LIE[TTERS

pubs.acs.org/OrglLett

Synthesis and Molecular Properties of Two Isomeric Dialkylated

Tetrathienonaphthalenes

Shao-Ling Chang,_“t Chih-Wen Lu,* Yu-Ying Lai, Jhih-Yang Hsu, and Yen-Ju Cheng*

Department of Applied Chemistry, National Chiao Tung University, 1001 University Road, Hsin-Chu, Taiwan

© Supporting Information

CizHag
57y

CaHyz

1oHa1
CeHiy 02 CizHys

511-ap-PTTNTT 2

Cucan 3)7
. 1 —;( Me;Sn = )_/ &
5 = o S W
H 45’11‘1\ - \/%:z_("l‘swe,
n %
& Y

CaHae CizHas
1 2,8-af-PTTNTT

ABSTRACT: Isomeric 2,8-distannyl S,11-didodecyl afi-TTN (1, tetrathienonaphthalene = TTN) and 2,8-didodecyl S,11-
distannyl @f-TTN (2) have been designed and successfully synthesized. The naphthalene core structures in af-TTNs were
constructed by a systematic protocol using PtCl,-catalyzed cyclization followed by oxidative Scholl annulation in good yields.
Compared to the one-dimensional naphthodithiophene derivatives, the two-dimensional af-TTN molecules showed good
solubility, extended conjugation, strong absorptivity, and highly coplanar structures. Compounds 1 and 2 were polymerized with
a 5,5'-dibromo-2,2'-bithiophene-based monomer to afford 2,8-f-PTTNTT and S5,11-af-PTTNTT copolymers. 2,8-af-
PTTNTT with the a-aNDT moiety in the main chain exhibited a higher hole mobility of 1.26 X 107> cm* V™' s7%,

C oplanar acenedithiophene (AcDT) derivatives have been
superior building blocks for the creation of various organic
semiconductors due to their facile functionalization and high
charge mobility." For example, benzodithiophene (BDT)-
incorporating donor—acceptor (D-A) copolymers represent
the most successful materials to achieve high-efficiency solar
cells,” while anthradithiophene-based (ADT) materials have
been demonstrated to exhibit high mobilities for organic field-
effect transistors.” Naphthodithiophenes (NDT) with a size in
between BDT and ADT in the AcDT family have also attracted
considerable research interest in terms of their versatile
structures and prominent properties.” Depending on the fused
junction between the thiophene and naphthalene moieties, NDT
generally can have linear- and angular-shaped isomeric
structures. Angular-shaped NDTs (aNDTs) can be further
divided into @-aNDT and $8-aNDT isomers (see Scheme 1). To
fully exploit these NDT-based materials for solution-processable
organic electronics, incorporation of aliphatic groups on the bare
NDTs is essential in order to ensure the solubility as well as to

Scheme 1. Chemical Structures of aNDT and TTN
Derivatives
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induce favorable intermolecular interactions.” We have recently
reported a systematic method to regiospecifically substitute two
alkyl groups at 4,9- or 5,10-positions of the @-aNDT and -
aNDT, forming four isomeric dialkylated NDT structures.’
Takimiya and Osaka et al. demonstrated that the molecular
geometry of the isomeric NDT structures plays a key role in
governing the molecular packing and structure ordering, which
ultimately determines the device performance.” Specifically, D—
A copolymers using the angular-shaped 4,9- and 5,10-dialkylated
a-aNDT units with relatively linear polgrmer backbones have
shown superb solar cell performance.” Extending a linear
conjugation along its vertical direction to form a two-dimen-
sional conjugated system is a rational design to enhance 7—7
interaction and absorption ability.” Employing such molecular
engineering has successfully led to high-performance polymer
solar cells." It is, therefore, of great interest to further extend the
m-conjugation on the basis of an aNDT core. By fusing two more
thiophene units on the 4,5- and 9,10-junctions of a horizontally
aligned aNDT unit, a new two-dimensional tetrathienonaph-
thalene (TTN) structure embedding another vertically aligned
aNDT will be generated. The cruciform-shaped TTN family can
generally have three isomeric structures depending on the
relative placement of the thienyl rings on the central naphthalene
core. If two a-aNDTs or two f-NDT's merge together, we denote
them as @@-TTN'' and BB-TTN,"* respectively (Scheme 1).
Similarly, af-TTN is composed of an @-NDT and a f-NDT that
share the central naphthalene core. Yamaguchi et al. have
reported the synthesis of aa-TTN derivatives in which the four
sulfur atoms point at the fjord region.''® To the best of our
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knowledge, however, af-TTN derivatives have never been
synthesized. The structural feature of the @f-TTN structure is
that the four sulfur atoms in the thiophene rings are positioned in
a head-to-tail arrangement circling around the central naph-
thalene core. It is desirable to incorporate the two-dimensional
af-TTN units into the conjugated copolymers. In this research,
we design a new synthetic strategy to introduce two dodecyl
groups at the f-aNDT or a@-aNDT moieties in a af-TTN,
resulting in two isomeric structures denoted as S5,11-af-TTN
and 2,8-af-TTN respectively (Scheme 1). These two isomers
are selectively distannylated to form 2,8-distannyl 5,11-didodecyl
af-TTN (1) and 2,8-didodecyl 5,11-distannyl ai-TTN (2)
(Schemes 2 and 3) which can be used for future z-extension or

Scheme 2. Synthetic Route toward 2,8-Distannyl 5,11-
Didodecyl af-TTN (1)
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Scheme 3. Synthetic Route toward 2,8-Didodecyl 5,11-
Distannyl af-TTN (2)
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polymerization. It is envisaged that the structural geometry and
electronic orbital of the two isomeric @f-TTN moieties will play
an important role in achieving high-performance materials.

A well-designed synthetic route to make compound 1 is
developed and is shown in Scheme 2. The compound 3 was
lithiated by lithium diisopropylamide (LDA) followed by
reacting with triisopropylsilyl chloride (TIPSCI) to obtain the
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disilylated product 4." Stille coupling reaction of compound 4
with 2-(tributylstannyl) thiophene afforded compound 5. PtCl,-
catalyzed intramolecular cyclization of the dieneyne moiety in
compound $ afforded compound 6 in 67% yield. The X-ray
single crystal structure of 6 shown in the Figure 1 verifies that the

Figure 1. X-ray single crystal structure of 6 (50% probability for thermal
ellipsoids). S°* and C** are interchangeable due to the structural disorder.

cyclization is indeed via a 6-endo-dig rather than a S-exo-dig
fashion."* Scholl-type oxidative cyclization of compound 6 with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)/BF;OEt,
successfully led to the desired 2,8-TIPS-af-TTN product
which was also confirmed by its X-ray crystallography, and is
shown in Figure S1. However, the product was swiftly converted
to the dimer and oligomers resulting from intermolecular
oxidative coupling between the unprotected 5,11-positions of
2,8-TIPS-a-TTN. To prevent this side reaction, the a-hydrogen
of the thiophenes in compound 6 was deprotonated by n-BuLi
followed by the nucleophilic substitution with 1-iodododecane to
form the didodecyl compound 7. Under the DDQ/BF;OEt,
condition, the protected 7 successfully underwent Scholl
cyclization to furnish the desired compound 8 in 65% yield. It
should be emphasized that using dry and degassed dichloro-
methane is the key to succeeding in this reactlon which is
generally considered as a cation-radical mechanism." Desilyla-
tion of compound 8 by tetrabutyl ammonium fluoride (TBAF)
formed $5,11-a-TTN which was subsequently distannylated to
accomplish the target compound 1 (2,8-distannyl 5,11-didodecyl
af-TTN). By adopting a similar strategy, the synthesis of another
isomeric counterpart 2 is shown in Scheme 3. The thiophene
rings in compound 3 were functionalized with two dodecyl
groups to form compound 9. Palladium-catalyzed Stille coupling
of compound 9 with 2-(tributylstannyl)thiophene generated
compound 10. PtCl,-catalyzed 6s-cyclization of 10 formed
compound 11. Again, the two thiophene rings in compound 11
were protected by the TIPS groups to form compound 12
followed by the DDQ/BF;O0Et,-oxidative annulation to obtain
aff-TTN 13. The one-side desilylated compound 14 was also
obtained. Without further purification, the mixture of compound
13 and 14 was desilylated by TBAF to obtain the single 2,8-af-
TTN product which was distannylated to furnish the 2,8-
didodecyl 5,11-distannyl af-TTN (2).

The absorption spectra of two isomeric af-TTNs along with
4,9-a-aNDT and 4,9-f-aNDT are shown in Figure 2, and the
parameters are shown in Table 1.° The profiles of the absorption
spectra of the two isomeric structures are essentially the same.
However, the 5,11-af-TTN showed much stronger extinction
coeflicients from 260 to 310 nm than the corresponding 2,8-af-
TTN. It should be noted that compared to the one-dimensional
4,9-a-aNDT and 4,9-$-aNDT molecules, the two-dimensional
af-TTN exhibited significant red-shifting in the absorption
bands, indicating that merging two aNDT molecules in the af-
TTN results in the extension of conjugation through orbital
interactions. The electrochemical properties are evaluated by
cyclic voltammetry and shown in Figure S2 and Table 1. The
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Figure 2. Absorption spectra of 5,11-f-TTN, 2,8-a-TTN, and 4,9-a-
aNDT, 4,9-B-aNDT in dichloromethane at the concentration of ca. 1075
M.

Table 1. Molecular Properties of 5,11-af-TTN and 2,8-a;-
TTN

HOMO LUMO E
compound (ev)* (ev)® Amax (nm)< (e%/')d
S11-af TTN —5.76 —2.51 296, 335, 350, 3.2
378
2,8-af TTN -5.70 —247 297, 338, 375 3.23

“Experimental values obtained by cyclic voltammetry. "LUMO energy
level obtained by the equation: LUMO = HOMO + ESF.
“Experimental values measured in the dichloromethane solution.
TESP = 1240/ A gneer

HOMO energy levels of 5,11-af-TTN and 2,8-af-TTN were
estimated to be —5.75 and —5.70 eV, respectively. DFT
calculations were performed to elucidate the optical spectra
and electronic properties of 5,11-af-TTN and 2,8-a-TTN with
the Gaussian 09 suite at the MPWI1PW91/6-311G-
(d,p)/PCM=CH,Cl,//CAM-B3LYP/6-311G(d,p) level of
theory. Dodecyl groups are all simplified with ethyl groups. For
comparison, 4,9-a-aNDT and 4,9-$-aNDT were computed as
well. Calculated HOMO/LUMO energy, excitation energy,
oscillator strength, and configuration of the excited states are
listed in Table S2. Calculated molecular frontier orbital (plots,
isovalue = 0.02 au) contours are depicted in Figure 3.
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Figure 3. Calculated molecular frontier orbitals (plots, isovalue = 0.02
au) and corresponding energies (eV) for 5,11-af-TTN, 2,8-af-TTN,
4,9-a-aNDT, and 4,9-f-aNDT.
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Figure S3 includes computational fitting for experimental
UV—vis spectra of 5,11-af-TTN, 2,8-af-TTN, 4,9-a-aNDT,
and 4,9-f-aNDT. As can be concluded from Table S2 and Figure
S3, although there is slight deviation in the absolute values, the
calculated estimations still correlate well with the experimental
data, suggesting that the selected model of theory is appropriate
for the studied molecules in this work.

As can be seen from Figure 3, 5,11-af-TTN and 2,8-a-TTN
both have a more extended conjugated region than the 4,9-a-
aNDT and 4,9-$-aNDT, resulting in the higher HOMO and
lower LUMO values and narrower energy band gaps. The X-ray
single crystal structure of 5,11-af-TTN is shown in Figure 4.

(a)

(b)

Figure 4. Top (a) and side view (b) of ORTEP: $,11-af-TTN (80%
probability for thermal ellipsoids).

5,11-af-T'TN exhibited a highly planar 2-D conjugated structure.
Intramolecular six-membered C—H---S hydrogen bonding might
be present between the C*—H (C'°~H) and S* (S’) in the fjord
region. Natural Bond Orbital (NBO, CAM-B3LYP/6-311G-
(d,p)) analysis was implemented to investigate this interaction
existing in 5,11-af-TTN (Figure S4). The energy was estimated
to be 0.93 kcal mol ™" due to the interaction between the sulfur’s
lone pair and the C—H anti-bonding orbital. The two didodecyl
carbon chains are horizontally within the conjugation plane
which might result from a number of intermolecular interactions
between C*/H, and S°/H,. A certain degree of 7—r stacking
with a distance ca. 3.39 A is also observed. Compounds 1 and 2
were polymerized with a 5,5’-dibromo-2,2’-bithiophene-based
monomer (15) to obtain the two corresponding isomeric
copolymers denoted as 2,8-¢f-PTTNTT and S5,11-af-
PTTNTT, respectively (Scheme 4). The molecular character-
istics of the two polymers are shown in Figures S7—510. Organic
field-effect transistors (OFETs) were fabricated with the bottom-
gate/bottom-contact geometry to evaluate the mobility of the
2,8-af-PTTNTT and §5,11-af-PTTNTT. The OFETs using
SiO, as a gate dielectric were treated with octadecyltrichloro-
silane (ODTS) to form a self-assembly monolayer (SAM). The
hole mobility was deduced from the transfer characteristics of the
devices in the saturation regime (Figure S11). 2,8-af-PTTNTT
with the @-aNDT moiety in the main chain exhibited a higher
hole mobility of 1.26 X 107> cm? V™' s7* than 5,11-@-PTTNTT
(2.40 X 107* cm® V7! s7') using the -aNDT segment in the
polymer backbone. This result might be attributed to the more
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Scheme 4. Synthesis of 2,8-af-PTTNTT and §,11-af}-
PTTNTT Copolymers
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linear main-chain curvature of 2,8-af-PTTNTT, resulting in
higher molecular ordering in the solid state.”

In summary, for the first time, we have designed and
synthesized isomeric 5,11-didodecyl af-T'TN and 2,8-didodecyl
af-TTN. The didodecyl af-TTN molecules feature sufficient
solubility, enhanced absorption ability, and high coplanarity. The
corresponding 2,8-distannyl S,11-didodecyl a-TTN (1) and
2,8-didodecyl $,11-distannyl aff-TTN (2) were polymerized
with the bithiophene-based monomer to yield 2,8-a-PTTNTT
and 5,11-af-PTTNTT copolymers. The isomeric conjugated
structures play a pivotal role in determining the OFET mobility.
2,8-a-PTTNTT with a more linear polymer backbone exhibited
higher hole mobility. The synthesis and utilization of versatile
af-TTN-based materials are currently underway in our
laboratory.
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