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Abstract: Thienoacenes and furoacenes are among the most
frequent molecular units found in organic materials. The efficient
synthesis of morphologically different heteroacenes and the rapid
determination of their solid-state and electronic properties are still
challenging tasks, which slow down progress in the development of
new materials. Herein, we report a flexible and efficient synthesis of
unprecedented heterotetracenes based on a platinum- and gold-
catalyzed  cyclization-alkynylation = domino  process  using
EthynylBenziodoXole (EBX) hypervalent iodine reagents as key step.
The proof-of-principle in silico estimation of the synthesized
tetracenes’ charge transport properties reveals their strong
dependence on both the position and nature of the heteroatoms in
the ring system. A broad range of mobilities is predicted, with some
compounds displaying performance potentially comparable to that of
state-of-the art electronic organic materials.

Introduction

Acenes and heteroacenes are important compounds in material
science."! Among them, thienoacenes and furoacen
intensively studied due to their easily tuned electronic
depending on their conjugation topology.” Especiall

examples are dibenzo[b,b’]
flbis[1]benzothiophene  (DBTBT, 1),
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CHALLENGES:
» Synthesis efficiency and flexibility
» Assessment of structure - properties relationship

. Thieno- and furo- acenes building blocks for organic materials

proved synthesis methods are necessary but alone not
sufficient for the development of new materials. Indeed,
analyzing the relationship between structure and electronic
properties is also required to guide the synthetic effort. Since
measuring the hole ftransport properties under conditions
relevant for the material applications can be highly resource and
time-consuming, rapid computational pre-screening is valuable
for identifying the most promising structures for subsequent
experimental testing. Admittedly, highly accurate estimates of
charge mobility require rigorous multiscale simulations, based
on experimental crystal structures.! In the absence of the latter
in this study we retreat to a much more limited and
computationally inexpensive approach of applying the Marcus
hopping model of the charge transport to the model dimers.”!
This approach ignores the crucial effects of disorder and
specificity of crystal packing, but allows isolating the role of the
nature and position of the heteroatoms in the -conjugated
cores (via the reorganization energy) and the extent of orbital
overlap between them (via the transfer integral, see Scheme 1,
goal 2), providing a hypothetical estimate of the core’s charge
transport capacity.

Overall, herein we present a method for the synthesis and
assessment of heterotetracene building blocks with potential for
applications in organic materials. A highly efficient synthetic



This is the pre-peer reviewed version of the following article: Chem. Eur. J. 2017, 23, 8058, which has been
published in final form at https://onlinelibrary.wiley.com/doi/abs/10.1002/chem.201701139. This article may be
used for non-commercial purposes in accordance with Wiley-VCH Terms and Conditions for Self-Archivine.

approach based on a platinum-catalyzed domino cyclization-
alkynylation process is first presented. Computational evaluation
of the charge transport properties of the synthesized tetracenes
indicates that several of them can potentially compete with the
current state-of-the art organic semiconducting materials.
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Scheme 1. Targeted tetracenes: flexible synthesis and hole mobility predictjon.
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Results and Discussion
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t synthesis of thioacenes (A) and our new strategy for the
tetracenes (B).

Recently, we developed cyclization-alkynylation domino
reagdions to access functionalized furans''”! and indoles!"® based
use of ethynylbenziodoxole (EBX) hypervalent iodine
regients. We therefore envisaged that these reagents could be
d to develop the unprecedented domino cyclization
kynylation process. Herein, we report the first intermolecular
domino reactions to synthesize 2,3-disubstituted 3-alkynyl
benzothiophenes and benzofurans, easily obtained via
Sonogashira coupling of the corresponding iodo- and alkynyl-
aryls, via gold- or platinum- catalyzed domino reactions using
EBX reagent 7a (Scheme 2, B).

We started our investigations on the cyclization-alkynylation
domino reaction with 2-alkynyl phenol 8a"'¥ as substrate (Table
1). The conditions reported for Lautens's domino reaction'® or
Hashmi's benzofuran formation'® didn't give any desired
product, independently of the hypervalent iodine reagent used
(Table 1, entries 1-6). PtCI,/"® was not efficient for this domino
process (Table 1, entry 7). When we turned our attention to
Au(lll) catalysts, we were pleased to observe the formation of
the desired product with benziodoxole 7a (Table 1, entries 8-10).
Other hypervalent iodine reagents were not successful in this
transformation (results not shown). AuCl; gave a better yield
(83%) when compared to dichloro(pyridine-2-
carboxylato)gold(lll) (PicAuClz) and pyridine gold(lll) trichloride
(PyAuCls). The influence of the solvents was then examined,
demonstrating that THF was optimal (Table 1, entries 11-12).
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We continued our investigation with 2-ethynyl thioanisole 10a
(Table 2).” An iodide salt was added to the reaction, as it has
been reported to promote demethylation.!"® The conditions
optimized for the cyclization-alkynylation of 8a were not
successful: neither AuCl; nor AuBr; could be used as catalyst
(Table 2, entries 1-2). On the other hand, AuCl could promote
the desired transformation in 41% yield (Table 2, entry 3). The
yield was improved to 61% when PtCl, was used (Table 2, entry
4). The effect of solvents was then examined. 41%, 28% and
19% of benzothiophene 11a were obtained in toluene, ether and
DCM respectively (Table 2, entries 5-7). 2-Phenyl
benzothiophene was isolated as by-product in toluene and DCM.
Initially, we used basic conditions to prevent proto-demetalation.
However, as no proton is generated during the reaction, we
wondered if the use of a base was really required. Indeed, in the
absence of the base the yield could even be increased to 77%
(Table 2, entry 8). This result is consistent with our previous
observation with a platinum catalyst."® The reaction did not
occur without Nal (Table 2, entry 9). The use of 2.0 equiv. of 7a
did not improve the yield (Table 2, entry 10). Under the
optimized reaction conditions, it was therefore possible to obtain
the desired 3-alkynyl benzo- furan and thiophene 9a and 11a at
room temperature using open flasks, resulting in a highly
practical procedure.

Table 1. Optimization of the Domino Cyclization- Alkynylation Reaction of,2-
Alkynyl Phenol 8a.

P
Z 7, Catalyst
OH Na,CO3 Solvent
8a
O—I|—==—SilPr; O——I|——=——SiiPr;
Y
7a TIPS-EBX (7b) 7c

entry catalyst reagent temp solvent yield[a]
1 [Rh(cod)OH], 7a 90 °C M)xane

2 [Rh(cod)OH,

3 [Rh(cod)OH],

4 IPrAuCI/AgOTf

5  IPrAuC/AgOTf

6  IPrAuCI/AgOTf <5%
7 PtCl, <5%
8 PyAuCl; 53%
9 PicAuCl, 53%

e

10 AuCls ‘ THF 83%
11 AuCl, "‘ DCM 53%
12 toluene <5%

AuCls
A

[a] Reaction conditions: 8a (0.10 mmol), gatalyst (10 mol%), 7 (0.12 mmol),
Na,CO3; (0.12 mmol), 0.1 M, overni lated yields after column
chromatography.

ion for the
action was
yl and tolyl substituted
d 9b in 85% and 66%
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ng a C2- and C3-
ectively could also be
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Table 2. Optimization Domino Cycliz - Alkynylation Reaction of 2-
Alkynyl Thioanis*Oa.

substituent

. SiiPrs
/
N—ph
S
10a 11a
entry catalyst additive base solvent yield[a]
I 4 Nal Na,CO; THF <5%
AuBr; Nal Na,COs THF <5%
Nal Na,COs THF 41%
Nal Na,COs THF 61%
Nal Na,CO;, toluene 419%™
Nal Na,COs Et,0 28%
PtCl, Nal Na,CO;, DCM 19%"
PtCl, Nal - THF 77%
PtCl, - Na,COs THF <5%
PtCl, Nal - THF 54%

a] Reaction conditions: 10a (0.10 mmol), catalyst (10 mol%), 7a (0.12 mmol),
Na,COj3 (0.12 mmol), Nal (0.10 mmol), 0.1 M, overnight. Isolated yields after
column chromatography. [b] 19% of 2-phenyl benzothiophene was isolated. [c]
11% of 2-phenyl benzothiophene was isolated [d] 0.20 mmol 7a was used.

The synthesis of benzothiophene derivatives is then proposed in
Scheme 3, B. A methyl, a bromide and a fluoride substituent
were well tolerated on the phenyl ring linked to the alkyne
(products 11b-11d). C2 alkylated benzothiophenes 11e-g could
also be accessed using our method, as well as cyclohexene
substituted product 11h. The reaction conditions were also
applicable to substrates bearing furan or thiophene heterocycles
(11i-k). Disubstituted thienothiophene 111 was obtained in 45%
yield. Even though the yield is moderate, it is usually challenging
to synthesize C3-substituted thienothiophenes as the C2
position is more reactive."! Gratifyingly, double and triple
domino reactions also took place (Scheme 3, C). Symmetric
2,3,5,6-tetrasubstituted benzodithiophene 5m was synthesized
in 56% yield. The multi domino reaction could also be performed
when the thioanisoles units were linked by a benzene or a
thiophene ring (products 5n-p). The overall vyields were
moderate, but the yield for each domino reaction remains
between 56% and 75%. Both thienothiophenes and
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benzodithiophenes are important building blocks in organic  remarkable properties for applications as field-effect transistors,
material science. They are used as donor fragments for small  such as high hole mobility and ex on/off ratio.”®
gap organic solar cell.?"! Moreover, benzodithiophenes showed

R O—I—=—siiPr,
Z
X=0 8 F3FCC , 10 mol% AuCls, Na,COs, THF
+ 3 a
X =SMe 10 X or 10 mol% PtCl,, Nal, THF
A X = O, Benzofuransl? B X = S, Benzothiophenel’
SiiPry SiiPr, SiiPry
R @E{—Q O
o o s
9a, R = H, 85% 9c, 56% 11a, R = H, 74%
9b, R = Me, 66% 11b, R = Me, 66%

11c, R = Br, 60%
11d,R=F, 51%

SiiPr, SiiPr, SiiPr,
/i/ /i/
S
A\ = N [
g s Jd N\

9d, 77% 9e, 62% 11i, X =S, 69%

11j, X = 0, 79%

C Multi-domino reactions

SiiPry
S
OO0~ U
S
iPr3Si
11m, 56%!°] 11p, 18%L]

With  a series of 3-alkynyfa
benzothiophenes in hand, we then perfo
sequence of transformations ingolving desilylatio
TBAF followed by PtCl, cat cyclization to
desired heterotetraceneg 12 (

were smoothly accessed with diverse and unprecedented
morphologies. Heteroacenes 12e and 12f containing S,S and
S,0 heteroatoms ortho to each other and 12g and 12h
containing S,S and S,0 heteroatoms meta to each other were
obtained in 59-83% yield.

tep still occurred but with a
decrease in yie. d 12d). Heteroacene 12c can
be further fun ventional cross coupling
methods. naphtho[1,2-
b]benzothiophenes as 12c are highly challenging to
fts halogenation, as it usually takes
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ing conventional approaches,?”

could not be yet synthesiz
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CO T thw

12a, 96% 12b, R = H, 85% 12e, X =S, 64%
12¢, R = Br, 73% 12f, X = 0, 59%
12d, R =F, 50%

129, X =S, 79% 12i, 54% 12j, 60%
12h, X = 0O, 83%

Heterotetracenes

Scheme 4. Synthesis of heterotetracenes; The yields of the PtCl,-catalysed
cyclization are given.

The structure of 12h was further confirmed by X-ray analysis.ml Figure 2. Tetracenes selected for in silico pre-screening.
Heteroacene 12i with an ortho O,S substitution was formed in
54% yield. Finally, the synthesis of naphtho[2,1-
b]thienothiophene 12j was also possible.?*!

stimateﬁhole transport rates we utilise the Marcus-Hush
for the hopping charge mechanism,”® which affords an
nt agreement with the experimental results for various

Assessment of the hole mobility properties
d thiophene-based systems.?" It relies upon two main

In order to assess the potential of the novel heterotetracen e
molecular electronics applications, we have estimated thei reorganization energy A. of the monomer and

transport properties. Details of the computations®® can be found coupling t. (hole transfer integral) in the dimer. Our
in the Supporting Information. The following substra results indicate the dependence of the reorganization energies
investigated: 12a, 12b, 12e and 12f (a CeHis p was A+ (evaluated as the energy difference between the charged and
replaced with a hydrogen atom in the calculations to they neutral counterparts) on the type, number and mutual
computational effort), 12g, 12h, 12i and 12j (Figu ) ment of the heteroatoms. Substitution of sulfur with

to have a more complete analysis of the influen : . in either the central or terminal ring (compare

thiophene rings in the tetracene, we also examff pounds 12a with 12b, 12f with 12e, 12h with 12g and 12i
13a and 13b (3 S atoms), as well as tetrabenzene ith 12e) generally impedes the ionization and thus leads to
tetrathiophene (TT) (0 and 4 S atoms respectively). As a fu igher 2. _ since smaller, less polgrizaple ar'1.d' more
reference point we have chosen a Tr-conjugated heteroaromatic electronegative O atoms are less effective in stabilizing the
core, namely the [1]benzothieno[3,2-b][1]benzothiophene ( positive charge (Figure 3, A). Adding more sulfur atoms tends to

3, also computed without substituent) ; increase the reorganization energy. A clear correlation is also

observed between A. and the structural pattern of the

the heterocycles (Figure 3, B): species with the benzothiophene
motif have the lowest reorganization energies, while molecules,
which also comprise the thienothiophene moiety, have higher A..
Compounds with lower reorganization energies are expected to
afford better charge transport properties. In this case, simple
tetrabenzene (TB) should have a significant charge transfer rate.
However, reorganization energies alone are insufficient to
predict material properties — charge transport rates depend
greatly on the crystallinity of the material, the extent of structural
and energetic disorder, the type of crystal packing, etc.**?%
Reliable computational prediction of the charge transport
properties is challenging® and necessitates (i) more
sophisticated computational techniques, e.g. involving molecular
dynamics and kinetic Monte-Carlo simulations,*® and (i) the pre-
existing knowledge of the crystal structure. Since the
determination of the crystal structure for each compound studied

shown to yield superior organic fi
characteristics, with experimentally mea
range of 1.0-3.0 cm?v~'s™".["
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here is experimentally challenging and very time-consuming, we
retreat to simplistic models based on m-stacked dimers. Such
approach admittedly ignores the disorder and packing effects
and the influence of substituents,®"! however it provides an
insight into the range of transfer integrals that can potentially be
expected in the materials comprising the investigated
heterotetracene cores. Furthermore, while in general the latter
tend to favour the herringbone crystal packing,®® m-stacking can
be enforced via side-chain modification.**!

Initially, we consider coplanar cofacial dimers in what we call a
‘frozen’ geometry, i.e. the geometry with fixed zero longitudinal
and transversal shifts (as well as any rotations) and energetically
optimal interplanar separation (at SAPTO/jun-cc-pVDZ level of
theory)®. Their computed transfer integrals (red line in Figure 4)
are fairly similar, in the range of 0.22-0.30 eV. However, once
allowed to fully relax, such dimers tend to contract (interplanar
distance decreasing from 3.7-3.8A to ~3.3A) and undergo lateral
and/or transversal shifting and even minor rotations disturbing

A
-4

050 T
Q%

0.15 Q@W

@ oxygen-containing
(O sulfur-containing

0.10
motif

Figure 3. Reorganization energies depending of the type (A), nu
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the cores’ coplanarity (See Table S2
Information), leading to a much b
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mutual orientation
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| |
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o

transfer integrals for the model ‘frozen’ and optimized dimers (‘average’
corresponds to the average value for the optimized disordermers).

The resulting hole mobilitites, computed for the studied dimers,
are shown in Figure 5. Generally, higher mobilities are expected
for systems with lower monomer reorganization energies and
higher transfer integrals. Since the t. values in the ‘frozen’” model
dimers are fairly similar, their mobilities are largely defined by
their A.. Regarding the optimized dimers, the two “extreme”
(from the reorganization energy perspective) compounds TB
and TT give moderate mobilities: TB because of its average
transfer integral, and TT because of its high A.. The chosen
reference core, BTBT 3, with its average t. and A. displays a
moderate computed mobility of 3.3 cm?V s Several
heterotetracenes bearing 1-3 sulfur atoms — 12b, 12e, 129, 12j
and 13b — display comparable (uw. > 3.0 cm?V''s™) hole
transport characteristics. Considering various disordermers, the
antifacial dimers afford the highest mobilities (See Table S3 in
the Supporting Information), consistent with experimental
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observations.®®*? Our results, based on a crude dimer model,
illustrate the potential of the new heterotetracenes to achieve
mobilities, comparable to or better than those already reported,
and reveal that these properties depend on the type and
arrangement of the heteroatoms within the monomer frame. As
noted above, more sophisticated modelling based on the
experimental crystal structures and, ultimately, experimental
testing of these compounds in real life devices is necessary to
exhaustively evaluate their performance in the molecular
electronics applications.
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Figure 5. Computed hole mobilities (bubble sizes) for ‘froz
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Conclusions

In conclusion, we have developed effigient gold- and plati
catalyzed domino reactions to
benzofurans and benzothiophenes

suggest
ompounds and other
hole mobilities,
e-art organic
by the crystal

that some of the
heterotetracenes ca
comparable or sup

identity and position of the het
strongly affect t il
synthetic method
structure leads to

study combining improved
analysis of the electronic
ing of the relationships
d charge transport properties of the
rt can now be focused on other
niques, substitution patterns) that

WILEY-VCH

influence both the solid-state structure and the material
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