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The presence of two disulfide groups in the tetrathiophenalenyl radical TTPLY leads to a highly delocalized spin distribution and the lowest
cell potential ever observed for a monofunctional phenalenyl derivative. While the heteroatom substituents successfully block C—C bond
formation, TTPLY nonetheless associates in the solid state to afford the hypervalent S—S-bonded dimer (TTPLY),.

The highly delocalized spin distribution in the phenalenyl
(PLY) radical and its accessible triad of stable oxidation
states make it an attractive candidate for the design of neutral
radical conductors.® While PLY dimerizes through a C—C
interaction in the solid state, the use of sterically bulky
substituents has proven effective in preventing this mode of
dimerization,®* albeit at the expense of electronic com-
munication between the radical molecules. As a result, the
large onsite Coulomb repulsion energy U and small band-
width W for these materials make it impossible to approach
the necessary condition that W > U for ametallic conductor.
An aternative way to suppress C—C bond formation, while
at the same time encouraging low U and high W values, is
to use disulfide substituents.* Recently, we reported the
preparation of the dithiophenalenyl radical DTPLY (Scheme
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1) and demonstrated that the enhanced delocalization pro-
vided by the peripheral heteroatoms was indeed sufficient
to suppress localized C—C o-dimerization, although the
radicals crystallized as -dimers.®

Scheme 1. Disulfide-Substituted PLY Radicals

=1 S S S S

DTPLY TTPLY

Thisfinding encouraged further investigation into the effect
of substitution of the phenalenyl core by multiple disulfide
units. Herein, we report the preparation and spectral (EPR),
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electrochemica, and solid-state characterization of tetrathiophe-
nalenyl TTPLY. While this radical displays a highly delo-
calized spin distribution and excellent electrochemical char-
acteristics, it undergoes cleavage of one of the dithiole rings
to afford the S—S o-bonded dimer (TTPLY),. Synthesis of
the TTPLY framework (Scheme 2) builds off that developed
for DTPLY. Reaction of 4,9-dimethoxy-3-hydroxyphenale-
none® with P,Ss, followed by treatment with HCI, affords
[TTPLY][CI] in crude form. Metathesis with AgSbFs and
recrystallization from MeCN/PhCl yields [TTPLY][SbF¢] as
deep red needles.

Scheme 2. Synthesis of TTPLY
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The electrochemical behavior of TTPLY ismore complex
than that of DTPLY® and raises the possibility of radical
association. Cyclic voltammetry (Figure 1) on solutions of
[TTPLY][SbFe] in MeCN (Pt electrodes, 0.1 M n-BusNPFg
supporting electrolyte) reveals a reversible +1/+2 wave at
1.60 V (vs SCE) and two irreversible waves corresponding
to the 0/+-1 and —1/0 couples with E, values of —0.41 and
—0.76 V, the strong cathodic wave of the latter suggesting
electroreduction of material coating the electrode.
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Figure 1. Cyclic voltammograms of [TTPLY][SbF¢] in MeCN (top)
and C,H,Cl; (bottom), with half-wave E,;, and cathodic/anodic peak
potentials Ep/Ep.. Theinternal reference Fc/Fc™ couple is also shown.

By contrast, when C,H4Cl; is used as solvent, areversible
0/+1 wave with E;, = —0.34 V is observed, along with a
quasi-reversible —1/0 process with E,c = —0.71 V. Based
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on the separation of the two Ey values (—1/0 and 0/+1),
we estimate a cell potential AE of —0.33 V, a value
substantially smaller than that found for DTPLY (—0.57 V),®
a conclusion that augurs well for a low onsite Coulomb
potential U.
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Figure 2. X-band EPR spectrum (g = 2.0067) of TTPLY in toluene,
with derived ay values (in mT). The B3LYP/6-31G(d,p) singly
occupied molecular orbital and calculated ay values (in parentheses)
are also shown.

Chemical reduction of [TTPLY][SbF¢] in MeCN by slow
codiffusion with a solution of tetrakisdimethylaminoethylene
in MeCN affords small black needles. The crystals are
diamagnetic (by EPR) in the solid state, but upon dissolution
in toluene a weak but well-resolved EPR spectrum (Figure
2) corresponding to the TTPLY radical is obtained. The three
hyperfine coupling constants ay for the radical, as derived
by spectral simulation, have been assigned by comparison
with values predicted by B3LYP/6-31G(d,p) calculations.
While the TTPLY radical can be generated in solution at
room temperature and is stable indefinitely in the absence
of oxygen, the absence of an EPR signal in the solid state
suggests that the radical is associated. X-ray crystallographic
analysis’ of the black needles confirmed this inference.
Figure 3A shows the molecular structure of the [TTPLY]"
cation, as found in the salt [TTPLY][SbF¢]; the C—C and
S—Shbond lengths are similar to those seen in the [DTPLY]*
cation.®> By contrast, the structure of the reduced material
reveals the rupture of one of the dithiole rings and the
formation of the bis(phenal enethione)disulfide [TTPLY]..

Asshown in Figure 3B,C the hypervalent disulfide linkage,
which straddles a crystallographic 2-fold axis, consists of a
long disulfide unit clamped between two thione-to-sulfide
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Figure 3. ORTEP drawings (50% probability ellipsoids), with
selected distances (A) and torsion angles (deg), in the TTPLY*
cation in [TTPLY][SbFg] (A), the dimer [TTPLY], (B), and the
disulfide unit in [TTPLY], (C).

S3—34 bridges (Scheme 3). While stabilization of disulfides
by lone-pair donation from a saturated sulfur center is well-
known,® the use of an unsaturated thione sulfur in such a
bonding arrangement, to produce a formally hypervalent
disulfide, is not common.® Indeed, simple aromatic thiones
(unless complexed to a metal) are themselves rare,’® but
the C3—S3 distance in [TTPLY], indicates that these bonds
are comparable to those found in thioureas.** The torsion
angle C4—S4—S4'—C4' is much larger than the 90° twist
(gauche conformation) that typifies a standard RSSR disul-
fide,® but not as large (180°) as in thiazyl radica dimers
bridged by hypervalent disulfide linkages.®

Scheme 3. Dimerization of TTPLY to [TTPLY],

The formation of a lateral S—S o-bonded dimer for
TTPLY isin marked contrast to the structure of DTPLY, in
which the single dithiole ring remainsintact in the solid state.

(8) (a) Nakanishi, W.; Hayashi, S;; Arai, T. Chem. Commun. 2002, 2416—
2417. (b) Nakanishi, W.; Hayashi, S.; Toyota, S. Chem. Commun. 1996,
371-372.

(9) (8 Leitch, A. A.; McKenzie, C. E.; Oakley, R. T.; Reed, R. W.;
Richardson, J. F.; Sawyer, L. D. Chem. Commun. 2006, 1088-1090. (b)
Beer, L.; Brusso, J. L.; Haddon, R. C.; Itkis, M. E.; Kleinke, H.; Leitch,
A. A.; Oakley, R. T.; Reed, R. W.; Richardson, J. F.; Secco, R. A.; Yu, X
J. Am. Chem. Soc. 2005, 127, 18159-18170.

(10) Moussa, J.; Lev, D. A.; Boubekeur, K.; Rager, M. N.; Amouri, H.
Angew. Chem,, Int. Ed. 2006, 45, 3854—-3858.

(11) Venkatachalam, T. K.; Sudbeck, E.; Uckun, F. M. J. Mol. Struct.
2005, 751, 41-54.

(12) (8) Gimarc, B. M. J. Am. Chem. Soc. 1970, 92, 266-275. (b) Burdett,
J. K. Molecular Shapes; John Wiley and Sons: New Y ork, 1980.

Org. Lett, Vol. 10, No. 14, 2008

It is apparent that the increased electron richness provided
by the second dithiole ring leads to a destabilization of the
mr-electron framework and a greater propensity for rupture
of the disulfide bonds. The observation of the TTPLY radical
in solution by EPR nonetheless attests to the relative ease
of dissociation of the dimer. This qualitative conclusion is
supported by the calculated bond dissociation enthalpies (BE)
of the various S—S-bonded dimers possible for DTPLY,
TTPLY, and HTPLY. As shown in Figure 4, [DTPLY], is
calculated to be only dlightly more stable than its radical,
while the two possible modifications™ of [TTPLY]. are both
substantially favored relative to the radical TTPLY. The
putative and, to date, elusive HTPLY radical appears destined
to exist as a dimer.
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Figure 4. B3LYP/6-31G(d,p) bond enthalpies (BE) for disulfide-
substituted phenalenyls.

In summary, the enhancement in spin delocalization of
phenalenyl radicals occasioned by the attachment of suc-
cessive disulfide substituents and the concomitant improve-
ment in their electrochemical cell potentials, suggests that
these materials should be highly effective building blocks
for neutral radical conductors. However, increasing the
number of disulfide units also leads to a greater tendency
for ring opening and spin quenching dimerization via
hypervalent S—S linkages.
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(13) Association of TTPLY through a hypervalent disulfide bond can
give rise to two possible isomers, with unruptured dithiole located at the A
or B positions (Figure 4). The experimentally observed structure has the
dithiole ring in the A position.
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