02 ed.; Bruker Analytical X-ray System, Inc: Madison, WI,
1997-1998.
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operating at 0.5 T. The calculated diamagnetic susceptibilitgsate FTIR Nicolet Nexus 670 ESP spectrometer integrated with Continuum
—223.7 x 1078 emu/mol for12 and —235.04 x 10°% emu/mol for Thermo-Nicolet FTIR microscope.
13 Band-Structure Calculations. The band-structure calculations made

Conductivity Measurements. The single-crystal conductivities of  yse of a modified version of the extendeddral theory (EHT) band-
12 and 13 were measured in a four-probe Conflguratlon. The in-line structure program Supp”ed by M.-H. Whangbol The parameter set is

contacts were made with silver paint. The sample was placed on achosen to provide a reasonably consistent picture of bonding in
sapphire substrate, and electrical connections between the silver painteterocyclic organic compoundss*

contacts and substrate were made by thin, flexiblex8b diameter
silver wires to relieve mechanical stress during thermal cycling of the ~ Acknowledgment. This work was supported by the Office
sample. The conductivities were measured along the long axis of the of Basic Energy Sciences, Department of Energy under Grant

crystals, which were determined during the X-ray crystallographic DE-FG02-04ER46138, and by DOD/DARPA/DMEA under
studies. The temperature dependence of the conductivity was measureg¢s ant Number H94003-04-2-0404.

in the range of 92327 K for 12 and 40-327 K for 13. The data are

presented for a crystal di2 with dimensions of 2.7< 0.05 x 0.02 Supporting Information Available: ~Additional structural
mmne and for a crystal 0_f1_3 with dlmen5|ons_of 1.5>_< 0.8 x 0.04 packing diagram, ESR spectrumi8in CH,Cl, with numerical
mn¥. The same conductivity was observed with a thinner crystalof g * et set of fitting parameters to the magnetic suscep-
with dimensions of 3.3« 0.05 x 0.01 mnt and crystal ofL3 with tibility data of 12 and13, tables of crystallographic and structural

dimensions of 1.5¢< 0.7 x 0.05 mn3. The conductivity was measured fi d ' di bond | hs. bond |
in a custom-made helium variable-temperature probe using a Lake Shord €/N€Ment data, atomic coordinates, bond lengths, bond angles,

340 temperature controller. A Keithley 236 unit was used as a voltage @nd anisotropic thermal parameters (PDF). This material is

source and current meter, and two 6517 Keithley electrometers were available free of charge via the Internet at http://pubs.acs.org.

used to measure the voltage drop between the potential leads in a four'JA0560276

probe configuration; the instrumentation was driven with LabVIEW

software. ] . ' .
Single-Crystal Near- and Mid-Infrared Transmission Spectros- (54) \%,Z;dzecsz'aa' J\_N\',’_;"J(%%?%r"k?mf"zgﬂi%aﬁ‘ N "M_SCA%‘?%HQS%?:S(')}_ R

copy. The infrared transmission measurements were carried out in a 1991, 113 582-588.
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