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Abstract: We report the preparation, crystallization, and solid-state characterization of a benzyl-substituted
spirobiphenalenyl radical. The crystal structure shows that the radical is monomeric in the solid state, with
the molecules packed in an unusual one-dimensional (1-D) fashion that we refer to as a zz-step stack. This
particular mode of 1-D stacking is forced on the lattice arrangement by the presence of the orthogonal
phenalenyl units that were specifically incorporated to prevent the crystallization of low-dimensional
structures. The structure shows that this strategy is effective, and neighboring molecules in the stack can
only interact via the overlap of one pair of active (spin-bearing) carbon atoms per phenalenyl unit, leading
to the z-step structure in which the remaining four active carbon atoms per phenalenyl unit do not interact
with nearest neighbor molecules. The magnetic susceptibility data in the temperature range 4—360 K may
be fit to an antiferromagnetic Heisenberg S = 1/2 linear chain model with intrachain spin coupling J =
—52.3 cm™L. Despite the uniform stacking, the material has a room temperature conductivity of 1.4 x 1073

S/cm and is best described as a Mott insulator.

Introduction

Although most organic compounds are insulators, MéCoy
predicted over 80 years ago that some organic solids migh
exhibit high electrical conductivity, comparable with that of
metals. A major breakthrough came with the discovery of
charge-transfer (CT) salts based on 7,7,8,8-tetracypaqaino-
dimethane (TCN@)in 1960, after which many TCNQ-based
CT salts with various donors were prepared and studliad.

salts, different from tetramethyltetraselenafulvalene (TMPSF)
and ethylenedithiotetrathiafulvalene (ET) baksealtion radical

t superconductors. Another important difference is the type of

molecular structure and the dimensionality of the crystals.
Fullerene-based superconductor crystals are three-dimensional,
in contrast to the quasi-one- and two-dimensional electronic
structures of (TMTSFEX and (ET)X, respectively. In conven-
tional inorganic conductors, such as Cu or Na, the atoms form

new class of electron-transfer superconductors, based on thefl0S€-packed structures in the solid state. They can be viewed

alkali metal fullerides ACso (A = K, Rb, Cs) was discovered

as crystallized atomic free radicals. The atomic orbitals interact

in 199145 The fullerene-based superconductors are anion radical Srondly with each other to form broad electronic energy bands
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of width W > 3 eV8 The HOMOs of these atoms (originating
from s orbitals) are singly occupied and form half-filled
(conduction) bands. These materials are good conductors as the
electrons in the conduction bands can move freely in the lattice.
In organic solids, such as the CT salts, the interactions between
the molecules are weak, forming narrow bands£ ~0.5 eV)
in comparison with the inorganic metdls.

For some time we have attempted to prepare an intrinsic
molecular metal, that is, a solid composed of a single molecular
species that would function as a classical (mono)atomic metal
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and superconductdf:11 This necessarily requires the crystal-
lization of a neutral radical, and we have argued in favor of the
phenalenyl syste? 14 We have recently reported the first
phenalenyl-based neutral radical conduct¢)’¥ and, more
recently, a class of dimeric phenalenyl-based neutral radical
molecular conductorsl( 3)16:17 and their bistability in three
physical channel¥® (See Scheme 1.) A distinctive feature of

these molecular solids is the absence of any obvious conducting

pathway(s), and a very curious increase in conductivity at the
phase transitioA’1° These radicals do not stack in the solid
state, and the intermolecular carbonarbon contacts are all

larger than the sum of the van der Waals distances. Compoundd

4 behaves as a free radical with one spin per molecule, indicating
little interaction between the molecules in the solid state. Despite
this, the radical shows the highest conductivibg{ = 0.05
S/cm) of any neutral organic solid, and the conduction mech-
anism is presently not understood.

We have now crystallized compourkl another radical in
the family of spirobis(1,9-disubstituted phenalenyl)boron com-
pounds, which differs only in the alkyl substituent from previous
members in the serie$,(2, 3, 4), but adopts an entirely different
solid-state structure. Although the idea of developing organic
conductors based on neutrafadicals has a number of merits,
there are difficulties that must be surmounted. Apart from the
problem of o-dimerization, it is necessary to inhibit one-

(9) Haddon, R. C.; Ramirez, A. P.; Glarum, S. H. Electron-Electron Interactions
in Organic Superconductorddyv. Mater. 1994 6, 316-322.

(10) Haddon, R. C. Design of Organic Metals and Supercondudtatare1975
256, 394-396.

(11) Haddon, R. C. Quantum Chemical Studies in the Design of Organic Metals.
Ill. Odd-Alternant Hydrocarbons (OAHSs): The Phenalenyl (PLY) System.
Aust. J. Chem1975 28, 2343-2351.

(12) Haddon, R. C.; Wudl, F.; Kaplan, M. L.; Marshall, J. H.; Cais, R. E.;
Bramwell, F. B. 1,9-Dithiophenalenyl Systerd. Am. Chem. Sod.978
100, 7629-7633.

(13) Haddon, R. C.; Chichester, S. V.; Stein, S. M.; Marshall, J. H.; Mujsce, A.
M. Perchloro-7H-cycloprop[a]acenaphthylene and the Perchlorophenalenyl
System.J. Org. Chem1987, 52, 711-712.

(14) Koutentis, P. A.; Chen, Y.; Cao, Y.; Best, T. P.; ltkis, M. E.; Beer, L.;
Oakley, R. T.; Brock, C. P.; Haddon, R. C. Perchlorophenalenyl Radical.
J. Am. Chem. So@001, 123 3864-3871.

(15) Chi, X.; ltkis, M. E.; Patrick, B. O.; Barclay, T. M.; Reed, R. W.; Oakley,
R. T.; Cordes, A. W.; Haddon, R. C. The First Phenalenyl-Based Neutral
Radical Molecular Conductod. Am. Chem. So&999 121, 10395-10402.

(16) Chi, X.; ltkis, M. E.; Reed, R. W.; Oakley, R. T.; Cordes, A. W.; Haddon,
R. C. Conducting Pathways in Organic Solids: A Phenalenyl-Based Neutral
Radical of Low ConductivityJ. Phys. Chem. R002 106, 8278-8287.

(17) Chi, X.; Itkis, M. E.; Kirschbaum, K.; Pinkerton, A. A.; Oakley, R. T.;
Cordes, A. W.; Haddon, R. C. Dimeric Phenalenyl-Based Neutral Radical
Molecular Conductors]. Am. Chem. So2001, 123 4041-4048.

(18) ltkis, M. E.; Chi, X.; Cordes, A. W.; Haddon, R. C. Magneto-Opto-
Electronic Bistability in a Phenalenyl-Based Neutral RadiBalence2002
296, 1443-1445.

(19) Huang, J.; Kertesz, M. Spin Crossover of Spiro-Biphenalenyl Neutral
Radical Molecular Conductorsl. Am. Chem. So2003 125 13334~
13335.

Scheme 2

\/@ O\B/N
0 N SONT
H ©/\ N
of
NaBPh, \Q
MeOH o__N

imensional packing that is characteristic of many organic
charge-transfer salts and to reduce the large on-site Coulombic
correlation energy which leads to an insulating ground state in
most of the half-filled band structures. In fact, the spiro(1,9-
disubstituted phenalenyl)boron compounds were chosen with
these considerations in mind. With respect to one-dimensional
stacking this strategy has been effective, but in compduad
particularly unusual structure is observed, which is referred to
asz-stepped. Below, we show that the conductivity of radical
5 is comparable with that of the previously reported radicals
(1, 3, 4) and greater than that of the propyl radic2). (

In the present paper, we report the synthesis, crystallization,
and solid-state properties of radical We assess the strength
of the interaction between the molecules in the lattice by using
extended Hakel theory (EHT).

In the solid state, benzyl radiceéb)(does not form a simple
o- or s-dimer, nor does it remain strictly monomeric. In the
case of benzyl radicabj, the unit cell contains four molecules,
whereas the other radicals contain four (twalimers,1 and
3) or eight @) monomers in the unit cell. 16, the phenalenyl
units in thex- andz-directions pack perpendicular to each other,
whereas the phenalenyl units in tizlirection are parallel to
each other and packed in thestep fashion. As shown by the
band structure calculations, this provides a very effective
conducting pathway in crystals of benzyl radicg)l éven though
only one of the active carbon atoms is involved in overlap with
its nearest neighbor.

Results and Discussion

Preparation and Solution Properties of Radical 5.The
synthesis of radicab followed the same basic procedure that
was used to prepare radicdls3, and4.1516We prepared the
benzyl variant via the chloride sai(CI™) but finally employed
the tetraphenylborate anion to obtain the required solubility
properties of the salt. CompourfBPh,~ (Scheme 2) gave
air-stable, but light-sensitive orange crystals that could be
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2.0x10° - Table 1. Crystal Data for Benzyl Radical (5)
2 -
E 12 =-1.02V E 7 -0.68 V formula Q;ongBNzOz
10x10° | formula weight 579.45
o temperature 223(2) K
crystal system monoclinic
00 L space group C2/c
unit cell dimensions a=23.386(2) A a =90
§ b=5.7326(6) A B =97.782(2)
= ox0® c=20.963(2) A y =90°
c volume 2784.6(5) A
g z 4
S 20x0° b crystal size 0.55 0.19x 0.17 mn?
goodness of fit orfF2 1.038
r final Rindices | > 20(1)] Ry = 0.0396 wR, =0.1027
3.0x10° |- Rindices (all data) Ry = 0.0524 wR, = 0.1142
-4.0x10° —_
-1.4 -1.2 -1.0 0.8 0.6 0.4

Potential (Volts vs. SCE)

Figure 1. Cyclic voltammetry o6*BPh,~ in acetonitrile, reference to SCE
via internal ferrocene (not shown).

Scheme 3

Figure 2. ORTEP diagram ob.

©©© We crystallizedb by using a chemical reductant in an H-cell

and obtained an excellent yield of high-quality, long black
o NQ needles of the radical. Cobaltocene was used as reductant
B because the oxidation potential of cobaltoceB¥2(= —0.91
+e O/\N 0 V)22 falls between the two reduction potentialssoBPh,~. To
T e prepare high-quality crystals, the H-cell was loaded in a drybox
@@ and the solvent (acetonitrile) was degassed three times on a
@ 5 vacuum line before mixing the reductant and salt. Crystal growth

started on the glass frit after 3 days, and the crystals reached
their optimum size and quality in about-20 days. Although
solutions of the radical are extremely oxygen sensitive, the
crystals were stable enough to allow us to obtained chemical
analyses, X-ray crystal structure, and other solid-state measure-
Jments after handling the crystal in the air.

purified by recrystallization from methanol and dichloromethane
to give material suitable for radical preparation and crystal
growth.

The electrochemistry o6"BPh,~ is presented in Figure 1,
where it may be seen that the compound shows a well-behave
double reduction. The first reduction potential corresponds to ~ X-ray Crystal Structure of 5. The structure was determined
reduction of the cation to radical, and the second reduction atT = 223 K, and there are four molecules®ih the unit cell.
potential corresponds to radical to anion reduction. The dispro- Crystals of5 belong to the monoclinic space groGg/c. Table
portionation potentiahE?~! = (E2y;, — Ely)) = —0.33 V, is 1 provides crystal data, and Figure 2 shows an ORTEP drawing
very similar to the values found for the alkyl-substituted of the molecule together with the atom numbering. The most
compoundsi—4). TheAEZ 1 value largely determines the on-  important point for our purposes is the absence of simpler
site Columbic correlation energyj in the solid state, and is  z-dimerization, even though we did not employ bulky substit-
well established as an important discriminator for organic uents at the active position of the phenalenyl nucleus in order
metals?0-21 to suppress intermolecular carberarbon bond formatio#?13
The unit cell of crystallines is shown in Figure 3.

(20) Garito, A. F.; Heeger, A. J. The Design and Synthesis of Organic Metals.
Acc. Chem. Red.974 7, 232-240.
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Tetracyanoquinodimethane (TCNQ): How to Design an Organic Metal. Electronic Structure of DecamethylmetallocenksAm. Chem. S0d.982
Acc. Chem. Red.979 12, 79-86. 104, 1882-1893.
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Figure 3. 18
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Figure 6. Magnetic susceptibility ob as a function of temperature. The
measured results are shown as open circles, while the solid line represents
the best fit to the 1-06 = 1/2 antiferromagnetic Heisenberg model (see
text) with J = —52.3 cnml, g = 2.029, and impurity spin concentratiéh

= 0.38%.

These interatomic distances may be compared with the mean
Figure 4. Packing along thg-direction. plane separations seen in the ethyl radidal (3.18 A (T =
100 K, diamagnetic) and 3.31 AT (= 173 K, paramagnetic).

In the x-and z-directions the phenalenyl rings are almost In the z-dimer radicalsl and 3 there is almost complete
perpendicular to one another (the interplanar angle is aroundsuperposition of all six active carbon atoms of the phenalenyl
80°). The closest &-C distance between phenalenyl units varies nucleus, and this apparently accounts for the differences between
from 3.54 to 3.66 A, whereas the closest distance for the benzylthe magnetism (see below) of the two classes of radicals.
substituent is 3.76 A. There are no interradical distances that Magnetic Susceptibility of 5. The temperature dependence
are shorter than van der Waals contacts in these directions. Theof the magnetic susceptibility) of 5 is presented in Figure 6.
packing in they-direction is quite different from the packing in At high temperaturesT(> 200 K), the magnetic data can be
the x- andz-directions and also contrasts with that seen in the described by the CurieWeiss lawy = C/(T — 6) with Weiss
other boron radicals 1-4). The molecules form a one- constant) = —115 K and Curie constai@ = 0.410 (emeK)/
dimensional stack along theaxis (Figure 4), but offset with mol. This is 9% higher than the expected value®{0.376
respect to nearest neighbors. The stackin@xis corresponds  (emuK)/mol) for a neutral radical crystal with one unpaired
to the needle axis of the crystal. The phenyl and the phenalenylspin per molecule and@value of 2.0026. The negative Weiss
rings on both sides of the boron are packed instep as shown  constant corresponds to an antiferromagnetic interaction between
in Figure 4 and 5. On the basis of the one-dimensional structurethe unpaired spins. Strong deviation from the Cubiéeiss
alongy, we looked for a superstructure, but we did not find model is observed below 150 K with a broad maximum in the
any reflections characteristic of a superlattice. The closest magnetic susceptibility arountinax = 94 K. In compoundd
carbon--carbon distances between molecules along yhe and 3 the deviation from Curie behavior was a result of a
direction are 3.47 and 3.58 A (Figure 5). The molecules are structural phase transition (dimerization) with singlet state
almost superimposed at these positions, so the overlap betweegoupling of the spin$®18The low-temperature X-ray data bf
molecules is effective (see band structure discussion below),show no sign of such structural changes or superstructure. On
despite the comparatively large separation, which is greater thanthe other hand, the crystal structure and band structure calcula-
the sum of the van der Waals separations for carbon atoms.tions (see below) show thatcrystallizes as a one-dimensional

J. AM. CHEM. SOC. = VOL. 126, NO. 5, 2004 1481
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Figure 7. Single-crystal conductivity o6 as a function of temperature, 2000 4000 6000 8000 10000
measured along the needle axi. ( Wavenumber (cm™)
Figure 8. Single-crystal IR and UVvisible transmission spectrum of
chain. Thus, we used the Bonndfisher model for thes = crystalline5.

1/2 antiferromagnetic Heisenberg chain of isotropically interact- ) _ _
ing sping? to fit %(T) for 5. In addition to the BonnefFisher unusual, as the absorptions in the other radicals suehcdis

term ygr,23 an impurity termPCy/T was added to account for ~ not extend past 8000 crh1.5 The absorption in the mid-IR,
the low-temperatureT( < 20 K) paramagnetic tail, so tha(T) between 490 and 2900 cr is due tg the moleculgr V|brat|9ns
= (1 — P)yer + P(Ciw/T), whereP is the fractional concentra-  ©f the radical5. Note that the optical gapEf, Figure 8) is
tion of impurity spins andyer is the usual analytic function ~ commensurate with the Cor_‘dU_Ct'Y'ty gap_,(Flgure 7), asy _
with intrachain exchange constad) @nd g-value, as param-  ~ 2A is expected for an intrinsic semiconductor, and this
eters?4 Cyy is the Curie constant for the paramagnetic contribu- SUJgests that these energy gaps have a common origin.

tion of the impurities. The best fit parameters dre —52.3 Band Electronic Structure of 5. We carried out extended

cm1, g = 2.029, and® = 0.38%. The position of the maximum  Htickel theory (EHT) band structure calculatiéhsn the crystal

in %(T) gives a similar value ofJ| = kTyax/1.282 = 50.95 structure. Such calculations have been very useful in under-

cm~1.23 The fit obtained over the temperature range-360 K standing the electronic structure of organic molecular super-

(Figure 6) confirms the applicability of the one-dimensioal  conductor$ and thin-film field effect transistof$ but cannot

= 1/2 Heisenberg mod®@ to compoundb. be expected to provide a complete picture of the electronic
Electrical Resistivity of 5. The electrical conductivityd) structure in situations where the tight-binding approximation is

of crystalline5 was measured using four-probe contacts along NOt applicable. .

the needle axisaxis of the unit cell) using a conductive paste. ~ Figure 9 shows the results obtained for band structure
A number of crystals were evaluated over the temperature rangecalculatlons carried out on the lattice found in the X-ray crystal
from 80 to 330 K with identical results. Below 80 K the Structure. The eight bands shown in Figure 9 are derived from
resistance of the crystals fexceeds 18 ohm, which is the ~ the two LUMOs of5™, for each of the four molecules &fin

limit of our experimental setup. The room-temperature conduc- the unit cell; basically these consist of the symmetric and
tivity of 5 is comparable with that of radicdl (1.0 x 1072 antisymmetric combinations of the 1,9-disubstituted phenalenyl

Slcm),3 (2.4 x 1072 S/cm), and4 (4.9 x 102 S/cm)¢-18 and LUMO.15:27 Alternatively they can be viewed as arising from
is 3 orders of magnitude higher than that (1.4 x 106 the nonbonding molecular orbitdfs! of each of the eight
S/cm) 8 The conductivity shows a semiconducting temperature phenalenyl units in the unit cell. In this picture these eight

dependence with activation enertyy= 0.2 eV (Figure 7), which  Orbitals now accommodate a total of four electrons, leading to
is discussed in later sections. a quarter-filled band complex with two filled and six vacant

Electronic Excitations in Solid State 5.To obtain further ~ bands. The tight binding picture fails, of course, because the
information on the electronic structure, we measured the Magnetic susceptibility shows that the electrons are unpaired
absorption spectrum of crystallirie This is possible because N this compound over the temperature range- 100 K.
of the needlelike morphology of the crystals, some of which Furthermore the band calculations suggest that the energy bands
are quite thin and are suitable for transmission spectroscopy.2l0ng b* cross the Fermi level, and thus predict metaliic

The results are presented in Figure 8, where we show Pehavior. o
transmittance ) measurements made on a single crystal. As _Itmay be seen that the band dispersion found alongisiep
may be seen, we find an optical energy d@foptical)~ 0.38 direction in5 is much higher than in the other boron radicals
eV (~3000 cntl) and the spectrum remains opaque past 10 000 (1, 3, and4). The maximum dlspersllons are 0.045 eV (glong
cm! due to very strong bandlike excitations that extend &) 0-369 eV ©%), and 0.052 eV ¢*) in 5; the corresponding

throughout this region of the spectrum. This latter finding is

(25) Hofmann, RSolids and Surface$/CH: New York, 1988.
(26) Haddon, R. C.; Siegrist, T.; Fleming, R. M.; Bridenbaugh, P. M.; Laudise,

(23) Bonner, J. C.; Fisher, M. E. Linear Magnetic Chains with Anisotropic R. A. Band Structures of Organic Thin-Film Transistor Materidlsviater.
Coupling.Phys. Re. 1964 135 A640. Chem1995 5, 1719-1724.

(24) Estes, W. E.; Gavel, D. P.; Hatfield, W. E.; Hodgson, D. J. Magnetic and (27) Haddon, R. C.; Chichester, S. V.; Marshall, J. H. Electron Delocalization
Structural Characterization of Dibromo- and Dichlorobis(thiazole)copper- in 9-Oxidophenalenone Complexes of Boron and Berylliietrahedron
(). Inorg. Chem.1978 17, 1415-1421. 1986 42, 6293-6300.
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% Figure 10. Possible localization schemes for crystallthe
88 T X T Y T 7 Coulomb interactiorlJ over the transfer integral Thus the
Figure 9. EHT band structure calculated for the experimental structure of magnetic data are well d?scr'?ed Interms O_f a one-dimensional
crystallines. S = 1/2 antiferromagnetic Heisenberg chain with= —52.3
' cm~1 (Figure 6)2324The nonmetallic character of the conduc-
values in4 are 0.036 eV &*), 0.075 eV (*), and 0.025 ¢*). tivity (Figure 7) would then be the result of the localization of

Thus, it seems that there is a clear structural difference betweenynpaired electrons due to their Coulombic repulsion or the large
1-4 and the newly isolate8 that is captured, at least to some  jntermolecular separatici¥-2° In this picture the energy gaps
extent, by the EHT band structure calculations. that are apparent in the conductivityA2Figure 7), and the
The band calculations for crystallirie suggest substantial  excitation spectrum H, Figure 8), arise from the on-site
dispersion alon@*, and that all of the bands in this direction  coulomb correlation energy. However, these values are com-
in reciprocal space cross the Fermi level; this statement holdsparaple to the band dispersion along hexis that is calculated
whether the four electrons in the Brillouin zone populate the from the EHT calculationsW ~ 0.4 eV), and in the final

orbitals in pairs or singly (as suggested over most of the gnajysis we cannot provide a self-consistent account of the
temperature range by the magnetic measurements). This is thgectronic structure of the compound.

first of the phenalenyl-based neutral radical conductors to

possess a 1-D electronic structure and the first to possessConclusion

significant band dispersion in the solid state (greater than 0.1

eV). Although the calculations fail to properly describe the ~ The properties of spirobiphenalenyls continue to challenge
electronic structure o6, the high band dispersion is reflected ~our understanding of conducting organic molecular crystals, and
in the electronic spectrum (Figure 9), where the width of the further work will be necessary to rationalize their behavior. Each

bandlike absorptions is far greater than has been found for thenew compound provides its own challenges, and even for the

other members of this series4).1° familiar 1-D stacking pattern that occurs # we find little
The properties of the previously isolated phenalenyl-based analogy with the organic charge-transfer salts. In crysta8ine

neutral radical conductors remain largely unexplaitfetf, and it is possible that the unusual behavior is related to what we

the same now holds for the 1-@-step compoundb. In have termed ther-step structure. Adoption of ther-step

contradiction to the structural and band structure data, the structure seems to be a response to the perpendicidgstems
compound is clearly not metallic, but we have been unable to that are present i, which preclude the formation of a simple
find a superlattice. Based on the magnetic susceptibility data 1-D stacked structure in which a large fraction of the spin-
for 5, two-electron localization schemes (such as Figure 10c), bearing atoms undergo effective overlap with nearest neighbors
seem unlikely due to the fact that the fraction of Curie spins in the stack. The structural data and band structure calculations
does not fall below 50% and thus there is never full spin pairing. suggest a metallic ground state for but at all temperatures
Thus the one-electron EHT band structure calculations fail to we find semiconducting behavior of the conductivity and
explain the Curie-type behavior of the magnetic susceptibility magnetism. The magnetic properties can be fit to the 1-D
at high temperatures (Figure 6) and the nonmetallic temperatureBonner-Fisher model of localized antiferromagnetic spins in
dependence of the conductivity (Figure 7). a Mott insulator regime.

The combination of electrical and magnetic properties
observed fols is typical of a Mott insulato?8-30 in which the (29) Yoneyama, N.; Miyazaki, A.; Enoki, T.; Saito, G. Magnetic Properties of
unpaired spins are localized due to the predominance of the gggjm‘j&gaggf ansfer Salts in Mott Insulator Regifall. Chem.

(30) Whangbo, M. H. Mott-Hubbard condition for electronic localization in the
(28) Mott, N. F.Metal-Insulator TransitionsTaylor & Francis: 1990. Hartee-Fock band theory. Chem. Phys1979 70, 4963-4966.
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Experimental Section X-ray Crystallography. Data were collected on a Bruker SMART

Materials. Boron trichloride (Aldrich), sodium tetraphenylborate 1000 platform-CCD X-ray diffractometer system (Mo radiatiar=
- - 0.710 73 A, 50 kVv/40 mA power) at 223 K. The black crystal gave a
(Aldrich), and cobaltocene (Strem) were all commercial products and

. . noclinic unit cell (space group2/c, z= 4), with unit cell parameters
were used as received. 9-Hydroxy-1-oxophenalene was synthesmeJn (sp group2 ) P

according to literature procedurgstoluene was distilled from sodium a= 2?:386(2) Ab = 5.7326(6) Ac = 20'963(2) A.’ﬁ - 97'782(27.’
: . o . andV = 2784.6(5) R. The structure was refined with 8590 reflections,
benzophenone ketyl immediately before use. Acetonitrile was distilled

- . yielding R[I > 20(1)], Ry = 0.0396,wR, = 0.1027, andR indices for
from P,Os and then redistilled from CaHmmediately before use. - _ S ;
9-N-Benzyl-1-oxophenalene. A mixture of 9-hydroxy-1-oxo- all dataR, = 0.0524 andvR, = 0.1142 (Table 1). Full details, including

phenalene (0.98 g, 0.005 mol) and benzylamine (10 mL) were refluxed bond Iengt.hs and bo_nd_ .angles, are given in the Suppqrtlng Infor.m.atlon.
for 10 h in argon. After cooling, yellow crystals were formed and | Magnetic Susceptibility MeasurementsThe magnetic susceptibil-
separated by filtration. The crude product was purified by column 'éy of 5 was mgasured O:j/er tl?el temperature rang%—esav K on a
chromatography on AD; with CHC; to give a yellow solid (1.3 g, eorge Associates Farg ay balance operating at 0.5 T.
929%). Further purification was done by crystallization from hexane. ~ Electron Paramagnetic Resonance MeasurementShe electron
mp 128°C. 'H NMR (CDCk): 6 12.58 (b, 1H), 7.94 (d, 1H), 7.85 paramagnetic resonance spectrurb ofas measured on a Bruker EMX
7.89 (m, 3H), 7.29-7.46 (m, 6H), 7.17 (d, 1H), 7.01 (d, 1H), 4.81 (d, EPR spectrometer. A single crystal®fvas mounted in perpendicular
2H). Calcd for GoHisNO: C, 84.19; H, 5.30; N, 4.91. Found: C, 84.06; and parallel geometries with respect to the magnetic field by use of a
H, 5.28; N, 5.03. pedestal inserted into a 0.5 mm EPR tube.
Preparation of 57Cl~. 9-N-Benzyl-1-oxophenalene (1.6 g, 0.0056 Conductivity Measurements. The single-crystal conductivityg,
mol) in toluene (50 mL) was treated with boron trichloride in of 5was measured in a four-probe configuration. The in-line contacts
dichloromethane (2.7 mL, 0.0027 mol) under argon in the dark, and were made with silver paint. The sample was placed on a sapphire
the mixture was stirred for overnight at room temperature. The yellow substrate, and electrical connections between the silver paint contacts
solid was isolated by filtration (1.6 g, 96%). IR (ATR, 400600 cn1Y): and substrate were made by thin, flexible28 diameter silver wires
3062(w), 3041(w), 3029(w), 1628(s), 1582(s), 1508(w), 1382(w), to relieve mechanical stress during thermal cycling of the sample. The
1314(w), 1296(s), 1243(m), 1188(w), 1159(w), 1050(w), 1012(w), 874- temperature dependence of the conductivity was measured in the range

(w), 844(m), 816(w), 760(w), 739(m), 698(m). 33080 K. The data are presented for a crystal with dimensions 2.00
Preparation of 5"BPh;~. A solution of 0.72 g of NaBPhin 10 x 0.65x 0.12 mn.
mL of MeOH was added to a solution 6fCl~ (0.78 g) in 30 mL of The conductivity was measured in a custom-made helium variable-

MeOH. An orange precipitate formed immediately. The mixture was temperature probe using a Lake Shore 340 temperature controller. A
stirred for 15 min, and 0.19 g (15%) of orange solid was separated by Keithley 236 unit was used as a voltage source and current meter, and
filtration and stored in the dark. The crude product can be purified by two 6517 Keithley electrometers were used to measure the voltage drop

recrystallization from dichloromethane/methanol mixtuld. NMR between the potential leads in a four-probe configuration.
(CDsCN): 6 8.51 (d, 2H), 8.29-8.39 (m, 6H), 7.84 (t, 2H), 7.22 Single-Crystal IR and UV—vis Transmission SpectroscopyThe
7.30 (m, 22H), 6.99 (t, 8H), 6.84 (t, 4H), 4.79 (g, 4H). IR (46@DO infrared transmission measurements were carried out on an FTIR

cm): 3050(w), 3031(w), 2995(w), 2981(w), 1624(m), 1595(w), 1583- Nicolet Nexus 670 ESP spectrometer integrated with a Continuum
(w), 1569(s), 1508(m), 1502(m), 1460(w), 1380(w), 1350(w), 1292- Thermo-Nicolet FTIR microscope.

(s), 1238(m), 1191(m), 1165(w), 1128(w), 1066(m), 1053(s), 993(M),  Band Structure Calculations. The band structure calculations made
957(w), 882(s), 840(s), 748(m), 731(s), 706(s). Anal. Caled for ge of a modified version of the extendeddHal theory (EHT) band
CoaHagB2N20 CHCLe: C, 79.37; H, 5.12; N, 2.84; B, 2.19. Found:  gprycture program supplied by M.-H. Whangbo. The parameter set is

C,79.77; H 5_'00; N, 303} B, 2.39. ) ) chosen to provide a reasonably consistent picture of bonding in
Crystallization of 5. An invertable H-cell with a glass D frit was heterocyclic organic compounds®

loaded in a drybox. A solution of 110 mg 6fBPh,~ in 15 mL of dry
acetonitrile was placed in one container, and 26.5 mg of GoCp Acknowledgment. This work was supported by the Office

The containers were attached to the inverted H-cell in the drybox. The DE-FG032-97ER45668 and by DOD/DARPA/DMEA under
H-cell was removed from the drybox and attached to the vacuum line, o ,.-.4 No. DMEA90-02-2-0216

and the containers were taken through three cycles of freeze, pump,
and thaw to degas the solutions. The H-cell was inverted slowly, and Supporting Information Available: Tables of crystallo-
the solutions were allowed to diffuse through the glass frit. After sitting graphic and structural refinement data, atomic coordinates, bond

in the dark for 1 week the cell yielded 25 mg of black shining needles. lengths and angles, and anisotropic thermal parameters (PDF)
IR (ATR, 4000-600 cnT®): 3056(w), 3029(W), 1628(w), 1578(m), 2 Lo . :
1570(m), 1535(w), 1472(w), 1427(m), 1311(m), 1287(m), 1246(m), This information is available free of charge via the Internet at
1208(m), 1188(m), 1143(s), 1118(m), 1060(m), 1013(s), 964(s), 930- hitp://pubs.acs.org.
(s), 891(m), 827(s), 804(s), 769(s), 738(s). Anal. Calcd feyHes JA037864F

BN,O,: C,82.91; H, 4.87; N, 4.83; B, 1.87. Found: C, 82.33; H, 4.78;

N, 5.30; B, 1.87. (32) Cordes, A. W.; Haddon, R. C.; Oakley, R. T.; Schneemeyer, L. F;
Waszczak, J. V.; Young, K. M.; Zimmerman, N. M. Molecular Semicon-
(31) Haddon, R. C.; Chichester, S. V.; Mayo, S. L. Direct Animation of ductors from Bifunctional Dithia- and Diselenadiazolyl Radicals. Preparation
9-Hydroxyphenalenone to Produce 9-Aminophenalenone and Related and Solid-State Structural and Electronic Properties of 1,4N{E)CsHa-
CompoundsSynthesisl985 639-641. (CN:E2)] (E =S, Se).J. Am. Chem. S0d.991, 113 582-588.
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