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ABSTRACT

TCNQ-type bithienoquinoid condensed with a  o.-dicarbonyl group was synthesized. The compound revealed a reversible reduction wave at
+0.32 V vs SCE. The radical anion species was cleanly generated by a reduction with Na —Hg and characterized:  Apax = 1027 nm in vis =NIR
and a large spin density of the  -carbon atoms on the fused ring by EPR spectroscopy. The radical anion salts were isolated by a reduction

with iodide and showed moderate conductivity.

Oligothiophenes are one of the populatype electronic biopolar transport.Fused-ring systems are widely investi-
materials and are widely used as the active component ingated for FET with high carrier mobility and usually have
many electronic devices such as FETs and LEBsariety different properties from nonfused systems because of more
of cationic species of oligothiophenes have been investigatedplanar conformations, better conjugation, and more rigid
by spectroscopic and crystallographic methods to obtain anstructures:®
insight into doped and conducting specid®ecently, quin- Although the spin and charge delocalization are important
oidal oligothiophenes with dicyanomethylene terminals for understanding unique device properties and the conduc-
(QTnCN2: nrefers to the number of thiophene rings) have
attracted considerable attention as excelfedbpable ma- (1) Mullen, K.; Wegner, G.Electronic Materials: The Oligomer
; ; i i Approach; Wiley-VCH: New York, 1998.
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van Haare, J. A. E. H.; Havinga, E. E.; van Dongen, J. L. J.; Janssen, R. A.
N 0 comil, ). Brédas, J-LChem. Eur. 11998, 4, 150. (c) Aso, Y.
Takimiya, K.; Otsubo, TJ. Synth. Org. Chem., Jpn. (Yuki Gousei Kagaku
Kyokaishi),2002,60, 52. (d) Kozaki, M.; Yonezawa, Y.; Okada, Rrg.
Lett. 2002, 4, 4535. (e) Nishinaga, T.; Wakamiya, A.; Yamazaki, D.;
NC - CN Komatsu, K.J. Am. Chem. So2004,126, 3163.
S (3) (a) Gronowitz, S.; Uppstro, B. Acta Chem. Scand974,B28, 981.
NC nCN (b) Yui, K.; Aso, T.; Otsubo, T.; Ogura, Bull. Chem. Soc. Jpri989,62,
1539. (c) Takahashi, T.; Matsuoka, K.; Takimiya, K.; Osubo, T.; Aso, Y.
QTACN2 o o J. Am. Chem. So@005,127, 8928.
(4) (a) Pappenfus, T. M.; Chesterfield, R. J.; Frisbie, C. D.; Mann, K.
R.; Casado, J.; Raff, J. D.; Miller, L. LJ. Am. Chem. So2002, 124,
= == 4184. (b) Chesterfield, R. J.; Newmann, C. R.; Pappenfus, T. M.; Ewbank,
CN  NC._~» S 5 Xy CN P. C.; Haukaas, M. H.; Mann, K. R.; Miller, L. L.; Frisbie, C. Bdu.
Mater. 2003,15, 1278.
CN NC 2 CN (5) (&) Tarutani, S.; Takahashi, KChem. Commun1998, 1233. (b)
. . . . . . Tarutani, S.; Takahashi, Bull. Chem. Soc. Jpr2004 77, 463. (c) Chonan,
Figure 1. Quinoidal oligothiophenes with dicyanomethylene T . Takahashi, KBull. Chem. Soc. Jpr2004, 77, 1487.
terminals. (6) (a) Mazaki, Y.; Kobayashi, KI. Chem. Soc., Perkin Trans.1892,
761. (b) Sato, N.; Mazaki, Y.; Kobayashi, K.; KobayashiJTChem. Soc.,
Perkin Trans. 21992, 765. (c) Katz, H. E.; Bao, Z. N.; Gilat, S. Acc.
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example, QT3CN2 was suc_cessfully applied f_o_r afabrication 5" chem. S0@005 127, 10502. (e) Okamoto, T.. Kudoh, K. Wakamiya,
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tion mechanism, there have been only a small humber of by an oxidation with bromine solution afforded quinoidal
papers concerning anionic species of (TN2-type com- compound6.3°11 Deprotection of the carbonyl groups with
pounds’ Takahashi and co-workers have recently reported 70% perchloric acid gav2 as a stable purple solid in 85%
that a carbonyl-bridged bithienoquinoitl exhibits high yield. The UV~vis spectrum of2 was dominated by a
conductivity in the radical anion forf.However, the characteristically strong—a* absorption at 512 (log =
reduction potential ofl (Eleq = +0.05 V vs SCE) is not  4.40) and 551 nm (4.71) in dichloromethane (Figure 2).
much different from that of QT2CN2 (R H, El,eg= —0.01

V vs SCE). This is probably because of symmétijie _
LUMO (delocalized in the bithiophene ring) dfdoes not
have AO coeffcients on the carbonyl group. We intended to

develop a synthetic method for the very readily reducible 5 -
condensed thienoquinoids that would hopefully be applicable
to more extended forms by oligomerization. Introduction of 4

ana-dicarbonyl instead of the carbonyl group would stabilize
the LUMO by the symmetry-allowed MO interactions. In
this paper, we report preparation and fundamental properties
of a novel dicarbonyl-bridged thienoquinoid with a fused
ring system and dicyanomethylene terminals along with the
reduction and isolation of the radical anion.

Thienoquinoid2 was synthesized according to Scheme 1.
First, compound3 was preparefl.Protection of carbonyl
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Scheme 1. Synthesis o2 ) ) .
Figure 2. UV—vis—NIR spectra of neutra? (dashed line) and

o 0 5‘; O'_é ‘ radical anion salts2-(EtyN (solid line) measured in dichlo-
(CHzOH), = 1) n-Buli, TMEDA romethane.
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,_3| 4 M M The cyclic voltammogram of showed four reversible

S 5 1) cruen, et 00,00 reduction waves at0.32,—0.02,-0.73, and—1.11 V vs

Pd(PPhg)q SCE, assigned to the successive formation of radical anion,

N 7 28et0 e S dianion, radical trianion, and tetraanion (Figure 3). It is
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groups was achieved in 85% vyield by the reactior efith
ethylene glycol at room temperature in the presence of
chlorotrimethylsilane (TMS-CI}° Dilithiation of 4 using
n-BuLi followed by the treatment of iodine gave compound
5in 96% vyield. The palladium catalyzed coupling reaction
of 5 with sodium dicyanomethanide in dry THF followed
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Hernandez, V.; Ortiz, R. P.; Navarrete, J. T. L.; Orti, E.; Viruela, P. M.; supporting electrolyte.

Milidn, B. Chem. Mater.2006, 18, 1539. (d) Kozaki, M.; Isoyama, A,;
Okada, K.Tetrahedron Lett2006,47, 5375.

(8) (@) Lambert, T. L.; Ferraris, J. B. Chem. Soc., Chem. Commun.
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vs SCE) or QT2CN2 (R= H, ElLeg = —0.01 V,E2¢q = are charge resonance bands in class lll rather than interva-
—0.24 V vs SCE). The first reduction potential dfs even lence bands in class Il according to the Robin and Day
more positive by 0.05 V than TCNGQH0.27 V vs SCE) and  classificationt® The dianion2?~ has no appreciable absorp-
comparable to fluoroTCNQ (+0.33 V vs SCEB)These tions in the visible region (Figure 4b) but has moderate
results clearly establish thais an excellent electron acceptor absorptions at 397 nm compatible with its aromatic VB
and support our symmetry consideration. The difference structure.

between the first and second reduction potentials € 0.34 Isolation of radical anion salts & (dark green powder)

V) observed fo2 is significantly smaller thar\E for TCNQ was achieved by mixing with 1 equiv of tetraethylammonium
(0.61 V). The smalleAE values show a diminished on-site iodide or tetramethylphosphonium iodide in dichloromethane
Coulombic repulsion in the dianionic species &f The (Table 1). Elemental analyses of these salts showed a 1:1
reversible first reduction wave and th¢E values suggest

that the radical anion species are stable and isolatable | EGTGTGNGNGNGNGNGEGEGEGEEEEEEEEEEEE

provided that a suit'able redycing method is applied. . Table 1. Radical Anion Salts and CT Complexes 2f

The metal reduction a2 using 3% Na—Hg as a reducing
agent in dry acetonitrile was carried out under degassed
conditions. The reduction was monitored by measuringUV  2Et);N-/,H,0  59.45, 4.55, 14.43 2197 1.2 x 1076
vis—NIR spectra. The spectrum change indicated the step- (59.36, 4.77, 14.42) 2185

wise formation of the radical anio2t~ (Figure 4a) and the = 2 (Me)sP-H:0 53.06, 3.23, 11.93 2197 19x 107
(52.74, 3.54, 12.30) 2185

(47.98, 1.10, 10.17) 2185
(a) 2DEP 65.51, 3.83, 13.40 2195 1.6 x 1078
(65.59, 3.54, 13.11) 2185

complex found (caled) % CHN wven/ecm™! o/Scem™1¢

a8 Measured as a compressed pellet at room temperature by a two-probe
method.

composition o2~ and counter cation. Conductivities of the
compressed pellets of the salts were measured at room
temperature (2-(EfN: 1.2 x 10°%, 2-(MeyP: 1.9x 10°°
ScmY). The tetraethylammonium s&t(EtyN has intense
0 & absorption in the NIR region (1027 nm (leg= 4.32)) in
300 500 700 900 1100 1300 1500 dichloromethane (Figure 2). The observed spectrum was
Wevelength / nm nearly identical with the spectrum in the NBlg reduction.
{(b) 6 - A negative charge in the radical anion salts caused lower
wavenumber-shift of the CN stretching vibrational absorp-
51 tions (2+(Et)N: 2197, 21852+(Me)P: 2197, 2185 cmt)
4l compared with neutra® (2218 cnr'). Well-resolved EPR
‘ signals assignable ®~ (g = 2.0022,a = 4.06,ay = 0.70

e/10* M em™

G) were obtained fo2-(Et),N (Figure 5). The EPR spectrum
reveals a 1:2:1 triplet pattern resulting from hyperfine
2 1 coupling with two equivaleng-protons on thienyl units. Each

£10* M em™

Wevelength / nm

Figure 4. UV—vis—NIR spectra observed during the reduction
of 2 to radical anion2"~ (a) and2?~ with 3% Na-Hg in dry
acetonitrile. Arrows indicate the direction of changes.

dianion 22~ (Figure 4b). In the first stage, the intense
absorption (4ax = 539 nm) of neutral disappeared and . . s s . . : . .

new absorption bands grew at 992 nm. Obviously, new 3280 3284 3288 3202 329
absorption is ascribed to the formation of the radical anion Magnetic Field / G

ZT_' The observed NIR absorptions h?ve vilbrational progres- Figure 5. EPR spectra o2+(Et),N measured in dichloromethane
SIONS (fnax = 1100 nm,e - 5900 M™% e Amax - 988 at room temperature (black line) and obtained by computer
nm, e = 9050 M™* cm™*, with vy, = 1148 cm* by fitting  simulation (red line) § = 2.0022,a = 4.06,ay = 0.70 G).
assuming a Gaussian band shape), indicating that these bands
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line further split into 9 lines due to the coupling with four
terminal nitrogen atoms. It must be noticed that the observed
hyperfine coupling constants gfprotons are more than 10
times larger than the reported values for non-fused QT2CN2
(R=H, g= 2.0026,ay4 = 0.3,ay = 0.6 G)’¢ The higher
spin density in the uncoveref-protons should facilitate
intermolecular electron exchange, thus an increase in mobility
is expected.

Compound? was mixed with strong electron donors such
as TTF and diethylphenazine (DEP) (Table 1) to form
corresponding CT salts with moderate conductivit23 TF
(1:1): 6.5x 1074 2-DEP (1:1): 1.6x 10®S cnr?). The
CN stretching vibrational absorptions of the CT salts shift
to a lower wavenumbel(TTF: 2193, 21852-DEP: 2195,
2185 cmt) compared with neutrdl. These values are similar
to that for radical anion salts, indicating a significant charge
transfert* The absorption of the neutral accepfbut not
a radical anion band was observed in B¥s—NIR spec-
trum of 2-TTF in dichloromethane. On the other hand,

confirmed that the carbonyl oxygens have significant AO
coefficients in SOMO ir2*~, supporting strong MO interac-
tion between the LUMO in thienoquinoid and-orbitals in
dicarbonyl moieties ir2 (see the Supporting Information).
In contrast, SOMO of*~ has a nodal plane on the carbonyl
group.

In summary, the incorporation of tlkedicarbonyl bridging
group in TCNQ-type bithienoquinoid resulted in a dramatic
enhancement of electron-accepting ability. In contrast to the
TCNQ-type non-fused thienoquinoid, the radical anion salts
2~ have a high spin density on thfkecarbons on the fused
ring system. Since these carbon atoms are positioned in a
relatively outer region in the molecule, this would facilitate
intermolecular spin-exchange interactions. Furthermore, car-
bonyl oxygens o~ have a significant electron density in
SOMO, which leads to intramolecular charge-transfer that
increases mobility. These results suggest thattearbonyl
bridged thienoquinoi@ is a promisingn-dopable material
for FET with high stability and good carrier mobility.

absorptions for the neutral and anionic species are observed

in polar solvent (dicholomethane—DMF 10:1). Consistent
with this, two sets of multiplet signals each assignable to
TTF radical catiot (g = 2.0081,ay = 1.26 G) and2~
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were observed in an EPR spectrum in the same polar solventnology of Japan.

On the other hand broad NIR absorption was observed for
2-TTF in KBr (see the Supporting Information).

We have also carried out DFT calculations (UB3LYP/
6-31G*) for radical anions (QT2CN2) (R = H), 1*~, and
2~ 16 The calculated spin densities are summarized in Table
2. Radical anior2*~ has the largest spin densities on the

Table 2. Calculated Atomic Spin Densities of Radical Anion
Salts (UB3LYP/6-31G*)

(QT2CN2)y~ (R = H)

1~ 2~

p-C 0.118 0.086 0.161
N 0.091 0.085 0.093

0.078 0.095 0.108
O —0.022 —0.002
S —0.025 —0.030 —0.031

f-carbons on the thiophene rings. The calculated spin densityg

for 22~ (p = 0.161, corresponding tay = 3.7 G using the
McConnell equation withQ = —23.0 G) is in good
agreement with the experimental results (4.06 G). It is also
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Supporting Information Available: Detailed synthetic
procedures, NMR, EPR, UWis—NIR spectral data, and
DFT calculations. This material is available free of charge
via the Internet at http://pubs.acs.org.

0OL061985D

(12) Akutagawa, T.; Uchigata, M.; Hasegawa, T.; Nakamura, T.; Nielsen,
K. A.; Jeppesen, J. O.; Brimert, T.; BecherJJPhys. Chem. B003,107,
13929.

(13) (a) Robin, M. B.; Day, PAdv. Inorg. Chem., Radiocheri967,

10, 247. (b) Hush, N. SCoord. Chem. Re:1985,64, 135.

(14) Chappell, J. S.; Bloch, A. N.; Bryden, W. A.; Maxfield, M.; Poehler,
T. O.; Cowan, D. OJ. Am. Chem. S0d.981,103, 2442.

(15) Cavara, L.; Gerson, F.; Cowan, D. O.; Lerstrup, Hely. Chim.
Acta 1986,69, 141.

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kubin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
rtiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P.
M.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian 98; Gaussian,
Inc.: Pittsburgh, PA, 1998.

Org. Lett, Vol. 8, No. 23, 2006



