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2 Tetrahedron
1. Introduction co-planarity of the molecular system so that it elow an
. . efficient intermoleculam-n stacking in the solid state. At the
Heterocycles have been attracting a great dealt@ft&in in  gsgme time. the backbone is modified by adding the
. . 2 . B L
materials scienck’ Thiophenes and selenophenes are widelys|ectron-withdrawing dicyanovinylene functionalityttee core to

distributed in nature and are treated as importdasses of yemarkably depress the LUMO energy level withoutrinigting
heterocycles due to their existence in a broadtspaof natural  thez-conjugation.

and synthetic organic compounds with multiple biaaf and
electronic propertied. Over the decades, Thiophene- and2. Resultsand Discussion
selenophene-containing compounds have drawn atteifition ) ] )
medicinaf and synthetic chemists to explore different sytithe ~ The synthetic approach is shown in SchemeBII-OH,
routes of thiophene and selenophene derivativesredter, —reacted with benzenesulfonyl chioride to yield commbl as a
relatively easy access of functional thiophene sekénophene bPright yellow solid at 0C. During the reaction workup, we found
derivatives gives chemists opportunities to makee usf Out that compoundl starts decomposing before precipitating
appropriated functionalized derivatives in varicagplications. ~ from the reaction mixture. Once in the solid forompoundl
For example, the structural characteristic and titutien of ~ Decomes stable. The essential step for this malesystem was
thiophene ring-containing drugs have an importengsct on the ~the ring closure step to make the fusedonjugated molecular
metabolic pathways utilized for that driighlso, thiophene-core SystemsDITD andDISD. After intensive exploration of method,
estrogen receptors show interesting binding affipiagterns that ~ Solvent, temperature, reaction timeic, sodium sulfide was
may lead to significant superagonist activifieddditionally, ~ found to be the ideal sulfur source. The anhydsmeSum sulfide
thiophene derivatives have huge applications asctiomal ~ Was generated reduction of sodium and sulfur unefrx for 2
materials in discotic liquid crystafshiosensoré? organic field ~days in tetrahydrofuran (THF) with naphthalene atalgst.
effect transistors (OFETS}*? organic light-emitting diodes COmpoundl was dissolved in DCM, followed by a large excess
(OLEDs)*** and organic photovoltaics (OPV&)® of anhydrous sodium sulfide. The reaction was stige room
temperature for 12 hours. A brown solid was collecte
Several  synthetic  routes  for  thiophene-  andanalyzed to be compouril TD in 62% vyield. The synthesis of
selenophene-containing molecules have been repontgd  selenophene-baseBISD followed the same steps 43I TD,
applications  in  different ~ fields. =~ Among  them, resulting in 65% yield. It is worth to mention thae have tried
heteroaromatic-incorporated acenes are frequentijolied.  to introduce the sulfur/selenium source by usingumercially

Highly extended polyacenes have well-known applicatian  available Lawrenson/Woolings reagent, but the yafigroducts
organic electronics,® but large polyacenes are not chemically from this approach were less than 20%.

stable under ambient conditiolisTherefore, the introduction of
heteroatoms can help stabilize the backbone stestwith
effects on the system’s electronic and solid-ss&tgctures. Most
of the existing synthetic routes of dibenzo hetgctes require
multiple, complicated steps. Several typical exasmre shown
in Figure. 1, including synthesis of dibenzo[dki¢no
[3,2-b;4,5-b"]-dithiophene BBTDT, 1),** synthesis of benzo
[1,2-b:4,5-b’]-dithiophene BDT, 2)>* benzo[1,2-b:4,5-b"]-
diselenophene BDS, 3)** and [1]benzothieno[3,2-b][1]
benzothiopheneB(TBT, 4),"® and intramolecular cyclization of
fused thiophene derivati®and selenophene derivatiéé® But
even today, the synthetic difficulties and cost stitk issues that
limit the development of heteroacenes.

S S E
DY Scheme 1. Synthetic route foDITD, DISD, DITD-4CN and
S

DISD-4CN: i: triethylamine, pyridine, benzenesulfonyl chitte,

dibenzo[d,d Jthieno[3,2-b:4,5-b]- Eige(‘é;)gs’z;) dichloromethane (DCM), OC; ii: Anhydrous NaS or NaSe,
dithiophene (DBTDT, 1) ’ DCM, room temperature; iii: titanium tetrachloridpyridine,
S E._(E malononitrile.
O 0 |
S E-E After the DITD andDISD compounds were synthesized and
[1Ibenzothienof3,2-b][T]- E=S (5) characterized, the final step was to perform the exeoagel
benzothiophene (BTBT, 4) E=Se (6)

condensation to add two dicyanovinylene units anrtiolecule.
Figure. 1. Examples of thiophene/selenophene based acenes. However, the poor solubility of thelITD andDISD negatively

) influenced the efficiency of the Knoevenagel corsdtion

We reported a gram-scale and column-free syntlagiizoach (Scheme 1). Even though the same reactions haven bee

for the thiophene- and selenophene-containing batenes, performed for similar molecules, such as
namely diindeno[1,2-b:2' 1tjthiophene-10,11-dione DITD)  gihydroindeno[1,2]fluorenone by Markst al,”” truxenone by
and diindeno[1,2-b:2’,18]selenophene-10,11-dione DISD)  Njelsenet al,?® diindenopyrazinedione by Yamashégal,? and
(Scheme 1) , based on a new intramolecular cydtizadtarting  pentaphenylenone by Maxinet al,*® moderate to low yield

with ~ readily available [2,2"-Bi-H-indene]-3,3"-dihydroxy reactions were reported because of either the dtarirance of
-1,1'-dione BIT-OH;) that was first synthesized and the carbonyl groups or low reactivity.

characterized over 100 years ago by Gabriel andpaldd*

Recently, BIT-OH, derivatives have been synthesized and The condensation was performed with the aid of titamni
characterized, such as BIT-zwitteriohand BIT-diester that tetrachloride, which is often used to activate thgonyl units of
exhibited a highly efficient topochemical polymation® we  sterically hindered molecules. Under relatively milohditions,
further take advantage of the backbon®bF-OH,, bridging the ~ DITD, titanium tetrachloride, pyridine and large excesis
two indene units by sulfur or selenium atom to hedfablish the Malononitrile were stirred in chloroform at room {eerature for
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24 hours to obtain purple solidl TD-4CN 30% yield. On the The normalized absorption spectra B TD-4CN and
other hand, the Knoevenagel condensation Ww8SD was  DISD-4CN in dilute DCM solutions are shown in Figure 4. The
slightly different from that oDITD, the reaction was refluxed in details of the photophysical properties of the commls are
chloroform for 2 hours and affordddl SD-4CN in 35%. The summarized in Table 1. Their UV-vis spectra showedl $tvong
structure of them has been adequately verified 18y M NMR absorption bands and one weak absorption band. B$m@tion
and elemental analysis. Unfortunately, we were no¢ &blget band in the region of 250-332 nm is attributedhest-n local
the **C NMR spectra of these four compounds due to tlosir | electron transition of the benzene ending group.rifthe
solubility. absorption band at longer wavelengths (332-400 nam) loe
assigned to the delocalizadr excitation between the end group
benzene and thiophene or selenophene conjugatéeirsy$he
less pronounced band from 400 nm to 600 nm maytthiblaed
to the intramolecular charge transfer from the w©gajed

We obtained crystals of all the molecules by sloaparation
from DCM/ethanol solutions, but only those &flITD and
DISD-4CN were suitable for single crystal X-ray diffraction

(Figure. 2).DITD crystallizes in an orthorhombic unit cell, space skeleton to the electron-withdrawin

. . . - - g cyano group. &deer, the
grqtup IFl)ngl' WhlléDIISDD-AlD(i#IDcr_ystalllzes||nt "Tn f(l)r':horr?omtl)lc absorption edge is red-shifted about 5 nm on gdimgn
:m' cet ’ Stp?ﬁe gro:ig CCBfSDzlls('ZI?I comp_ee)I/ a tmo elcu € DITD-4CN to DISD-4CN. This assignment is also
n contrast, the backbone ) remains aimost coplanar. well-supported by our theoretical calculations. Tdigsorption

But the two dicynanovinyl groups are forced to bé auplane : .
due to steric hindrance. Both systems showed ak-lradl S';?ge;rt;as(;DlTD andDI SD wereSgisoNgptained and are shown in

arrangement that is very promising to achieve hngbbility
structures by increasing the dimensionality of gbatransport
and rendering the systems less sensitive to charges.
According to the crystal structure ®ITD, the n-n distance
between two molecules is 3.416 A. On the other hareg-th
distance between twBl SD-4CN molecules is 3.621 A, which is
due to the out of plane CN groups. The stackingcsiras of
DITD andDI SD-4CN are shown in Figure S1.

(a) (B) > 7 y

Figure. 4. UV-Vis absorption oDITD-4CN andDISD-4CN in
dilute DCM solutions.

Figure. 2. Crystal structures oDITD (a) andDISD-4CN (b).
Thermal ellipsoids are shown at 50% probabilityelegpurple, Electrochemical measurements revealed three pseudo
red, yellow and green colors represent nitrogengemy sulfur ~ reversible reduction waves fobITD-4CN and DISD-4CN,
and selenium atoms, respectively). The hydrogemsitare While no oxidation waves were observed in the solvéntiow.
omitted for clarity. (Table 1 and Figure. 5). They exhibited rather elpspaced,
reversible electron reduction processes with a lowsebn
To better understand the role of S or Se-annulad@bounds  yeqyction potential that corresponds to a LUMO vadfie3.81
with and without dicyano-substitution, density funol theory ey and -3.79 eV, respectively. The low onset redagpiotential
(DFT) calculations and photophysical experiments ewer gggests good electron accepting properties of réseilting
performed on all the molecules. Optimized geometsieswed  syrong electron-withdrawing cyano groups, consisteittt their
planar linear structure inDITD, DISD, DITD-4CN and  ejectron-deficient nature. Such a redox behavioremsonable
DISD-4CN which are preferred for-n stacking. In all the ¢onsidering the good electron-accepting ability foe S or
molecules, the HOMO and LUMO frontier molecular orbitals se_annulated skeleton, making the system more gtiisiee to
were delocalized throughout the thiophene or sele&w@ reqyction -doping) rather than oxidatiop-floping). Moreover,
conjugated skeleton, with the exception BfTD-ACN and  {he solution optical band gaps were 2.03 and 2.01 eV,

DISD-4CN, where the LUMO orbitals are mainly localized on respectively. These trends are consistent with #wlis of
the dicyanovinylene-group (Figure. 3). The HOMO-LUMO ineoretical calculations.

energy gaps obl TD-4CN andDISD-4CN were found to be in

the range of 2.89 eV and 2.80 eV, respectively. E——TTy
1 —DISD-4CN‘
.0 @ ‘.-00.‘ =
wvo Lor TS ono 1
= £2.60 ey .. ¢ b
X ev_1 2.60 E"g‘_‘_’}., At z]
3.41ev 1-3.39ev c |
E,[3.25ev 3
3.22eV 1
2.89¢eV  |2gpev
y-sozev_y>82eV -6.19 eV
pel e Lewe vt 15 10 -05 00 05 10
Hovo gRaNgy PISY =5, .- 5 Lo 08 00 05 1
DITD DISD ", A " ',"‘" otential (V vs. Ag/AQ’)
DITD-4CN  DISD-4CN Figure. 5. Cyclic voltammetry ofDITD-4CN and DISD-4CN

Figure. 3. Frontier molecular orbitals and HOMO-LUMO gaps. (DCM/0.1 M TBAPF; vs Ag/Ag” at 100 mV/s).
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Table 1. Photophysical and electrochemical propertiePIofD,
DISD, DITD-4CN andDI SD-4CN.

Aaps (NIM) Aonset EgOpt ELumo  Erowmo

(m)* (&)’  (eV)° (V)
DITD 276, 439 485 256 -3.49 -6.05
DISD 277, 293, 453 503 246  -3.37 -5.83
DITD-4CN 305, 349, 531 610 203 -3.81 -5.84
DISD-4CN 309, 354, 541 616 201 -3.79 -5.80

% donset Was the onset for the solution absorption spe(?trEg

(optical energy gap) calculated from the absorptomset of
solution spectra® Obtained from CV datd Obtained from the
E.uvo (CV data) - optical band gaf{™).

3. Conclusion

In summary, we have applied a facile and simple egeaate
synthetic procedure for a unique planarextended S or
Se-annulated building block. Based on the lineatemdes, a
novel series of tetracyano-substituted S and Selated
derivatives have thus been facilely constructede dptical and
electrochemical properties were investigated to tstded the
role of the structure on functional properties bé tresultant
molecules. The results showed unique optoelectroni
characteristics with wide optical band gaps and realtive
properties. The interesting structural and eledtrgnoperties of
the novel planarz-extended S or Se-annulated building block a
the skeleton reported herein hold promise for pakn
applications of in the field of molecular electrcsi

4, Experimental
4.1.General

Unless otherwise stated, all of the chemicals werehased
from Aldrich Chemical and used as received. Wheressary,
solvents and reagents were purified using standesdegures.
All  manipulations involving air-sensitive reagents er&
performed under an atmosphere of dry nitrodenNMR spectra
were recorded on a Varian Inova600 spectrometer. Ahiear
spectra were taken on a Varian Cary 50 ultraviolsible
spectrometer. Single crystal X-ray diffraction wemried out
using a Bruker Kappa Apex diffractometer with
graphite-monochromated ModKradiation § = 0.71073 A) at a
temperature of 100 K. Mercury software was used ¢agss the
raw data. Electrochemical measurements were perfomitbda
Princeton Applied Research Potentiostat/Galvanostaidein
263A. The electrochemical measurements were carrigdino
DCM solution containing 0.1 M tetrabutylammonium
hexafluorophosphate as the supporting electrolytith a
platinum disc, platinum wire, and silver wire as therking,
counter, and pseudo-reference electrodes, resphctivA
ferrocene-ferrocenium (Fc/Pcredox couple was used as an
internal standard (4.80 eV below the vacuum level).

4.2.General Procedures

4.2.1 General procedure for the preparation of conmubl

Tetrahedron

Mp: >260°C. 'H NMR (600 MHz, CDC}, 6, ppm): 7.90 (dd, J =
8.0, 1.4 Hz, 4H), 7.41 (td, J = 7.4, 1.1 Hz, 2H), 7/@5J = 6.6
Hz, 2H), 7.32 (t, J = 7.3 Hz, 2H), 7.25-7.19 (m, 8H). k8z):
Calcd for MS: 570.59, Found: (W 571.92. Anal. Calcd for
C30H1606S,: C, 63.15; H, 3.18; S, 11.24. Found: C, 63.91; H,
2.81; S, 11.92.

4.2.2 Synthesis of ba

All glassware and stir bars were dried in the ovef4dt °C
for several hours. 14.0 g of sodium was added 6tk of dry
THF with 3.0 g of naphthalene as catalyst. 9.6 gufur was
then added to the suspension and the mixture watecéa
reflux for 12 hours under nitrogen gas protectidbhus a white
solid, sodium sulfide was formed and washed with difT

4.2.3 Synthesis diindeno[1,2-b:2',1'-d]
thiophene-10,11-diond( TD)

1.10 g (2.93 mmol) of compouriwas added in a 500 mL
round-bottom flask with 200 mL of DCM. 260 mg of aod
sulfide was added and the mixture was stirred fohlPurple
solid was formed and filtered, washed with methanoltipia
times and dried with vacuum to yield 0.34g DfTD (62%

of

Gield). Mp: >260°C. *H NMR (600 MHz, CDC}, 6, ppm): 7.53

(d, 3 =7.2 Hz, 2H), 7.39 (t, J = 7.0 Hz, 2H), 7.23X¢&; 7.9 Hz,
2H), 7.16 (d, J = 7.3 Hz, 2H). MS (m/z): Calcd for M&88.02,

SFound: (M). 289.48. Anal. Calcd for gHsO,S: C, 74.99; H,

2.80; S, 11.12. Found: C, 75.78; H, 2.01; S, 12.01.
4.2.4 Synthesis @ TD-4CN

0.50 g (1.74 mmol) ofDITD was put into 160 mL of
chloroform in a 500 mL round-bottom flask. 3.03 ¢d o
malononitirle and 8 mL of pyridine was added as witlen 0.64
mL of titanium tetrachloride was added dropwise itite flask
with stirring at room temperature for 24 hours amel precipitate
was filtered and washed with methanol. The pro@ldiD-4CN
was formedas a dark purple solid (0.20 g, 30%). Mp: >260
'H NMR (600 MHz, CDC}, 6, ppm): 8.17 (d, J = 7.7 Hz, 2H),
7.43 (t, J = 7.6 Hz, 2H), 7.31 (dd, J = 16.0, 7.8 &H). MS
(m/z): Calcd for MS: 384.05, Found: (M 384.93. Anal. Calcd
for C,HgN,S: C, 74.99; H, 2.10; N, 14.57; S, 8.34. Found: C,
75.09; H, 2.18; N, 13.18; S, 7.03. UV-vis (DCl)ax NM §):
305 (277944), 349 (106890), and 531 (7508).

4.2.5 Synthesis of Mae

All glassware and stir bars were dried in the ovef4dt °C
for several hours. 14.0 g sodium was put into 50my THF
with 3.0 g naphthalene as catalyst. 23.7 g selenikas then
added to the suspension and the mixture is heatesfltix for 9
hours under nitrogen gas protection. Thus, a wiiliel,ssodium
selenide was formed and washed with dry THF.

4.2.6 Synthesis
diindeno[1,2-b:2’,1'-d]selenophene-10,11-diorial ED)

of

1.10 g (1.93 mmol) of compourtiwas added in a 500 mL
round-bottom flask with 200 mL of DCM. 260 mg of smadh

BIT-OH, (2.00 g, 6.94 mmol) was suspended in a 2 selenide was added and the mixture was stirred fdr. X2 dark

round-bottom flask in 250 mL of dry DCM and 2 mL of
triethylamine under nitrogen atmosphere. The reactnixture
was cooled to 0 °C in a salt ice bath. Benzenesyllfdmoride
(3.5 mL, 27.43 mmol) was combined in a separatek flgith 2
mL of DCM and 1 mL of pyridine. This mixture was adde
dropwise to the reaction solution, which turned dzedow.
After stirring for 10 minutes at 0 °C the reactionswpenched
100 mL of methanol and an orange precipitate wasrebd. The
solids were filtered, washed with methanol multighaes, and
dried under vacuum to yield 2.45 g of compoun(2% yield.)

purple solid was formed and filtered, washed with raeth
multiple times and dried with vacuum to yield 0.42fyDISD

(yield 65%). Mp: >260C. 'H NMR (600 MHz, CDC}, J, ppm):
7.51 (d,J=7.2Hz, 2H), 7.38 (t, J = 7.5 Hz, 2H)37&, J = 8.0
Hz, 2H), 7.13 (d, J = 7.3 Hz, 2H). MS (m/z): Calcd ME:

335.97, Found: (M. 336.96. Anal. Calcd for gHsO.Se: C,
64.49: H, 2.41. Found: C, 65.04; H, 2.02.

4.2.7 Synthesis @l SD-4CN



0.50 g (1.49 mmol) ofDISD was put into 160 mL of
chloroform in a 500 mL round-bottom flask. 3.03 d o
malononitirle and 8 mL of pyridine was added as widtlen 0.64
mL of titanium tetrachloride was added dropwise itite flask
with stirring. The mixture was heated in oil bath ®ohours and
the precipitate was filtered and washed with metharible
productDISD-4CN was formedas a dark purple solid (0.23 g,
35%). Mp: >260°C. "H NMR (600 MHz, CDC}, 5, ppm): 8.16
(d, J =7.6 Hz, 2H), 7.42 (t, J = 7.3 Hz, 2H), 7.35¢7(2, 4H).
MS (m/z): Calcd for MS: 431.99, Found: (M 432.04. Anal.
Calcd for G,HgN,Se: C, 66.83; H, 1.87; N, 12.99. Found: C,
67.01; H, 1.02; N, 13.86. UV-vis (DCM)a nm €): 309
(296124), 354 (137502), and 541 (2994).

5. Crystal Structures

Crystallographic data (excluding structure factofs) the
structures in this paper have been deposited wiéhCdimbridge
Crystallographic Data Centre as supplementary paiidic
numbers 1571470 and 1571471. The data can be ebthie of
charge via http://www.ccdc.cam.ac.uk or by e-mailingtad
request@ccdc.cam.ac.uk, or by contacting The Caigéri
Crystallographic Data Centre, 12, Union Road, Cangeri@B2
1EZ, UK; fax: (+44) 1223/336-033, Tel.: (+44) 122363408.
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