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ABSTRACT: A series of benzothieno[3l#}benzoheteroles containing Group 15 (N, P, As, @bgdand
Group 16 (O, S, Se, and Te) elements were synt#tbdy a versatile method. X-ray analyses revealed
that all the tetracyclic heteroacene skeletons ywéapar. A linear relationship was found between th
excitation energies of Group 16-heteroacenes arar thtomic radius, in contrast to Group
15-heteroacenes. Density functional theory calmat and electrochemical measurements were
performed to understand the structure-optical ptgpelationship.

Keywords

Benzothieno[3,Db]benzoheterole

Tetracyclic heteroacene

Group 15 and 16 elements

Comprehensive synthesis

Molecular structure

DFT calculation



1. Introduction

Linearly fused heteroacenes are attracting inangaisiterest owing to their intriguing potential for
application in organic semiconductors for organildteffect transistors (OFETS)Among them,
benzothieno[3,b]benzothiophene and its derivative$ lave been widely investigated, leading to the
development of high-performance organic semicormact®? In connection with these studies, the
benzothiophene-fused benzoheteroldy, (such as nitrogen (M = N-R%phosphorus (M = P-R¥*
oxygen (M = O}, and selenium (M = S¥)®?*®derivatives, have been sporadically prepared teldp
synthetic routes and investigate their fundamemtattrochemical, and electronic device prope(fieg.
1). However, to the best of our knowledge, compnehe synthesis of these heteroacenes has never
been carried out. We have been extensively workomg the development of novel synthetic
methodologies for a library of heterocycles contayrGroup 15 (N, P, As, and Sb) and Group 16 (O, S,
Se, and Te) elements, and have already reported symthesis and physical properties of
1-benzop]heteroles containing a series of Group 15 andlé@ents’ In these articles, replacement of
the Group 16 heteroatom leads to a considerablgrapshift, depending on the size of the hetenmato
Here, we report a convergent synthesis of benzofigioe-fused tetracyclic heteroacéresd a detailed
comparison of the molecular structures and optcaperties of the obtained heteroacenes. For the

Group 15-heteroacenes, 10-phenyl derivatives vaggeted because of the stability and handlingtgbili
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Fig. 1. Benzothiophene-fused tetracyclic heteroacenes.

2. Results and discussion

The established convergent synthetic routes todibimphene-fused benzoheterokgare shown in
Scheme 1. The key precursa?a and 2b were synthesized by-1and Bg-mediated electrophilic
cyclization of simple diphenyl acetylenga and 1b, respectively. Whenla was reacted with By the
desired 2-halophenyl benzofulan derivative was ofained but the triple bond underwent bromine
addition to form a 1,2-dibromoalkene. Compouhdas treated witim- or t-BuLi in anhydrous diethyl
ether under an argon atmosphere, followed by trappf the dilithio intermediate with an electropdil
reagent, which resulted in ring closure to affordramge of the desired benzothiophene-fused
benzoheteroles3b-h) in moderate yields. Indole derivatida was synthesized by the reaction2bf

and aniline in the presence ofRtba) and tritert-butylphosphonium tetrafluoroborate at 125%°C.



Scheme 1. Synthesis of benzothiophene-fused benzoheteroles.

method A
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3a: M =NPh: 71%
3b: M = PPh: 68%
3c: M = AsPh: 78%
3d: M = SbPh: 72%
3e: M =0: 55%

3f: M=S:65%

39: M = Se: 66%
3h: M=Te: 51%

For 3a; method A. aniline (0.5 mmolgZb (0.55 mmol), Pgldba) (22 mol%), P{-Bu)HBF, (22
mol%),t-BuONa (1.7 mmol), and toluene (5 mL) at 125 °Cr. $lwd andf-h; method B2b (2.0 mmol),
n-BuLi (2.4 eq.), Group 15 or 16 reagent (4 mmoty aiethyl ether (40 mL), at -20 °C to rt. Fee;

method B2a (2.0 mmol),t-BuLi (4 eq.), (PhS€).S (4 mmol), and diethyl ether (30 mL), at -78 °Ctto

We successfully obtained single crystals of all tmeteroacenes and then carried out X-ray
analysis®®*! Selected bond lengths and angles are summarizée iBupporting Information, and the
ORTEP drawings are provided in Fig. 2. Fig. 2 dieahows that the tetracyclic skeletons are plafar.
expected, with the increase in the size of therbatem, the carbon-heteroatom bond lengths (M-GR an
M-C3) increase, and the C2-M-C3 bond angles deere@ke P, As, and Sb atoms in the Group

15-heteroacenes were tetrahedrally coordinateds iBhin contrast to the planar coordination of khe
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atom in3a, in which the bond angles are close to 120° [CE{Rh): 123.6(2)°; C3-N-C(Ph): 128.2(2)°].
The bond lengths and angles3n and3c were essentially the same as those in 1-phenybiragole
and 1-phenylarsindole, except for the C3-C4 bondtle The C3-C4 bond lengths3b (1.3718(14) A)
and 3c (1.362(3) A) are considerably longer than the esponding C-C bond lengths in
1-phenylphosphindole (1.326(4) R)and 1-phenylarsindole (1.330(3)7ﬂ,)respectively, which implies
that benzothiophene-fusion significantly affects @3-C4 bond properties in the present system.

A herringbone arrangement was observed in the ddgevhbenzothieno[2,®benzothiophené3f),
which is considered to be responsible for its deoelcharge transport properti€sThe packing
structure of the benzoselenophene derivatBg) (vas found to be very similar to that 8f (see the
Supporting Information), whereas the benzofur@g) &nd benzotellurophen8h) derivatives adopted
different packing structures. This difference mayditributed to the atomic radius of the chalcogens
The difference in the sizes of the Se (1.16 A) 8nd.02 A) atoms is not as much as that between the
sizes of O (0.73 A) and Te (1.36 &)In the case of Group 15-heteroacenes, no herrirghuotif was
observed, probably due to the presence of a pesplpdenyl group. The packing geometry of the
arsindole derivative3€) was very close to that of the phosphindole dérea3b), which may also be

correlated with the atomic raditis.
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3a : 3b 3c 3d
M-C2:  1.386(4)A M-C2:  1.8320(11)A  M-C2:  1.959(2)A M-C2:  2.173(7)A
M-C3:  1.394(4) A M-C3:  1.8066(10)A  M-C3:  1.9319(19)A  M-C3:  2.142(6)A
C2-M-C3: 108.2(2)° C2-M-C3: 89.14(5)° C2-M-C3: 85.25(8)° C2-M-C3: 80.5(3)°
e) f) g) h)

0 S Se Te
3e  com—aeaw 3f  ceoswmmon 38  saoemameer 3h csmeee
M-C2:  13867(16)A  M-C2:  1.7482(14)A  M-C2:  1.908(3)A M-C2:  2.122(4)A
M-C3:  1.3746(15)A  M-C3:  1.7338(13)A  M-C3:  1.901(1)A M-C3:  2.082(9)A
C2-M-C3: 104.17(10)° C2-M-C3: 90.68(7)° C2-M-C3: 86.6(2)° C2-M-C3: 80.3(2)°

Fig. 2. Top views (top) and side views (bottom) 2in the solid state (50% probability level); the
disordered atoms and hydrogen atoms are omittedddty. One of two geometries in the unit cellsva

drawn for3d.

The photophysical properties of the present bemnzotiene-fused benzoheteroles were evaluated
using ultraviolet (UV) absorption spectroscopy; #pectra are shown in Fig. 3, and the photophysical

data are summarized in Table 1. Thex of Group 16-heteroacen@s-h was systematically shifted
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toward the red region (by ca. 10 nm) on going flonto Te, while the Group 15-heteroacenes did not
exhibit such a spectral shift. These spectral césnare very similar to those of the non-fused
benzoheterole® The red shift of the Group 16-heteroacenes sugdlst the conjugated system is
extended by the heteroatoms. Interestingly, a tire&ationship was found between the excitation
energies for the lowest-energy transition of theupr16-heteroacene8eth) and their atomic radid$
(Fig. 4). Such a linear relationship was also oleeifor heteroles, benzoheteroles, and other cklate
heterocyclic systems. Judging from the slopes efi¢lst square lines, the effect of the chalcogem a
on the spectral red-shift decreases with the fusfdrenzene and benzothiophene.

To further understand the red-shift observed fer @roup 16-heteroacenes, DFT calculatidasd
electrochemical measurements were performed (Tlahted Fig. 5). Geometry optimization calculations
were carried out for all the heteroacenes at theYBB-311G* (SDD for As, Sh, Se, and Te) level of
theory, and the accuracy of the optimized strustusere assessed by comparison with the X-ray
analysis-derived structures. As shown in the Suppmpinformation, all the HOMOs and LUMOs are
derived fromn orbitals of the tetracyclic heteroacene skeletéings evident that the HOMO-LUMO
energy gapAEn. ) decreases as the size of the chalcogen atomaseseThe decreasedi. was not
seen in the Group 15-heteroacenes. These resufedate well with the optical properties observed f
the heteroacenes. The destabilization of the HOM@&rgy for the Group 16-heteroacenes with the

larger chalcogen atom was experimentally confirragdneasuring the first oxidation potentials,d).
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The largest potential difference (0.74 V vs F¢JFwas observed between tii®, values of the

benzofuran derivative (1.17 V) and benzotelluroghderivative (0.43 V).

(a) (b)

s e PY ) M 3e (O)
w \/\/\/\ 3 ) /M 3f(s)
N w
\.'M\ 3c (As) /\/\f\/\/\/\ 3g (Se)
\“’\"\—/‘ __ 3d(Sh) /\f,\/\/\ ___3h(Te)

200 300 400 200 300 400
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Fig. 3. UV absorption spectra of the Group 15- (a) and é&@#toacenes (b) in MeOH.

Table 1. Photophysical data and calculated HOMO and LUM Ik of 3.

Amax 10%¢ Evomo Elumo  4Enc
(nmf (Mem?)?  (ev)" (eV)’ (eVv)

3a NPh 342 8.2 -5.36 -1.19 4.17
3b PPh 340 9.5 -5.77 -1.60 4.17
3c AsPh 339 11 -5.78 -1.60 4.18
3d SbPh 344 9.6 -5.77 -1.62 4.15
e O 318 24 -5.78 -1.43 4.35
3f S 329 10 -5.79 -150 4.28
3g Se 335 10 577 -154 422
3h Te 349 7.2 -5.67 -155 412
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2From absorption spectra in MeOMDFT calculation ¢
the level of B3LYP/6311G* (SDD for As, Se, Sb and 1
¢ Computed HOMO-LUMO gap.
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Fig. 4. Plots of atomic radius (Aj vs experimental excitation energy (&for the lowest-energy
transition for a series of the Group 16-heteroaseide excitation energies were based onithg
values of Table 1. The straight line was drawn gishre least-squares method. The excitation energies

for heteroles and benzoheteroles were taken fréenamces 16 and 7b.
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Fig. 5. Calculated HOMO and LUMO energy levels for the @ral6-heteroacenes (left) and the
contour plots of the HOMO and the first oxidatiostgntialsEp, / (V vs Fc/FE) (right). The calculations

were performed at the level of B3LYP/6-311G* (SDi» Se and Te).

3. Conclusion

In conclusion, we demonstrated a novel divergemtr®sis of a series of benzothiophene-fused
benzoheteroles containing Group 15 and 16 elemefittm one common precursor,
3-bromo-2-(2-bromophenyl)bendijfhiophene 2b), and performed the first systematic comparison of
these structures and properties. X-ray single arystructural analysis showed that the tetracyclic
heteroacene skeletons are planar and that the ,RanfisSb atoms are tetrahedrally coordinated. We
clarified that the size of the heteroatom incorgextan the heteroacene skeletons strongly afféas t

packing structures and physicochemical properfissheavier heteroatoms were introduced, the Group
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16-heteroacenes systematically displayed greateshidt and higher HOMO energy levels. We believe
that such polycyclic heteroacenes offer a new @etspe for the design of new types of functional
n-electron materials for organic electronics apiarzs.

4. Experimental section

4.1. General procedures

Melting points were taken on a Yanagimoto microtmgl point hot-stage apparatus (MP-S3) and are
not corrected’H NMR (TMS: §: 0.00 as an internal standard) di@ NMR (CDCk: d: 77.00 as an
internal standard) spectra were recorded on a JBOW-AL400 or INM-PMX6@, (400 MHz and 100
MHz) spectrometer in CDglunless otherwise stated. Mass spectra (MS) wetangad on a JEOL
JMS-SX-102A instrument. Elemental analyses werefopmed on MT-5 elemental analyzer
(Yanagimoto). IR spectra were recorded on a FT-3gétem from HORIBA spectrometer and are
reported in frequency of absorption (€mOnly selected IR peaks are reported. All mamipahs
involving air- and/or moisture-sensitive compoundsre carried out with the standard Schlenk
technique under an argon atmosphere. All chromapbge separations were accomplished with Silica
Gel 60N (Kanto Chemical Co., Inc.). Thin-layer amatography (TLC) was performed with
Macherey-Nagel Pre-coated TLC plates Sil G25,44VMost of reagents were used without further
purification unless otherwise specified. Berfifran 2a was prepared according to the reported

procedure$: *’
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4.2. Experimental proceduresand data of synthetic inter mediates

4.2.1. 1-Bromo-2-[ (2-methylthiophenyl)ethynyl] benzene (1b). To a solution of
1-iodo-2-(methylthio)benzene (19.4 g, 77.4 mma?, dq.) in diethylamine (130 mL), PdQPPh), (445
mg, 0.63 mmol, 1.0 mol%), Cul (499 mg, 2.6 mmol, fol%) and 2-bromophenyl acetylene (11.5 g,
63.5 mmol) were added at 0 °C, and stirred for i iThe reaction mixture was stirred for 15 h aino
temperature, concentrated under reduced pressheeteBidue was dissolved in g, (300 mL) and
H,O (200 mL). The mixture was filtered over Celitedagxtracted with CLCl, (200 mL x 2). The
combined extracts were dried over anhydrous magmesulfate, filtered, and concentrated under
reduced pressure. The residue was purified by aolahmomatography using hexane/&H (5:1) as
eluent to givelb as pale yellow prisms (16.4 g, 85% vyield): mp &1€ (from hexane/CCl,); *H
NMR (CDCk, 400 MHz)s 7.61 (d,J = 7.8 Hz, 2H), 7.54 (d] = 6.9 Hz, 1H), 3.34-7.27 (m, 2H), 7.19 (d,
J=7.8 Hz, 2H), 7.12 (] = 7.3 Hz, 1H), 2.52 (s, 3H}°C NMR (CDCE, 100 MHz)s 141.9 (C), 133.5
(CH), 132.7 (CH), 132.5 (CH), 129.5 (CH), 129.1 (CH27.0 (CH), 125.4 (C), 125.3 (C), 124.3 (CH),
124.2 (CH), 121 (C), 94.1 (C), 91.3 (C), 15.2 €EHR (KBr): v 2216 (G&C) cm'; HRMS-EI (W2):
calcd for GsHyBrS [M]* 301.9765, found 301.9774; Anal. Calcd foys::BrS: C, 59.42; H, 3.66,
found: C, 59.58; H, 3.79.

4.2.2. 3-Bromo-2-(2-bromophenyl)benzo[ b] thiophene (2b). A solution of bromine (5.0 g, 31.3 mmol) in

CH.ClI, (20 mL) was added dropwise to a solutioriLlbf(4.70 g, 15.5 mmol) in C}Cl, (40 mL) for 45
15



min at 0 °C and stirred for 30 min. After stirreat fL h at room temperature, to the reaction mixwae
added CHCI, (150 mL) and saturated sodium thiosulf@@0 mL) at O °C, and filtrated over Celite. The
filtrate was extracted with Ci€l, (150 mL x 2). The combined organic layer was doedr anhydrous
magnesium sulfate, filtered, and concentrated umeduced pressure. The residue was purified by
column chromatography using hexanefCH (20:1) as eluent to givEb as colorless prisms (5.29 g,
92% vyield): mp 75-79 °C (from hexane/@El,); *H NMR (CDCk, 400 MHz)d 7.84 (d,J = 7.8 Hz, 1H),
7.83(d,J = 7.8 Hz, 1H), 7.71 (d] = 7.8 Hz, 1H), 7.52-7.39 (m, 4H), 7.33Jt= 7.8 Hz, 1H)*C NMR
(CDCls, 100 MHz)s 138.4 (C),137.9 (C), 137.3 (C), 134.1 (C), 133.0 (CH), 13@Hl), 130.7 (CH),
127.2 (CH), 125.7 (CH), 125.2 (CH), 124.6 (C), B28CH), 122.3 (CH), 108.6 (C); HRMS-En(2):
calcd for G4HgBr,S [M]" 365.8713, found 365.8679; Anal. Calcd fordsBr,S: C, 45.68; H, 2.19,
found C, 45.13; H, 2.33. Spectroscopic data aseaordance with the literatut®.

4.3. Experimental procedures and data of 10-phenyl[1]benzothieno[3,2-b]indole (3a)

The mixture of aniline (47 mg, 0.51 mmoRp (203 mg, 0.55 mmol), ttert-butylphosphonium
tetrafluoroborate (33 mg, 0.11 mmol, 22 mol%), soditert-butoxide (160 mg, 1.67 mmol), and
tris(dibenzylideneacetone)dipalladium (101 mg, Orithol, 22 mol%) in toluene (5 mL) was stirred for
30 min at room temperature. The sealed reactioa wds then heated to 125 °C for 24 h. The mixture
was cooled to room temperature, diluted with,CHand water at 0 °C, and filtered over Celite. The

filtrate was extracted with Ci€l,. The combined organic layer was washed with bravesd over
16



anhydrous magnesium sulfate, filtered, and conat¥dr under reduced pressure. The residue was
purified by column chromatography using hexanefClk(20:1) as eluent to givea as yellow prisms
(107 mg, 71% yield): mp 111-114 °C (from ethanolf(CH); *H NMR (CDCk, 400 MHz)é 7.88 (d,J =

8.2 Hz, 1H), 7.82 (dJ = 7.8 Hz, 1H), 7.64-7.52 (m, 5H), 7.36 (= 8.2 Hz, 1H), 7.30-7.17 (m, 5H);
¥C NMR (CDCE, 100 MHz)§ 143.1 (C), 142.5 (C), 137.9 (C), 137.5 (C), 12%CHY), 128.2 (CH),
127.7 (CH), 126.8 (C), 124.3 (CH), 124.0 (CH), B26CH), 123.4 (CH), 122.1 (C), 120.5 (CH), 120.4
(CH), 119.3 (CH), 116.8 (C), 111.0 (CH); HRMS-EW%): calcd for GgH1aNS [M]*" 299.0769, found
299.0769; Anal. Calcd for [gH13NS: C, 80.23; H, 4.38; N, 4.68, found C, 80.27;4472; N, 4.70.
Spectroscopic data are in accordance with thetitee™

4.4. General procedure of [1]benzothieno[3,2-b][1]benzoheteroles (3b-h)

A solution of BuLi was added dropwise to a solutad? (2.0 mmol) in diethyl ether 40 mL at -20 °C
(for 3b-d, f-h) or -78 °C (for3e) and stirred. After 15 min, to the reaction mixu&roup 15 or 16
reagent (4 mmol) was added and the resulting mexwas gradually raised to room temperature and
stirred for 15 h. The reaction mixture was dilutedh CH,Cl, (100 mL) and water (100 mL), and
filtrated over Celite. The filtrate was extractedhwCH,Cl, (100 mL x 2). The combined organic layer
was washed with brine (200 mL x 2), dried over ambys magnesium sulfate, filtered, and
concentrated under reduced pressure. The residgepwafied by column chromatography using

hexane/CHKHCls.
17



4.4.1. 10-Phenyl[ 1] phosphindol of 3,2-b] [ 1] benzothiophene (3b). Following the general procedure, with
2b, a solution of 1.75 Mr-BuLi in hexane (3.1 mL, 4.8 mmol), and dichloropkighosphine (718 mg,
4.0 mmol) afforded compoun8b as colorless prisms (430 mg, 68% yield); mp 133-1G (from
methanol/CHCL,); *H NMR (CDCl, 400 MHz)s 7.89 (d,J = 8.2 Hz, 1H), 7.73-7.67 (m, 3H), 7.45-7.22
(m, 9H);*C NMR (CDCk, 100 MHz)5 148.3 (C, d,)., = 3.8 Hz), 146.0 (C, dl. , = 4.8 Hz), 143.0 (C,
d, Jep = 4.8 Hz), 139.6 (C, dl., = 1.9 Hz), 138.1 (C, dl., = 6.7 Hz), 138.1 (C, dl., = 17.3 Hz), 133.9
(C, d,Jep = 17.3 Hz), 132.8 (CH, dl., = 21.1 Hz), 130.2 (CH, dl, = 21.1 Hz), 129.5 (CH), 128.8
(CH, d,dcp= 7.7 Hz), 128.7 (CH, dL, = 8.6 Hz), 126.8 (CH, dl., = 8.6 Hz), 125.0 (CH), 124.5 (CH),
123.6 (CH), 123.0 (CH), 121.7 (CH); HRMS-Eig): calcd for GoHi1sPS [M]" 316.0476, found
316.0473Anal. Calcd for GoH13PS: C, 75.93; H, 4.14, found C, 75.57; H, 4.36.cBpscopic data are
in accordance with the literatuf.

4.4.2. 10-Phenyl[ 1] benzoar sol o[ 3,2-b] [ 1] benzothiophene (3c). Following the general procedure, with
2b, a solution of 1.75 Mh-BuLi in hexane (3.1 mL, 4.8 mmol), and dichloropiiarsine (890 mg, 4.0
mmol) afforded compound®c as colorless prisms (562 mg, 78% yield); mp 118-FZ (from
methanol/CHCL,); *H NMR (CDCk, 400 MHz)é 7.89 (d,J = 7.3 Hz, 1H), 7.75 (d] = 6.9 Hz, 1H),
7.68 (t,J = 7.8 Hz, 2H), 7.42 (t) = 6.9 Hz, 1H), 7.34-7.16 (m, 8H)C NMR (CDC}, 100 MHz)s
149.9 (C), 148.2 (C), 142.4 (C), 141.4 (C), 14@J, (139.5 (C), 138.3 (C), 132.3 (CH), 131.3 (CH),

128.9 (CH), 128.8 (CH), 127.1 (CH), 125.0 (CH), 24CH), 123.4 (CH), 123.4 (CH), 122.5 (CH);
18



HRMS-EI (n/2): calcd for GoH13AsS [M]" 359.9954, found 359.9948; Anal. Calcd foridisAsS: C,
66.67; H, 3.64, found C, 66.44; H, 3.80.

4.4.3. 10-Phenyl[ 1] benzostibol o[ 3,2-b] [ 1] benzothiophene (3d). Following the general procedure, with
2b, a solution of 1.75 M-BuLi in hexane (3.1 mL, 4.8 mmol), and dibromopylstibane (1.43 g, 4.0
mmol) afforded compoundd as colorless prisms (585 mg, 72% yield); mp 10R-EC (from
hexane/CHCL,); 'H NMR (CDCk, 400 MHz)6 7.89 (d,J = 6.9 Hz, 1H), 7.74 (d] = 7.3 Hz, 1H), 7.69
(d, J = 7.8 Hz, 1H), 7.68 (d] = 6.9 Hz, 1H), 7.43-7.14 (m, 9HC NMR (CDCk, 100 MHz)s 156.1
(C), 145.4 (C), 145.4 (C), 142.6 (C), 141.4 (C)943(C), 137.4 (C), 135.3 (CH), 134.8 (CH), 129.1
(CH), 128.9 (CH), 128.8 (CH), 127.4 (CH), 124.9 (CHZ24.4 (CH), 124.3 (CH), 123.7 (CH), 123.0
(CH); HRMS-EI (2): calcd for GoH1sSbS [M] 405.9776, found 405.9770Anal. Calcd for
C20H13SbS: C, 59.00; H, 3.22, found C, 58.87; H, 3.37.

4.4.4. [ 1] Benzothieno[ 3,2-b] [ 1] benzofuran (3e). Following the general procedure, wih, a solution of
1.05 Mt-BulLi in hexane (7.6 mL, 8.0 mmol), and bis(phenifisnyl)sulfide (1.25 g, 4 mmol) afforded
compound3e as colorless prisms (245 mg, 55% yield): mp 132-43 (from hexane/C}Cl,); *H NMR
(CDCls, 400 MHz)s 7.99 (d,J = 7.8 Hz, 1H), 7.86 (d] = 8.2 Hz, 1H), 7.71 (d] = 7.8 Hz, 1H), 7.63 (d,
J=7.8 Hz, 1H), 7.46 () = 7.8 Hz, 1H), 7.37 (t) = 7.8 Hz, 2H), 7.33 (1) = 8.2 Hz, 1H);}*C NMR
(CDCls, 100 MHz)s 158.8 (C), 153.0 (C), 142.0 (C), 125.1 (C), 1248, 124.9 (CH), 124.3 (CH),

124.0 (C), 123.3 (CH), 119.7 (CH), 119.6 (CH), BLE), 112.5 (CH); HRMS-EInt/2): calcd for
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C14HgOS [M]" 224.0296, found 224.0297; Anal. Calcd fouldsOS: C, 74.97; H, 3.60, found C, 74.99;
H, 3.65. Spectroscopic data are in accordancethéthiterature’

4.4.5. [1]Benzothieno[ 3,2-b][ 1] benzothiophene (3f). Following the general procedure, witth, a
solution of 1.75 Mn-BuLi in hexane (3.1 mL, 4.8 mmol), and bis(phenifisnyl)sulfide (1.25 g, 4.0
mmol) afforded compoundf as colorless prisms (312 mg, 65% yield); mp 215-2C9 (from
hexane/CHCl,); '"H NMR (CDCk, 400 MHz)6 7.91 (d,J = 8.0 Hz, 2H), 7.88 (d] = 8.0 Hz, 2H), 7.45
(t, J = 8.0 Hz, 2H), 7.39 (1 = 8.0 Hz, 2H)*C NMR (CDCk, 100 MHz)s 142.2 (C), 133.4 (C), 133.1
(C), 125.0 (CH), 124.9 (CH), 124.0 (CH), 121.6 (CHYRMS-EI (W2): calcd for GHsS, [M]*
240.0067, found 240.0067; Anal. Calcd foi dsS,: C, 69.96; H, 3.36, found C, 70.04; H, 3.64.
Spectroscopic data are in accordance with thetites*

4.4.6. [1] Benzoselenol o[ 3,2-b] [ 1] benzothiophene (3g). Following the general procedure, wilb, a
solution of 1.75 Mn-BuLi in hexane (3.1 mL, 4.8 mmol), and bis(phenifisnyl)selenide (1.44 g, 4.0
mmol) afforded compound3g as red prisms (379 mg, 66% yield); mp 206-209 °@n(f
ethanol/CHCL,); *H NMR (CDCl, 400 MHz)s 7.94 (d,J = 7.8 Hz, 1H), 7.91 (d] = 7.8 Hz, 1H), 7.86
(d,J = 7.8 Hz, 1H), 7.80 (d] = 7.3 Hz, 1H), 7.44 (t] = 7.8 Hz, 1H), 7.43 (§ = 7.8 Hz, 1H), 7.38 ({]

= 7.8 Hz, 1H), 7.32 () = 7.3 Hz, 1H)*C NMR (CDCE, 100 MHz)s 142.1 (C), 141.2 (C), 135.7 (C),
135.6 (C), 135.2 (C), 131.7 (C), 127.0 (CH), 1268), 125.2 (CH), 124.9 (CH), 124.9 (CH), 123.8

(CH), 123.1 (CH), 122.2 (CH); HRMS-Em(z): calcd for G4HgSSe [M] 287.9512, found 287.9505;
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Anal. Calcd for G4HgSSe: C, 58.54; H, 2.81, found C, 58.71; H, 3.08ecBpscopic data are in
accordance with the literatufg.

4.4.7. [ 1] Benzotellurolo[ 3,2-b] [ 1] benzothiophene (3h). Following the general procedure, wiftb, a
solution of 1.75 Mn-BuLi in hexane (3.1 mL, 4.8 mmol), and telluriuravpder (522 mg, 4.0 mmol)
afforded compound3h as pale yellow needles (343 mg, 51% vyield); mp 168- °C (from
methanol/CHCL,); *H NMR (CDCk, 400 MHz)6 7.95 (d,J = 7.8 Hz, 1H), 7.91 (d) = 7.3 Hz, 1H),
7.88 (d,J = 8.7 Hz, 1H), 7.66 (d] = 8.7 Hz, 1H), 7.44 (] = 7.3 Hz, 1H), 7.40-7.36 (m, 2H), 7.19dt,

= 7.3 Hz, 1H);*C NMR (CDCk, 100 MHz)é 141.8 (C), 140.1 (C), 139.9 (C), 139.6 (C), 13LH],
130.9 (C), 126.1 (CH), 125.3 (CH), 125.1 (CH), B24CH), 123.5 (CH), 123.4 (CH), 119.2 (C);
HRMS-EI (W2): calcd for G4HgSTe [M] 337.9407, found 337.941%nal. Calcd for G4HgSTe: C,
50.06; H, 2.40, found C, 50.08; H, 2.58.

4.5. Cyclic voltammograms

Electrochemical measurements were conducted on-8002 voltammetric analyzer (Hokuto Denko)
under argon atmosphere in a £LHp solution of tetrabutylammonium perchlorate (0.1. M) glassy
carbon electrode was used as a working electrogégtamum-wire was used as the counter electrode,
and an Ag/AgCI electrode was used as the referelectrode. The CV curves were calibrated using the
ferrocene/ferrocenium (Fc/PFcredox couple as an external standard which waasured under the

same conditions after the measurement of samples.
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4.6. X-ray crystallographic data

The X-ray diffraction measurements of compourdde/ere carried out using a Rigaku AFC-8 with
Saturn70 CCD using Mo & radiation § = 0.71073 A). The CrystalClear program was used fo
absorption correction. The structure was solveddivgct methods using SIR2004 (f@a-f, h) or
SHELXL-97* (for 3g), followed by successive refinements using thérhdtrix least-squares method
on F? using SHELXL-97° All the nonhydrogen atoms were refined anisotralpjc whereas the
hydrogen atoms were refined isotropically.

The experimental and refinement details of the Xegystallographic structures of compound can be
obtained free of charge from the Cambridge Crysg@éiphic Data Centre (http://www.ccdc.cam.ac.uk),
CCDC #1481568 to 1481575 f8a-3h, respectively.

4.7. Computational details

All calculations were performed at the DFT level,rheans of the B3LYP functional as implemented in
Gaussian 09° The 6-311G* basis sets were used for H, C, N,,@ng S atoms, while the SDD basis
sets were applied for As, Se, Sh, and Te atomayXstructures o8a-3h were used as initial structures
for geometry optimization calculations. Vibratiorfeéquency computations verified the nature of the
stationary points.
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