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Introduction

1.1 ABBREVIATIONS

Bulk Heterojunction

2,1,3-Benzothiadiazole
dithieno[3,2-c:2',3'-e]azepine-4,6-dione
4H-cyclopenta[1,2-b:5,4-5 "]dithiophene

Carbazole

Donor-Acceptor

4,7-dibromo-2,1.3-benzothiadiazole
4,7-bis(3,4-ethylenedioxythiophene-2-yl)-2,1,3-benzothiadiazole
4,7-bis(4-hexylthiophen-2-yl)-2,1,3-benzothiadiazole
N,N-dimethylacetamide

N,N-dimethylformamide

Dithienobenzodithiophene
4,7-di(thiophen-2-yl)-2,1,3-benzothiadiazole
3,4-ethylenedioxythiophene

Fluorene

Highest occupied molecular orbital

3-hexylthiophene

Indenyl-[Cgo]-bisadduct

Tin-doped indium oxide
(2-Biphenyl)di-tert-butylphosphine

Lowest unoccupied molecular orbital
Poly[2-metoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylene-vinylene]
Naphto[2,1-b:3,4-b "]dithiophene

N-methyl-2-pyrrolidone

o-dimethylbenzene

Organic Photovoltaics

Poly(3-hexylthiophene)

[6,6]-phenyl-C61-butyric acid methyl esther
phenyl-[C71]-butyric acid methyl esther

Power conversion efficiency

2-pyridone dithiophene
Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
2,2-dimethylpropionic acid (Pivalic acid)
Poly(1,4-phenylene-vinylene)

Polymer Solar Cell

Thiophene
Thieno[2’,3”,:5,6]pyrido[3,4-g]thieno[2,2-c]isoquinoline-5,11-dione
Trifluoroacetic acid
Thiophene-phenylene-thiophene fused bilactam
Thieno[3,4-b]thiophene

Thiazole



1.2 INTRODUCTION TO ORGANIC PHOTOVOLTAICS

Since the beginning of history, the human energy demand has been constantly increasing,
together with the growth of living standards. From the birth of industrialization, fossil fuels
(coal, oil and natural gas) have been the most used sources to meet this need. With a world
population of about 7.4 billion of people in 2016 and a prediction of increment to 8-11 billion
by the middle of this century,” it is clear that the global energy policies must aim towards a
gradual increase in energy consumption from alternative sources respect to fossil fuels (nucle-
ar, hydroelectric and renewable energy), that in addition to being limited, produce large

amounts of carbon dioxide known to be damaging to the planetary ecosystem.

World Consumption

World Consumption
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Figure 1. Left: global trend of energy consumption from 2005 to 2015. In 2015 an
increase of world energy consumption by 0.1% has been recorded compared to
2014. Right: 2015 world primary energy consumption. In 2015, fossil fuels holds
85.9% of global demand. Of alternative energy sources, only renewable shows an
important growth trend compared to nuclear and hydroelectric which remain al-

most unchanged in the years.

The World Energy Agency data, over the past years, confirm a trend towards renewable
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energies (Figure 1).2

Fossil fuels have the largest percentage of energy consumption, but from 2005 to 2015,
the global consumption of energy from alternative sources is constantly growing. Unlike of
the nuclear and hydroelectric energies, for which consumption is virtually unchanged during
the years, an increase of annual consumption from the other renewable energy sources is ob-
served. Solar energy holds the strongest growth rate in last 5 years (Figure 2) compared to
other renewable sources (in 2015 was reported a growing consumption vs 2014 of +32.2% for

solar, +17.4% for wind and +5.3% for geothermal & other).

World Consumption of Alternative Energy

World Renewables
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Wind
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m Hydroelectric

Nuclear
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Figure 2. Left: global trend of alternative energy consumption from 2005 to 2015.
In 2015 has been recorded an increase of world energy consumption from alterna-
tive energies by +0.1% compared to 2014. Right: world renewables energy con-
sumption 2015. In 2015, solar holds 15.7% of global demand while wind and geo-

thermal holds respectively 52.2% and 32.1%.

Favorable world politics and a not optimal level of technology are some of the reasons
that make the photovoltaic business very active both in selling massive technology and in in-

vestment for the development of innovative technologies in terms of PCE and costs. The de-
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velopment of a new technology which could reach efficiencies of 20% with low production
and disposal costs, two of the key limiting factors in current silicon-based technologies, will
be probably the final push towards a widely spread use of solar energy as the alternative en-

ergy of choice.

trasparent electrode
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Figure 3. Scheme of a typical silicon-based solar cell and fundamental mecha-

nism of light-harvesting.

Commercially-available solar cells are devices constituted by light absorbing inorganic
materials (crystalline or amorphous silicon doped so to generate a p—n junction) interposed
between two electrodes, one of which is transparent to radiation in the visible region (Figure
3a). The physical principle behind light-harvesting is the photoelectric effect, the current gen-
eration when a metal is irradiated by light.* When an electromagnetic radiation hits the sili-
con-based light absorptive material with a hv energy, to promote an electronic transition from
the valence band to the conduction band (Figure 3b), the excited electrons acquire mobility
and become negative charge carriers. At the same time the electron leaves a "hole" in the
starting level. The electron mobility is responsible for the conduction of current between the
two electrodes (Figure 3c). The silicon is then doped to produce a downward (p-doped) or
upward (n-doped) shift of the valence and conduction bands of the semiconductor.’

The best PCE performances achieved for this technology on a commercial scale are up to
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21%. The disadvantages of this technology are the high costs of production and disposal of
the photovoltaic modules. The production cost of the single cell was calculated to be the 33%
of the total price, to which the subsequent costs of production of the modules, inverters, de-
sign, employers, maintenance, and not least the disposal at end of life (around 20 years) need
to be added.®

It is possible to build solar cells using different materials and architectures from the sili-
con-based solar cells. The fundamental constituent elements in a solar cell are represented by
a light absorptive material which creates charge carriers, and by a pair of electrodes, one of
which is transparent, to which the charge carriers need to be channeled.

There is currently great activity in order to be able to manufacture scalable organic pho-
tovoltaic devices. Because silicon doesn’t absorb sunlight strongly, silicon cells contain a
relatively thick layer of silicon, which must be supported on a rigid glass. In contrast, emerg-
ing photovoltaic cells are made from inexpensive materials, including organic polymers, small
molecules, and various types of inorganic compounds. And unlike silicon cells, the emerging
ones can be fabricated on flexible supports via inexpensive solution-phase techniques com-
mon in plastics manufacturing, such as high-speed roll-to-roll printing. Despite the considera-
ble progress achieved compared to the first OPVs cells produced from Tang et al.”, however,
none of these emerging technologies has made its full trajectory to the market.®

It is well known that organic molecules that contain extended n-conjugated systems (typ-
ically materials composed of condensed aromatic polycyclic hydrocarbons, such as penta-
cenes, organic dyes such as phthalocyanines or conjugated polymers such as polyacetylenes,
polyphenylenevinylenes or polythiophenes) are capable of absorbing photons in the visible
region. Differently from inorganic semiconductor materials, in the organic active layer the
photoabsorption generates excited states (excitons) through the electrons transfer from HO-
MO to LUMO levels.® However, this excited state does not necessarily lead to the formation

of charge carriers (electrons and holes). In order for an exciton to dissociate, it must reach the
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interface with another material with different electronic affinity, able to extract the electron
from the excited molecule and thus creating the hole-electron pair. An OPV device is based
on the combined use of an electron acceptor compound and an electron donor compound. The
fundamental mechanism of operation by which light energy is converted into electrical energy

in these devices occur in 4 elementary steps illustrated in Figure 4.
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Figure 4. Elementary process occurring in OPV devices. (1) Photoabsorption with
formation of excitons; (2) diffusion of excitons toward the interface with fuller-
ene; (3) dissociation with hole/electron pair formation; (4) migration toward elec-

trodes.

Photoabsorption of the donor material promote the formation of an exciton. Exciton dif-
fusion from the donor polymer to the interface with the fullerene acceptor compound follows,
and by exciton dissociation electron charge carriers (-) in the acceptor material and hole (+)
in the donor material are formed, which migrate to the electrodes with electricity generation in
the external circuit.

Among all types of emerging OPV devices, polymer solar cells with BHJ architecture
probably offer the best growth prospects due to the potential advantages including low cost,

low toxicity, light weight and fast/cheap manufacturing.'®*® The success of these devices has



been emphasized by the rapid increase of the PCE from below 1% to over 10% in the past of
20 years.

In a complete BHJ solar cell, the active layer is sandwiched between a transparent anode
(typically ITO) and a metal cathode (Figure 5). Additionally, a thin layer of PEDOT:PSS is
generally applied between the ITO and the active layer to improve the electrical contacts.™
For commercial applications the encapsulation of cells is required to increase its stability and
lifetime and protecting itself against oxygen and moisture that are considered the main cause
of degradation.”™" In these devices the photoactive material is composed from an organic 7-
conjugated polymer (polymer donor) blended with a fullerenes derivative as the acceptor
compound.®® The interpenetrated network of the BHJ architecture offers several advantages:
(1) it minimizes the diffusion distance of excitons migrating to the donor polymer/fullerene
interface; (2) it maximizes the donor polymer/fullerene interfacial area; (3) it offers charge

transport pathways to facilitate the charge collection at the electrodes.

Figure 5. Architecture of Bulk Heterojunction solar cell.

Fullerenes are currently considered ideal acceptor compounds for several reasons. First,
they have an energetically deep-lying LUMO,* which endows the molecule with a very high
electron affinity relative to the numerous potential organic donors. Second, the triply degener-
ate LUMO of Cg allows to the molecule to be reversibly reduced with up to six electrons,
thus illustrating its ability to stabilize negative charge. Third , a number of conjugated poly-
mer—fullerene blends are known to exhibit ultrafast photoinduced charge transfer (ca. 45 fs),

with a back transfer that is orders of magnitude slower.?’ Last, Cgo has been shown to have a
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very high electron mobility of up to 1 cm? V™ s7 in field-effect transistors (FETs).?* These
fundamental properties, coupled with the ability of soluble fullerene derivatives to pack ef-
fectively in crystalline structures conductive to charge transport,? have made fullerenes the
most important acceptor materials for BHJ solar cells.

The poor solubility of buckminsterfullerene (Cgo) in common organic solvents limited its
direct use, so that soluble fullerene derivatives PCgBM and PC7:BM have been used as a

standard acceptor compounds in PCS-BHJ (figure 6).

Figure 6. PC61BM and PC71BM compounds used as acceptor compound in

OPV-BHJ devices.

Because the acceptor compound is a constant in the BHJ cells, increasing efficiency is re-
lated to the properties of donor polymers. Starting from early work on organic conducting
polymers conducted by McDiarmid, Heeger and Shirakawa, who received the 2000 Nobel
Prize in Chemistry for this discovery,?® many scientists have investigated stable aromatic con-

jugated polymers and a large amount of literature is available.?*

1.3 CONJUGATED ORGANIC DONOR POLYMERS: DESIGN AND

SYNTHESIS

From an industrial point of view, PCS with BHJ architecture should exhibit power con-
version energy of around 10% on large modules using affordable components. This value of
PCE is the fundamental goal for the ultimate legitimation and large scale commercialization
of this technology. As previously mentioned, an increasing efficiency is predominantly related
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to the properties of donor polymers.

|25-27 |28

Over the years a number of theoretica and semi-empirical® models have been formu-

lated to predict the properties of conjugated polymers. The electronic and structural prop-

erties that an ideal donor polymer must satisfy are:

1.  abroad absorption spectrum and a red-shifted absorption maximum, meaning a relative-
ly low energy gap (Eg). A Amax 0f 800 nm, corresponding to an energy gap of around 1.5

eV, is considered optimal (Figure 7);

LUMO

-3.9eV

P3HT
IDEAL

DONOR
POLYMER

PCBM

HOMO
—52¢eV

-5.4¢eV

—6.0 eV

Figure 7. Optimal Eg4 calculated for ideal donor polymer using fullerene as accep-

tor compared with the “workhorse” of BHJ donor polymers, P3HT.

2.  suitable energy level offsets to the acceptor (about 0.3 eV) to provide the driving force
for an efficient exciton dissociation into charge-separated pairs at the donor/acceptor in-
terface;

3. HOMO energy level lower than —5.3 eV (with conventional fullerene acceptors) to in-
crease the open circuit voltage (Vo) and to get a good stability toward oxidation;

4.  an extended m-electrons delocalization to favor charge carrier separation and transport.
The hole mobility should be in the range 10 to 10 cm?-V*.s™, balanced with the elec-
tron mobility in the fullerene acceptor;

5. good mixing properties with the acceptor to form a suited phase segregated bicontinu-



ous nanomorphology. In particular, the morphology is determined by several factors
like: (a) film processing conditions, (b) molar ratio of the polymer and the fullerene, (c)
the nature of the solvent, (d) the thermal post-deposition treatments, (e) adequate ink
viscosity required for roll-to-roll printing techniques.

In summary, only those conjugated polymers that are able to combine good transport, op-
tical and mechanical properties together with processability and environmental stability have
chances to be utilized toward the large scale production of photovoltaic devices.

A large number of conjugated polymers have been proposed in the literature. There are
relatively few synthetic methods allowing an efficient preparation of such alternating copoly-
mers; most of these polymers are obtained via the well-known Suzuki, Stille and DHA cross-

coupling polymerization reactions.

Suzuki Polycondensation

Pd,(dba);
"~ P(o-tolyl)s
H4,C *OH"
C\) 17 8>/CSH17 . NEt,"OH
B 2 Br ——
lo)g N Tol/H,0
O Je 100°C
B
\oi
1
Stille Polycondensation
H47Csg H17Cs__CgH47
y—Cethz e Pd(PPh),
/ N . (@] N (o] —_ >
Me3Sn | P Tol/DMF
S | / \ reflux
57 NsnMe;, Br— g~ Br
H
3 4 pcppTTPD 1708 Caftir

Figure 8. Selected example of Suzuki and Stille polycondensation protocol.

Suzuki polycondensation was first used by Schliter et al.?®

to prepare poly(p-
phenylene)s. A typically Suzuki polycondensation are performed using organoboron reagent
in presence of arylic coreagent having bromides, iodides or triflates as leaving groups and

Pd(0) as catalyst, generally Pd[P(p-tolyl)s]4 or Pd(PPh3)4, in alkaline conditions (figure 8).
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The boron-containing byproducts can be separated from the reaction mixture, a much needed
feature especially in large-scale production. Additionally, several boronic acids are commer-
cially available and environmentally friendly. The Suzuki—Miyaura reaction suffers from a
few key drawbacks, the first of which is the requirement for basic conditions. A number of
monomers may be unstable in basic conditions, thus rendering this methodology impractical
for these applications, or requiring more complex protection—deprotection strategies. Also, the
Suzuki—Miyaura reaction requires a two-phase system; thus, polymers that rapidly decrease in
solubility as molecular weight increases may form precipitates, resulting in very low molecu-
lar weights or very high polydispersities.

On the other end, following the pioneering work of Yu et al.*°, Stille polycondensations
are widely applied to the synthesis of a wide variety of conjugated polymers for OPVs with
high molecular weights. A typically Stille polycondensation protocol use organotin reagent
and aryl halides or pseudohalides (example triflates) in presence of Pd(0) catalyst, generally
Pd(PPh3), or more air-stable Pd,(dba)s, and ligands such as tri(o-metoxyphenyl)phosphine,
PPh;z and tri(2-furyl)phosphine (figure 8). The major advantages of Stille polycondensation
are the tolerance of many functional groups and the mild reaction conditions. The organotin
monomers can be conveniently prepared, and they are far less sensitive to oxygen and mois-
ture than many other organometallic compounds. However, purification of many tin com-
pounds is difficult because of their instability under silica gel column chromatography.

The preparation of organotin or organoboron monomers used for Stille or Suzuki cou-
pling require multistep reactions and tedious purifications. Additionally, Stille coupling re-
quires the use of very toxic reagents as well as generating toxic byproducts. In fact, some im-
portant classes of heteroaryl organotin or organoboron reagents are not readily accessible and
may even be too unstable to undergo the coupling processes.

In recent years, direct arylation of non-preactivated arenes with aryl halides or pseudohal-

ides has attracted much attention and worldwide interest.>! DHA reactions would be one of

11—



the most ideal routes toward n-conjugated polymers due to their indisputable advantages of
synthetic simplicity and atom economy, avoiding troublesome and toxic (hetero)aryl organo-

metallic intermediates (figure 9).

Stille and Suzuki reactions
Ar-X

=" @[M]—’ D\Ar

S
Ar-X [

Direct Arylation

H E F PdHerrmann-Beller H47Cg CgH47
17C8 CgHyy P(0-OMePh); i
) o+ O
" bmac O
100°C
PFTFB

Figure 9. General scheme of Direct arylation reactions with selected example of

DHAP.

In most polymerization examples, Pd(OAC); is used as the palladium source, but the sta-
ble Herrmann—Beller catalyst is also widely used. Catalytic addition of pivalic acid can aid the
C—H activation. Phosphine ligands are not essential to achieve high molecular weight materi-
als. Several electron-rich monomers and electron-deficient monomers have been used for
DHA polymerization, however the poor selectivity of the C—H bond in direct arylation could
be a serious limitation, resulting in the formation of branched and/or cross-linked polymer
structures that affect solubility and optoelectronic properties of polymers.

A typical conjugated donor polymer used in PSC is illustrated in Figure 10.3 Generally, a
conjugated polymer can be divided into 3 constituting components: the conjugated backbone,
the side chains and the substituents.

Side chains play a crucial role in improving the molecular weight, solubility, processabil-
ity of conjugated polymers over to adjust intermolecular interactions to form the desired mor-
phology. However, they can also hinder n-n stacking between chains, which could interfere
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with the light absorption and charge transport. On the other hand, substituents (such as F and

CN) are generally used in order to tweak the physical properties of conjugated polymers.

Side chains
/ Backbone

i o / repeating unit
= UL
o ] / Substituent

Figure 10. lllustration of a typical conjugated polymer for PSC.

The conjugated backbone is the most important component because most of the PSC-
related physical properties of the conjugated polymer depend from it. Hundreds of different
backbones have been reported so far; however, the design of polymer backbones has been
quite empirical. Therefore, the rational design of repeating units into conjugated backbone is
of utmost importance in the further development of polymer solar cells. All reported conju-
gated backbones for PSC can be classified in base on the constitution of the repeating unit in
homopolymers and D—A polymers.

Homopolymers were the first class of processable polymers developed for OPVs, consist-
ing in repeating units of a single aromatic ring or fused aromatics.>® The electronic and optical
properties of these polymers are determined by the electronic properties of the single repeti-
tive unit as well as from degree of polymerization and from the interference of steric hin-
drance between these repeating units. The degree of polymerization and then the length of
polymeric backbones have important impact on the band gap of polymers and their planarity,
with negative influences on absorption of the light and the morphology of active layer. On
the other end, the steric hindrance can cause the loss of the desired coplanarity, impacting

negatively on light absorption, band gap, and on the morphology of active layer, decreasing
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the crystallinity of the polymer.
The most studied homopolymers are regioregular P3HT and PPV derivatives, especially
MDMO-PPV (shown in Figure 11). PCEs of around 5-6% for rrP3HT and around 2-3% for

PPVs have been reported, after thorough optimization.

B 1'@_\\_}
sﬂ (\ n

P3HT MDMO-PPV
3.2eV 3.2eV
LUMO
3.9eV 396V
4.2 eV
P3HT MDMQ-PPV Ideal
Donor
Polymer
PCBM
HOMO 52 eV
54eV 54 eV
6.0eV

Figure 11. Band gap of P3HT and MDMO-PPV polymers compared to ideal do-

nor polymer.

The need to obtain highly conducting polymers with tunable electronic and optical prop-
erties (HOMO/LUMO levels and Eg), not achievable with homopolymers, pushed towards the
use of push-pull architectures, proposed theoretically for the first time in 1993 by Wynberg et
al.* and well demonstrated by Tour et al.*® through the synthesis of a copolymer between
3,4-aminothiophene and 3,4-nitrothiophene with a band gap of 1.0 eV.

A typical D—A polymeric frameworks, in which an electron-rich units are followed by
electron-poor units, offers tremendous advantages respect to strategy that make use of homo-
polymeric frameworks. First, the internal charge transfer (ICT) intrinsic with the D—A frame-
works leads to a more pronounced double bond character between repeating units (figure
12a). Therefore, the conjugated backbone adopts a more planar configuration to facilitate the
n-electrons delocalization along the conjugated backbone, leading to a polymers with smaller
band gap. Second, the possibility of tuning of HOMO/LUMO levels and band gap of the pol-
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ymers simply combining different donor and acceptor components into the monomeric unit

(figure 12b).
(a)
O,N NO, O,N NO,
s \ s |
\ /) $" /n _ S /n
HaN NH, HoN NH,
ICT promoting an increase of planarity
(b)
.
S
Ar = “Ii: N B! ;
H17CB)\C8H17 H17CS>\CBH17
Band Gap (eV) 1.88 1.74 1.46
HOMO level (eV) -5.50 -5.30 -5.00
LUMO level (eV) -3.60 -3.56 -3.43

Figure 12. D-A concept for tuning of polymeric frameworks with D—A architec-

ture.

This feature offers a tremendous advantage because is possible modify independently the
HOMO level, the LUMO level and the band gap of the polymers modifying independently the
HOMO-LUMO levels of donor components keeping constant the acceptor component or vice
versa. In addition, the charge mobility, molecular interaction, and stability of a conjugated
polymer can be optimized by appropriate backbone design.

The application of this strategy has allowed a significant improvement of the efficiencies
compared to the efficiency of P3HT-based solar cell, up to overcoming the critical threshold
of commercialization (around 10%), currently certified to 11.5%.>" (see Table 1). The use this
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concept evidences once more the fundamental roles of the rational design of cheap and scala-
ble donor and acceptor units constituting monomeric frameworks for the achieving of best

performance of cell.

Table 1. Polymers used in top performance solar cells

Method of Ease of

0]
Polymers Polymerization Synthesis PCE (%)
HirCe C1oH21
Stille Low 115
Stille Low 9.4
Stille Low 8.5
Stille Medium 7.8

1.4 SYNTHESIS OF SCALABLE MONOMERS BY DIRECT ARYLA-

TION FOR PHOTOVOLTAIC APPLICATIONS

This paragraph is partially based on the following publication:

Andrea Nitti, Riccardo Po, Gabriele Bianchi and Dario Pasini, Molecules 2017, 22, 21-36.
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The synthetic accessibility of the monomers is a key element for the scalability of the re-
sultant donor polymer because a significant percentage of the final cost of the devices is due
to the cost of monomers.* During the last couple of years several high-efficiency polymers
have been made commercially available but only on the 0,1-1 g scale.

Table 2. Number of synthetic steps for the preparations of selected monomers

Number of

i 0,
Monomer Type of monomers synthetic step Yield [%0]
ACCEPTOR 3 48
ACCEPTOR 3 36
ACCEPTOR 4 55
DONOR 3 75
. DONOR 7 20
7\
Br s Br
R
S/
cisn( L), DONOR 7 9
7S

According to a recent analysis,®” based on published laboratory—scale synthetic proce-
dures, the cost per gram of the polymers increases linearly with the number of synthetic steps
required for the preparation of the monomers. Only simple synthetic sequences, requiring less
than six steps, do not affect significantly the final cost of a device. Considering a linear syn-
thetic route for the monomers, the total amount of synthetic steps required to obtain D—A pol-

ymers is equal to sum of synthetic steps required by donor and acceptor monomers, plus one.
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Table 2 summarizes the minimum number of steps required for the preparation of most popu-
lar monomers for highly-efficient monomers. The threshold of the “six steps” is never ful-
filled for those combinations.

Scheme 1. Typically crucial step in the synthesis of monomers

a
(a) R
SN
o) o /I :
OH N\/ nBuLi s s
R — l 1
\ T THF dry (L) == resn | J SR
| | 78°C S S
S S
7S
8 9 _
10 R
(b)
N-S PdCI,(PPhs)
\, R3Sn 2 32
Br ! N S, ———
+ | / DMF dry
Br 150°C
11 12
S\
N \E)—(j Pd(PPh3),4
H,O:DMF
85°C
(©)
R-NH, S RO
| | sz(dba)3 | S
7\ 'BuONa 2 | p:
_—
Br Br Tol /N
100°C R
17 18
Buchwald-Hartwig coupling for the Oxydative cyclization Fe-catalyzed for
synthesis of Dithienopyrrole the synthesis of NDT

The number of synthetic steps is not the only requirement in order to obtain scalable
monomers and polymers. The minimization of work-up procedures (ruling out the need for
flash chromatography purifications), and of solvents and reagents consumption are essential
to achieve low cost materials. No exotic reactions, making use of expensive reagents and giv-
ing low yields, must be used in the synthetic route.

The crucial step in the synthesis of the monomers is the formation of the carbon frame-
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work, generally utilizing reactions between an intermediate organometallic species and its
electrophilic partner. The synthesis of these organometallic species generally leads to an in-
crement of the number of steps. A typically example of this strategy is the a-lithiation of N,N-
diethyl-3-carboxythiophene for the reaction with itself to give DTBDT framework® (Scheme
1a) or lithium-halogen exchange for the synthesis of silafluorene.*

Cross-coupling methodologies, as Stille and Suzuki protocols, may use commercial
available organotin and organoboron species for the achievement of target molecules (Scheme
1b).*°* However, the formation of inorganic or organometallic byproducts with intrinsic tox-
icity, especially for the trialkyltin derivatives used in the Stille protocols, require the use of
flash-chromatography as the purification method. Furthermore, similarly to Grignard or or-
ganolithium compounds, when Stille and Suzuki reactions require pre-activation of the halide-
intermediate and organotin or organoboron species are not commercially available, the syn-
thetic advantage is lost.

Transition-metal-catalyzed methodologies that do not make use of organometallic rea-
gents such as Buchwald-Hartwig cross coupling* or Cu-*® and Fe-catalyzed** oxidative cou-
plings have shown great potential in the construction of the carbon frameworks of high-
efficiency monomers (scheme 1c).

DHA reactions are attracting increasing attention as a Pd-catalyzed cross-coupling meth-
odology, since no pre-activation of the starting monomers with organometallic reagents is re-
quired; they are regioselective, efficient and flash-chromatography purifications can be avoid-
ed. Direct arylation has been efficiently applied to the coupling of a number of different arene
and heteroarene systems.* In particular thiophene-based compounds with electron-rich and
electron-deficient substituents have shown high reactivity due to the small activation energy
in the “concerted metalation-deprotonation”, the fundamental step of the catalytic cycle.31
These aspects make the DHA reaction an important tool for the construction of new and effi-

cient n-conjugated thiophene-based compounds.
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In this section, we will highlight recent examples of use of DHA reactions for the con-
struction of n-extended monomers, in order to establish a link between the current use of this
relatively recent synthetic protocol, and the development of novel scalable monomers for

OPV-BHJ low-cost polymers. We will divide literature approaches into two categories: (1)

intermolecular DHA and (2) intramolecular DHA.

Scheme 2. DHA reaction between CPDT and BT compounds and their select-

ed polymers
Pd(OAc),
cho?,Y PivOH
DMF
R R
4
S |
S
21 Pd(OAc),
K,CO,
DMAc:xylene
N-S
1 Br
+
R R
0N
S S SnMe3

25
obtained in two step

R R

PCPDTBT PBDTCPDTBT
2,1,3-Benzothiadiazole and its derivatives are an important class of high-performance
dyes that in recent years have been widely explored for optoelectronic applications because of

their unique electrical and optical properties as well as their exceptional stability. BT deriva-
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tives are generally synthesized through Stille or Suzuki coupling reactions using different or-
ganometallic reagent and DBrBT. It is not thus surprising that much of the literature on DHA
reactions is focused on the synthesis of BT derivatives.

M. Horie et al.* reported an interesting DHA reaction between DBrBT 11 (scheme 2)
and alkylated CPDT 21 for the construction of a monomeric unit to incorporate in several
polymers with high hole mobility and PCE around 5-6% such as PCPDTBT or
PBDTCPDTBT.**

The synthesis of oligomeric monomer 22, shown in scheme 2, was achieved with a 40%
yield using Pd(OACc); as catalyst in presence of K,COj3 as base, PivOH as additive and DMF.
The same author reported the synthesis of 22 via Suzuki coupling (60% yield) using commer-
cial 2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinacol ester) 14 and mono-brominated
CPDT 24, this last compound obtained after bromination reaction with NBS. The synthesis of

22 could be achieved with Stille protocol*®

but, in analogy with the Suzuki protocol, the syn-
thesis of starting material 25 was needed. The procedure highlights a greater synthetic sus-
tainability of DHA compared to Suzuki and Stille reaction in terms of reduction of synthetic
steps, reaction time and cost of reaction in spite of a yield decrease.

M. Wang et al.*® reported the synthesis of a series DTBT monomers 13 (DTBT), 29
(DHTBT) and 30 (DEDOTBT) with a Pd,(dba)s-catalyzed DHA protocol using commercial
11, 26, 27 and 28 (Scheme 3). DTBTs are one of the most important building blocks in conju-
gated polymers for high-performance optoelectronic devices, the current record of PCE
achieved to date (11,5% with PBTff4T-20D) was obtained from a polymer having as a accep-
tor DTBT unit.”*

The reaction shows modest efficiencies (compounds 13, 29 and 30 was obtained respec-
tively with yields of 67%, 76% and 43%.) when compared with the efficiencies obtained with

Stille and Suzuki protocols (yield >90%),%% due to the inevitable formation of byproducts.

The authors reported, even in optimized conditions, the formation of insoluble and par-
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tially insoluble purple byproducts (oligomers and polymers) when 13 was reacted with 26 and
28.

Scheme 3. Synthesis of DTBTs and its high-efficiency polymers
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The formation of these higher molecular weight byproducts was explained with a greater
reaction rate of 13 and the TBrBT intermediate towards aryl bromide species (11 and TBrBT
intermediate) with respect to the reaction rate involving bare thiophene 26 (Figure 13a).

The increase in the Brgnsted acidity of the remaining ao-H on the thiophene ring of
TBrBT intermediate and 13 compared to bare thiophene 26 (figure 13a, red bonds) is likely
the cause of their greater reactivity of C5—H bond toward the intermolecular DHA reaction
(Figure 13a, blue bonds).

The reaction between 11 with symmetric 28 showed lower yields of 30 (43%) due to
formation of a high molecular weight byproducts in analogy to the precedent case, while the

reaction with asymmetric 27 showed good yields of 29 with a suppressed formation of by-
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products (figure 13b). The authors ascribe the improvement in the yield of 29 to the suppres-
sion of byproducts formation, due to the different reactivity of the 2- and 5-position C-H
bonds on 27. In fact C5—-H bond on 27 (Figure 11b, blue bond) is more reactive toward DHA
reactions than C2—H bond on 27 and C5-H bond on HTBrBT intermediate (Figure 13b, red

bonds).

N-S
N-S [
3 Br N
+ H S _— S R +
H —_—
Br 26 |/
/

11

TBrBT
(b)
i S
\S¥/
H3Ce
N-S H13Cs
/
N-S CgH13 Br N
Br [ N H
7 s
+ | \ H—— » \ / H—
Br H™ S
" 2 CeHi3
HTBrBT

Figure 13. Possible reaction pathways and side reactions. Blue C—H bonds are

more reactive in intermolecular DHA reaction than red C—H bonds.

These examples showed an important limitation to the use of intermolecular DHA proto-
cols when symmetric compounds (such as 21, 26 and 28) are used. In all cases in which pre-
cursors with a plane of symmetry are used (synthesis of 22, 13 and 30), both a-H position on
thiophene rings are equally reactive toward DHA reaction, and intermediates with a-H more

reactive than its precursor are formed with the consequent formation of oligomeric byproduct
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and reduction of the yield. In case in which precursor does not present a plane of symmetry
(synthesis of 29), when the a-H are unsymmetrically reactive towards the DHA reaction, an
intermediate with a-H less reactive than its precursor is formed with important benefit to the
yield of reaction. In general the intermolecular DHA reaction work well if the intermediate
species have a less reactive a-H than its precursor, otherwise the intermolecular DHA reac-
tion will show a decrement of yield due to the formation of a byproduct.

These considerations have further confirmation in the work of N. Leclerc et al.> on in-
termolecular DHA between 11 and commercial thiazole 31 to give monomers 32 and 33 re-
spectively with Tz unit linked with its C2 position and C5 position with high regioselectivity
(scheme 4a).

The thiazole unit has non-equivalent C2—H and C5—H positions that can be activated dif-
ferently toward DHA using different reaction conditions. This asymmetric reactivity of two
a-H position promote the formation of intermediate species 34, possessing an a-H less reac-
tive that Tz precursor toward DHA reaction conditions and avoiding the formation of byprod-
uct with high molecular weight. In this article the authors obtained highly regioselective C2-
C2 products 32 (32/33 ratio 99:1, 79% vyield) using an apolar solvent (toluene) and Pd-
Herrmann catalyst with smaller ligand tris(o-methoxyphenyl)phosphine, whereas the use a po-
lar solvent (DMACc) and Pd-Herrmann catalyst with bulkier ligand JHONPHQOS have led high-
ly regioselective C5-C5 products 33 (32/33 ratio 1:99, 75% yield). In both cases the authors
did not observe any polycondensation byproducts indicating good control over DHA reaction.
The author yet reported the synthesis of C2:C5 monomer 35 starting from isolated compound
34.

J. You et al.>* obtained monomer 37 (62% vyield) and 38 (77% vyield), which presented
electron-poor arene unit (BT unit and BTZ unit), using Pd(OH), as catalyst in DMAc, while
for monomer 39 (72% yield), which present electron-rich arene unit (F unit 5), was used

Pd(OPiv), as catalyst in DMF. With these monomers the authors reported their homopoly-
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mers obtained with DHAP methodologies.
Scheme 4. Synthesis of Tz-based monomers via DHA reaction
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In contrast to intermolecular DHA, the intramolecular DHA has been used for the con-
struction of novel monomer frameworks due to reliability and possibility of standardization of
the process. The protocols developed for these reactions are generally conducted without the
use of expensive phosphines and using Pd(OAc);, as the catalyst for its stable catalytic work-
ing conditions even without use of an inert atmosphere. The presence of the nucleophile and
electrophile moieties in the same molecule, placed at the right distance and with the right ori-
entation, is essential for an efficient DHA reaction but introduces the problem of the synthesis

of the precursor. For this reason, the synthesis results to be advantageous, only in cases in
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which the precursor is obtained with simple reactions and in a few steps. In next examples we
report the most important cases to use of intramolecular DHA for construction of novel mon-
omers selected from the recent literature.

K. Fagnou et al.®

reported an interesting carbazole synthesis using mild and scalable in-
tramolecular oxidative DHA reaction shown in scheme 5.

Scheme 5. Intramolecular DHA reaction for the synthesis of carbazole monomers

R
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41 42
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N-°
X AW
GO
\ /'n
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Carbazole monomers have received much interest in the optoelectronic field due to inter-
esting HOMO energy levels, very close to the ideal HOMO level. Carbazole scaffold 41 was
obtained with 95% yield and without formation of byproduct starting from diphenylamine 40
in presence of Pd(OAC), as catalyst, K,COj3 as base and PivOH as co-solvent to form 41 in air
(O, acts as oxidant reagent). In this case the synthetic route developed provides the use of
cheap precursor 40, scalable high-efficiency, mild reaction condition, and it avoids flash-
chromatography purification. The synthesis of carbazole-based polymerizable monomer 42 is
achieved after other 2 synthetic steps of bromination and N-alkylation.

Luping Yu et al.>® reported an interesting synthesis of PDT monomers using Pd(OAC).-
catalyzed intramolecular DHA reaction as crucial step of the synthesis (scheme 6a). The au-
thors achieved the PDT synthesis in 5 step via alkylation of Boc-protected 3-aminothiophene
43 (89% vyield) followed by deprotection of resulting alkylated amine 44 with TFA.

The deprotected amine 45 was directly reacted with thiophene 46 to afford precyclized inter-

mediate 47 in 58% vyield after 3 steps.
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Scheme 6. Synthesis of PDT and TPTI monomers
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This compound was finally cyclized through an intramolecular DHA to give the PDT
framework (compound 48) and then brominated, using NBS, to obtain monomer 49. The
same authors reported the synthesis of TPTI framework using analogue synthetic route to the
synthesis of PDT (scheme 6b).*’

In this case precyclized precursor 51 was obtained, with 52% yield after 3 steps, by acyla-
tion reaction between 45 and compound 50, while intramolecular DHA of compound 51 was
performed with Pd(PPhs), as catalyst, KOAc as base in DMAc under diluted condition (2
mM). Both intramolecular DHA reactions was achieved with good yield (90% for compound

48 and 87% for compound 51) working in diluted conditions and without the use of phos-
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phine. An easy and efficient synthesis of precyclized intermediate is fundamental to obtain
scalable monomers via DHA reactions. The synthetic design of monomers proposed by
Luping Yu take account of this aspect, in fact the synthesis of compounds 44 (81% vyield), 45,
47 (65% vyield) and 51 (58% yield) make use of simple, cheap, scalable reactions.

An easier synthetic design was proposed by T.-H. Kim et al.*®

in the synthetic route
shown in scheme 7 for the synthesis of novel classes of acceptor monomer TPTBL 58

Scheme 7. Synthesis of TPTBL monomer
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Starting from p-phenylenediamine 54 with 2-bromothiophene acid chloride 46 in NMP at
temperature of -5°C, bisamide 56 was obtained in 87% yield. The N-alkylation of bisamide 56
(70% vyield) in presence of NaH and alkyl iodide in DMF, followed by ring-closing
Pd(OAc),-catalyzed DHA reaction provide desired thiophene-phenylene-thiophene fused
bislactams TPTBL 57 in good yield (69%). Bromination reaction with Br; leads quantitatively
to the TPTBL-polymerizable monomer 58. The author incorporate intramolecular DHA reac-
tions in a synthetic rational design that makes use of cheap reagents, easy reactions achieved

in good or high yields, and minimal number of synthetic steps.
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Motivation Section

2.1 DONOR-ACCEPTOR CONJUGATED COPOLYMERS
INCORPORATING TETRAFLUORO-BENZENE AS THE =-

ELECTRON DEFICIENT UNIT

Conjugated polymers are used for a number of technological applications, and they are
currently developed as components in organic devices for photovoltaic (OPV) applications.™
As discussed in the introduction section (paragraph 1.2), the active layer of the most promis-
ing OPV devices with bulk-heterojunction architectures is composed of a conjugated polymer,
acting as the ”donor polymers”, in combination with an “acceptor materials, more frequently,
a fullerene derivative.

Two categories of conjugated homopolymers have been thoroughly studied in the very
early stage of OPV research as “donor polymers*: a) soluble, 2,5-dialkoxysubstituted
poly(phenylenevinylene)s (PPVs), and: b) poly-3-alkylthiophenes, which were for several
time the “workhorses” in photovoltaic applications.”® These conjugated homopolymers,
which show PCEs of 5-6% after thorough optimization for rrP3HT and 2-3% for PPVs, have
non optimal band gaps (>1.9 eV), solar light absorption and morphological properties.

The most important breakthrough in the field of polymer design for bulk heterojunction
cells has been the introduction of materials based on the donor-acceptor concept, affording
more finely tuned and efficient conjugated donor polymer.”® Low-band-gap polymers achiev-
able by alternating of different electron-rich moiety and an electron-deficient moiety lead to

important benefit in absorption efficiency, HOMO and LUMO energy levels require to
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achieve the ideal conditions, good mobility and morphological properties.

In the context of donor-acceptor conjugated polymers for bulk heterojunction applica-
tions, the introduction of fluorine atoms into the skeleton of conjugated polymers is increas-
ingly pursued. The resulting materials have increased thermal and oxidative stability com-
pared to their nonfluorinated counterparts, together with more optimal and decreased
bandgaps. In addition to effects on the electronic energy levels, fluorine susbstitution has an
influence on the morphology, promoting specific noncovalent interactions which can vyield
semicrystalline, more ordered materials, with important consequences related to their elec-
tronic performances.’**’

In this work, we investigate the synthesis and characterization the structures of the new
polymers shown in Figure 1, in which the 2,3,5,6-tetrafluorobenzene n-electron deficient unit
IS combined with two types of n-electron rich units. The polymeric structures are obtained
through different synthetic methodologies (Stille, Direct Arylation, and Horner—Wadsworth—
Emmons polymerizations), affording direct aryl-aryl linkages between the r-electron deficient

and m-electron rich units (P3 and P4), or separating them through a vinylene bridge (P1 and

P2).

Figure 1. Structures of the polymers synthesized in this work.
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2.2 CONJUGATED THIOPHENE-FUSED ISATIN DYES THROUGH

INTRAMOLECULAR DIRECT ARYLATION

Organic dyes constitute a large and important class of industrial products. They are gen-
erally characterized by good optical absorption and mechanical properties, and by solution
processability and stability; these properties are also desirable for solid-state applications,
therefore major classes of industrial dyes and pigments (phthalocyanines, naphthalene
diimides, diketopyrrolopyrroles, indigos and isoindigos, squaraines) have already found ap-
plications in the broad world of organic electronics.*® In fact, organic dyes such as diketo-
pyrrolopyrrole or naturally-occurring isoindigo, when incorporated in a z-conjugated polymer
scaffold, have yielded efficient materials to be used in the field of organic photovoltaics
(OPV).1®

Isatin (1H-indole-2,3-dione) and its derivatives are synthetically versatile natural dyes,
extensively used in organic synthesis. The advances in the use of isatins for organocatalysis,
as well as their biological and pharmacological properties, have been recently reviewed.?’
Although isatin is the synthetic precursor of isoindigo (Figure 2), its direct incorporation into
functional fragments for OPV or organic electronic applications has been far from fully ex-
plored.?! The isatin skeleton contains formally an amide functionality, linked to the aromatic
ring, combined with an electron-withdrawing C3 ketone functionality, ortho-linked to the ar-
omatic ring with respect to the amide; it thus possesses a Donor-Acceptor structure giving the
compound a bright red color. The C3 ketone possesses orthogonal reactivity with respect with
the C2 carbonyl amide, and its derivatization occurs with relative ease.?’

Since low-band-gap polymers for OPV are currently engineered by alternating electron-
rich and electron-deficient units in order to match and optimize solar photon harvesting,*
suitable isatin derivatives can be ideal monomers. Simple and efficient synthetic pathways,

that present a more high "synthetic accessibility”, are of the foremost importance in the design
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of 7-conjugated polymers for OPV, demanding for the removal of synthetic steps requiring
stoichiometric organometallic reagents.?®

In this work, we present the design, synthesis and evaluation of a series of fully 7
conjugated dyes in which a thiophene ring is fused into the isatin core. The synthesis adopts
an intramolecular, direct hetero-arylation (DHA) cyclization protocol as the key step, in order

to ensure potential for industrial scalability.?*?

H
O N 0
543
OO 2o
6 N
NS0 2 H1

Figure 2. The most popular dyes used for OPV applications (diketopyrrolopyrrole

DPP, right and Isoindigo 11, center, and the isatin core structure with numbering).

23 ONE POT DIRECT ARYLATION AND CROSS-ALDOL
CONDENSATION FOR THE RAPID CONSTRUCTION OF =-

EXTENDED THIOPHENE AND FURAN-BASED SCAFFOLDS

Conjugated m-extended organic compounds based on aromatic heterocycles such as thio-
phene and furan are enjoying a continuously increasing popularity in the organic electronics.
Their attractive properties at the molecular, supramolecular and macromolecular level have
prompted their use as organic materials in organic photovoltaic cells (OPVs)™. Incredible ef-
forts have been devoted in recent years towards the development of complex molecular archi-
tectures able to afford more and more efficient and tunable monomers, often at the expense of
the scalability of the synthetic sequence, as well as its industrial suitability. In fact, the com-

bination of expensive reagents and catalysts, a high number of synthetic steps and chromato-
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graphic methods of purification make the large scale synthesis of many of these materials not
approachable.?*

The development of efficient methodologies for the rapid construction of n-extended or-
ganic compounds and polymers is therefore becoming more and more in demand in the field
of material science. In this context, crossfertilization from “classical” synthetic organic fields,
such as total synthesis, where domino/cascade and/or multicomponent reaction approaches,
valorizing atom economy, are often used, can be a powerful strategy.”> Reports about using
Pd-catalyzed (Stille or Suzuki) coupling reactions, in sequence with traditional C—C or C-N
bond formation methodologies, such as aldol condensation® or Michael reaction, %’ have al-
ready appeared in the recent literature. Stille and Suzuki reactions, however, require preacti-
vation of the reacting monomer by the formation of organometallic and halide-substituted de-
rivatives, with intrinsic toxicity considerations to be added, especially for the trialkyltin deriv-
atives used in the Stille protocols.

Direct heteroarylation reactions (DHA) are becoming increasingly popular as Pd-
catalyzed carbon-carbon forming methodologies in organic and macromolecular syntheses,
since no such preactivation of the starting monomers with organometallic reagents is required,
and they are usually regioselecive and efficient. 2 In fact, it prompted our attention that DHAs
are conducted in aprotic polar organic solvents, and need relatively weak bases to function,
similarly to cross-aldol reactions, so that multicomponent domino/cascade processes lining up
both methodologies could indeed be feasible.?

In this work we report a regioselective and efficient one-pot cross aldol-DHA strategy for
construction of fully n-conjugated compounds in which thiophene or furan rings are fused to
arene or heteroarene moieties. Two alternative synthetic strategies (presented in Figure 3)
have been used, differing from the relative positioning of the aldehyde and the acidic protons
involved in the aldol condensation. Instead, the halide atom and the electrophilic portion the

a-thiophene or furan carbon atom in the DHA are kept unchanged, as this is reported and
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demonstrated to be the best combination in order to ensure high regioselectivity in related sys-
tems. *° We also reported our studies regarding the synthetic approach for the synthesis of new

DIPID-based monomers.

EWG
EWG |, Ox (Pd] .
base /
’ H o Ar
_—
a) \ Ar + H / / S~
By X Y/
X

H EWG
P N L -
by « Ar . base o Ar
T TBr H //
X
N/

Figure 3. Strategies for cross aldol-DHA cyclization reactions. EWG = Electron-

withdrawing group. X = Sulfur or Oxygen.

2.4 ANTHRADITHIOPHENE-BASED AND DIHYDROBENZO-
DITHIOPHENE -BASED MONOMER FOR THE SYNTHESIS OF
INNOVATIVE POLYMERS FOR PHOTOVOLTAIC APPLI-

CATIONS

n-Conjugated organic compounds based on extended aromatic systems have attracted
considerable attention over the past decade for their potential use as semiconductors in photo-
voltaic devices." These extended n-conjugation systems feature enforced planarity and more
effective m-electron delocalization, which can lead to broader light absorption and improve
n—n interactions between polymer chains in thin solid films to enhance the charge carrier mo-
bility.®* In addition, the HOMO energy levels of related polymers can be tuned through ad-

justing the fused aromatic moieties within these polycyclics. The introduction of thiophene
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ring in oligoacenes framework led to important benefit such as ease of functionalization and
better chemical stability compared to analogue polyacenes without thiophene rings.*

The most simple extended thiophene-fused m-conjugated system are a benzene nucleus
fused with two thiophene rings in thienophenylene framework of benzodithiophene (BDT)
shown in figure 4a. The synthetic ease and large-scale production of IBDT and aBDT makes
these monomers widely used for the construction of highly-performance polymers.®

On the other end, thienoacenes (Figure 4) are promising candidates for device applica-
tions since their linearly fused benzenoid structures give rise to a substantial increase in con-
jugation compared to their thienophenylene analogues. NDT1 and QTN (Figure 4) are widely
studied when incorporated in polymer due to our easy synthesis.** Pentacene incorporating
thiophene rings into w-extended framework, known as anthradithiophenes (Figure 4), has also

been explored, however, there are only a few reported cases due to synthetic difficulties.*®

Figure 4. Chemical structure of oligophenylene and oligoacenes donor units.
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In this work, we present the design, synthesis and evaluation of a series of novel an-
thra[1,2-b:5,6-b"]dithiophene scaffold (66), in which carboxylic groups are present in the 4
and 10 positions. The synthesis adopts an one-pot direct arylation and cross-aldol condensa-
tion, developed in our laboratories, as key step for construction of aADT framework. We also
present our preliminary work on the synthesis of new dihydrobenzodithiophene-based mono-
mer 76, obtained from benzodithiophenedione through the Weiss reaction. Both these com-
pounds shows interesting properties and could be polymerized with acceptor units already re-

ported in literature.
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Discussion of Results

and Conclusions

3.1 DONOR-ACCEPTOR CONJUGATED COPOLYMERS INCORPO-
RATING TETRAFLUORO-BENZENE AS THE n-ELECTRON DE-

FICIENT UNIT

This paragraph is based on the following publication:
Andrea Nitti, Federico Debattista, Luigi Abbondanza, Gabriele Bianchi, Riccardo Po and Da-

rio Pasini, accepted (Journal of Polymer Science, Part A: Polymer Chemistry).

3.1.1 Results and Discussion

Synthesis of modified PPVs. Several approaches for the synthesis of PPV and its pro-
cessable dialkoxy derivatives have been explored to date; dehydrohalogenation routes (Gilch
synthesis) or thermal elimination of sulfonium salt precursor polymers (Wessling route) are
the most applied synthetic methodologies, but they suffer from undesirable side reactions
which are difficult to control, affording, if carefully controlled conditions are not applied, par-
tial gelation by cross linking or incomplete elimination.* A further limitation to both polymer-
ization routes is the fact that perfectly alternating copolymers cannot be prepared. The use of
an olefination-based methodology (the Horner-Wadsworth-Emmons HWE reaction) over-

comes the mentioned problems, and has been applied for the synthesis of alternating PPVs.?®
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All the before mentioned polymerization protocols to obtain PPV and derivatives follow typi-
cal polycondensation kinetics, with poor control of molecular weight and polydispersities.
More recently, routes utilizing the ring opening metathesis polymerization (ROMP) of cy-
clophanedienes as strained monomers are able to afford PPVs with controlled molecular

weights;®*?

this strategy can clearly pave the way to the production of block/alternating PPV-
like copolymers,*® and it has refreshed scientific attention towards this class of conjugated
polymers. Given the complex synthesis of the strained monomers,** particularly promising al-
ternating copolymers for functional applications can be initially scouted by uncontrolled
HWE techniques, leaving the fine tuning of the most promising structures using more refined

ROMP methodologies to a later stage.

Scheme 1. Synthesis of polymers P1-P3 by HWE polymerization

OCgH13
(EtO),0R, KOtBu
>/: PO(OEY, g : DMF/A
CeH130
1 2
OCgH13
(EtO),0R, K OtBu
;:j PO(OEY), g i:i %
CehisO THF/A
OR (EtO),0P, PO(OEt),
4
[e) S Tquene/A Q
OR
4 R = hexyl 6 P3aR = hexyl
5 R= (2-butyl)octyl P3b R= (2-butyl)octyl

The monomers required for HWE condensation polymerization, namely the dialdehydes
and bisphosphonates shown in Scheme 1, could be prepared by conventional organic synthe-
sis. Benzodithiophene (BDT) derivatives 4 and 5 could be obtained in good yields by double

formylation in the a position of the thiophene rings following methods reported in the litera-
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ture. The chemical shift of the key aromatic protons in the b-position of the thiophene rings,

are identical to those reported in the literature for a longer unbranched alkyl chain derivative

(n-dodecyl substituted diformyl BDT, analogous to 4)* and a branched alkyl chain derivative

(2-ehtylhexyl substituted diformyl BDT, analogous to 5).* This data confirms the accessibil-

ity of the p-surfaces and the absence of self-aggregation and p-p stacking independently by

the steric hindrance of the O-alkyl substituents.

HWE polymerizations were carried out by the addition of 3 equiv of KOtBu (0.1-0.3 M)

as the base to rigorously stoichiometric amounts of phosphonates 1 or 6 and dialdehydes 2-5

trans-vinyl units

OCgH13

CgH130

S WO W

trans-vinyl units

OCgH13
FF
CeH1a0

o +F F
cis-vinyl units

LWU
77 5(ppm) 0
Figure 1. Partial **C NMR
spectra (75 MHz, CDCls)
of polymer P1 (top), and
P2 (bottom, related to the

—OCH, carbon resonances

of the hexyl chains.

in THF, toluene or DMF, chosen accordingly to the solubility
characteristics of the monomer couples. Polymer P1 was syn-
thesized as a control since it has not been, to our knowledge,
previously reported. All polymers were obtained in reasonable
yields and as red powders, with virtually no traces of residual,
unreacted monomers detectable in the *H NMR spectra of the
crude reaction mixtures (see Appendix). The polymers were
readily soluble in common organic solvents such as chloroform,
toluene, THF, and chlorobenzene.

Although HWE polymerization has been reported to afford
trans-vinylene linkages with high stereochemical control,%® dif-
ferences in the stereoregularity achieved between polymers P1
and P2 were immediately detected by both *H and *C NMR
spectroscopy. Polymer P1 could be characterized as being com-
posed of almost exclusively trans vinyl units, whereas in poly-
mer P2 a substantial amount (ca. 30% by *H NMR integration

of the relevant signals) of cis linkages were present. The charac-

terization could take advantage of the fact that alkoxy-substitued PPVs with cis-trans alternat-
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ing configuration of their vinylene linkages have been obtained and characterized by Turner et
al using the ROMP synthesis.'* According to their assignments, in polymer P1, the resonanc-
es associated to the a-CH, carbon atoms of the hexyl chains appear as a broad singlet centered
at 4.1 ppm, whereas in P2 a substantial peak at 3.6 ppm appears, corresponding to the a-CH,
carbon atoms of the hexyl chains neighbouring cis-vinylene units. Analysis of the *C NMR
spectra confirmed the above stereochemical analysis, with the carbon associated to the a-CH,
carbon atoms of the hexyl chains being a single resonance in the case of P1, whereas two sig-
nals are present in the case of P2 (Figure 1).

A lack of stereochemical definition of the newly generated double bond is suggested also
in the *H NMR spectra of P3a, in which two signals for the resonances associated to the a-
CH, carbon atoms at 4.1 ppm and 3.4 ppm (see Appendix). In this case, the percentage of ste-
reochemical confusion is higher than in P2, reaching ca. 50%. However, this attribution is on-
ly tentative as this polymer with cis-trans alternating configuration of their vinylene units has
not been previously reported.

Molecular weights for these polymers were measured by GPC relative to polystyrene
standards eluted by THF. Further GPC analysis were conducted in TCB at high temperatures
in order to overcome aggregation phenomena. Polymers had M, in the range of 4000, corre-
sponding to average degrees of polymerizations of around 10, and with dispersitylargely de-
pendent from the purification procedures used for the polymers (Table 1). Very large PDIs
could be detected when a nonsolvent could not be found for purification (polymer P2, entry 2
in Table 1), and very low when thorough fractionation/soxhlet extraction was extensively per-
formed (entry 4 in Table 1).

The room temperature *H NMR spectra of polymer P3a and P3b in CHCI; showed a par-
ticularly broad profile indicating aggregation in these solvent at room temperature. It is likely
that the higher aggregation tendency of P3 when compared with P1 and P2, is indicative of

the stronger tendency of the p-electron deficient fluorinated moiety to stack over the p-rich
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BDT moiety, both intramolecularly, through the steric constraint imposed by the cis-carbon-
carbon double bond units, and intermolecularly.
Table 1. Reaction conditions, yields and molecular weight characterization of

P1-P3.

Entry Monomer Solvent/T(°C)* Yield[%]° M, PDI Polymer

1 1+2 DMF/80 40 4000° 1.5° Pl
2 1+3 THF/60 69 3200° 9.2° P2
3 4+6 Toluene/110 77 4200° 2.9° P3a
4 5+6 Toluene/110 59 3900° 1.2  P3b

® Dry solvents were used. ° After purification by precipitation, liquid-liquid extraction and/or soxhlet extraction,
as described in the experimental section. ¢ As determined by GPC method a (THF as the mobile phase, 40°C). °

As determined by GPC method b (trichlorobenzene as the mobile phase, 90°C).

Synthesis and Polymerization of Alternating BDT-tetrafluorobenzene Polymers by
Stille and DHAP. We compare the previous results obtained through HWE with analogous
donor-acceptor conjugated polymeric structures obtained through Stille Polymerization (SP)
and Direct Arylation Polymerization (DHAP) using suitable 1,2,4,5-tetrafluorobenzene deriv-
atives. The latter method is particularly envisaged in the light of possible process scale-up,
and of the potential toxicity of the stannane functionalized monomers and the stannane by-
products obtained using the SP. A sensible reduction of synthetic steps is envisaged using
DHAP vs SP.

Conjugated polymers containing aromatic fluorinated substrates have been synthesized
via DHAP, including 1,2,4,5-tetrafluorobenzene, and 5,6-difluoro-2,1,3-benzothiadiazole.'®%?
These examples however apply to systems where the fluorinated substrate is the only signifi-
cant acidic proton. Most donor units, including BDT derivatives, possess thiophene rings,
which, like fluorinated benzenes, have aromatic protons suitable for C-H activation. Thomp-

son et al.'” have recently approached this problem and reported a screening of direct arylation

conditions on a model small molecule system (a 2-substituted thiophene and a pentafluoro-
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benzene), to develop suitable conditions for the direct arylation polymerization (DHAP) of
fluorinated copolymers. Optimal functionalization for direct arylation has been found by re-
acting a thiophene-based halogenated donor and an unfunctionalized highly fluorinated accep-
tor, which is opposite of typical cross coupling reactions, where the acceptor is typically halo-
genated. Recently, Marzano at al. have reported successful DHAP reaction by activation of
the C-H bond on the benzobisthiophene with halogenated benzothiadiazole and benzotriazole
18,19

as acceptor unit.

Our results using the substituted BDT and tetrafluorobenzene couples are illustrated in

Scheme 2.
Scheme 2. Synthesis of polymers P4 by DHAP and SP
F Cat (2-5 mol%) oR R F
QL)
Solvent S
100-130°C, 48 h n
7 R= octyl Z—H 10 X=H P4a R= octyl
8 R=(2-butyl)octyl Z=H 11 X=Br P4b R=(2-ethyl)hexyl
9 R=(2-ethyl)hexyl Z=Br 12 X=I P4c R=(2-butyl)octyl
OR R F
Pd(PPh3), S O A O
(Me)sSn / Sn(Me)s * Br Tol dry, reflux, 48h \ S n
13 R=(2- butyl)octyl
P4cS

DHAPs were carried out (excluding entry 2 in Table 2 where the more active Pd,(dba)s
catalyst was used) using Pd(OACc),, acetates or carbonates as bases, to rigorously stoichio-
metric amounts of monomer couples in Toluene or DMF (0.1 M), chosen according to the
solubility characteristics of the monomer couples. These conditions were previously reported
by some of us to give excellent yields and polydispersities in the DHAPs of Donor/Acceptor
monomer couples.” SP was conducted with the halogenated acceptor and tinylated BDT do-
nor as these were the optimal reported conditions.?>?* All polymer samples were thoroughly
purified by precipitation and Soxhlet cycles. M, of the polymers obtained were somewhat dis-
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appointing in all cases (Table 2).

Table 2. Reaction conditions and yields for DHAP and SP obtaining polymers 4

Entry  Monomer Solvent/Base/T(°C)? Yield[%]° M."° D¢ Polymer

1 7+12 DMA/KOACc/100 81 low 1.1 P4a
2¢ 9+10 Toluene/K,CO3/130 60 1600 1.6 P4b
3 8+12 Toluene/CsOACc/100 n.d. 1100 2.6 P4c
4° 13+ 11 Toluene/110 42 4100 1.4 P4cS

® Dry solvents were used. ° After purification by precipitation, liquid-liquid extraction and/or soxhlet extraction,
as described in the experimental section. ¢ As determined by GPC method b (trichlorobenzene as the mobile

phase, 90°C). ¢ Run with Pd,(dba); instead of Pd(OAc), as the catalyst. ® Run with Pd(PPhs), as the catalyst.

NMR, Thermal and Theorethical Characterization. Even in the presence of low de-
gree of polymerizations, *H NMR spectra showed broad signals (especially in the aromatic
region), and the absence of any residual monomers in the purified polymer samples. Substan-
tial differences could be found in comparing the spectra of P4a vs. P4b or P4cS, with the
former showing a much sharper profile, and peaks which could be attributed to a BDT dimer,
obtained in high yields presumably through an undesired homocoupling activated by Pd(Il)
through the acidic a-tiophene positions (Figure Al). This is to be attributed to a lack of selec-
tivity in the course of the DHAP. The *H NMR spectrum of polymer P4b, instead, show a
pattern much more similar to the SP product P4cS. The cleaner polymerization in the case of
P4b strengthens Thompson’s indication'’ about the use thiophene-based donor and an un-
functionalized fluorinated acceptor for DHAPS.

The optical bandgaps (calculated on the basis of the onset of the Ayax Of their UV/Vis
spectra in CHCIj3 solutions, see Figure A2) of selected polymers were as follows: 2.3 eV for
P2, 2.2 eV for P4cS and 1.9 eV for P3b. The thermal stability of P4b, obtained by DHAP, is
very good and up to 350°C (Figure A3).

Given the clear indication about self-aggregation of the macromolecular structures by the

GPC and NMR results, we set out to investigate this phenomena computationally. We calcu-
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lated the self-interaction surface energies of the monomeric and dimeric repeating units for
polymers P1-P4, plotted by increasing the numbers of stacked units. The energy variation is
calculated as the difference between the energy in the gas phase, and energy of the units in-
serted into the stacked aggregate (Figures A5-A8). In order to highlight how the chemical na-
ture of the molecule influences the supramolecular packing, the energy differences were nor-
malized according to surfaces of the molecular structures.

Figure 2 (left) shows dimer units (of the repeating unit) of the polymer synthesized are
compared with dimeric unit of rrP3HT as reference, while on the right monomeric units (re-
peating units) of the polymer synthesized are compared with 3-hexylthiophene (HT). In the
case of monomers, results were also compared with the modelled structures of P3H and P4H,
possessing the structures of P3 and P4 repeating units, respectively, but bearing hydrogen at-
oms instead of fluorine. In Figure A4, for a comparison, normalization according to surfaces

of the molecular structures was not carried out.

0,0 0,0 &
—— P4
P3
> 0,2 A P2 > 0,2 1
2 —— P1 2
2 —e— P3HT e
w —e— P4H w
0,4 04 1
3 —e— P3H B
N N
© ©
g -06 LSS g -06 1
zZ =
08 | -08 1 —e
5 4 6 8 1 2 3 4 5 6 7 8

Number of Stacked Monomer Units Number of Stacked Dimer Units
Figure 2. Self-interaction surface energies, normalized by surface unit, of the
number n of units in ordered arrangement.
It is evident how all polymers synthesized in this work show stronger self-interaction en-

ergies than to the self-interaction energy of rrP3HT, to confirm aggregation interactions ob-
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servables by GPC and NMR experiments. P3 and P4, incorporating the BDT donor unit, are
by far the most aggregating of the lot, so that BDT is much more efficient in interacting by
stacking with the acceptor units. The introduction of fluorination in the monomeric unit (P3
and P4) slightly increase the aggregation interactions than calculated monomeric unit with
benzene portions (P3H and P4H).

The polymers P1-4 with donor-acceptor architecture have an electronic distribution on
carbon frameworks in which the HOMO orbital is placed on the electron-rich moiety of the
monomeric unit, while the LUMO orbital is placed on the electron-poor moiety of the mono-
meric units (Figure 3). The HOMO orbitals are always localized on the electron-rich moiety

2,5-dialkoxybenzene units (polymers P1 and P2) and BDT units (polymers P3 and P4).

Not Fluorinated Polymers Vs. Fluorinated Polymers

HOMO LUMO HOMO LUMO

$
?u-:w

| oo
‘-’Lr*" S ank

ot

Figure 3. Calculated HOMO and LUMO levels of polymers P1-P4, and for ana-
logues P3H and P4H. Structures are orderly arranged according to fluorine substi-
tution (from left to right in the same row), and insertion of vinylene bridges (from

top to bottom in the same column).

—54—



The analysis of the LUMO orbitals is more complex and requires a separate discussion
for each case. In polymer P1, the LUMO distribution density show a low probability on the
benzene moiety, which is in a quinoid form, and a high density of probability on vinylene
bridge. In fluorinated polymer P2, the LUMO distribution shows an important density of
probability on the tetrafluorobenzene moiety, which is in a quinoid form. This observation
suggests an increased acceptor ability of the tetrafluorobenzene moiety of the polymer P2
when compared to the benzene moiety of the polymer P1. In polymers P3 and P3H the LU-
MO orbitals are prevalently localized on the vinylene bridge. The presence of fluorine atoms
does not influence the acceptor ability of the benzene ring when it is linked with a BDT donor
moiety. In polymers P4 and P4H, instead, the LUMO orbitals are prevalently localized on the

aryl-aryl bond linking the BDT donor unit with the benzene ring.

3.1.2 Conclusions

We have reported on the introduction of simple, symmetric and highly fluorinated aro-
matic moieties as electron poor components in r-conjugated polymers for BHJ using by sev-
eral polymerization techniques. HWE gives stereoirregular polymers, perhaps a consequence
of the high tendency of =-stacking of the fluorinated moieties over the =n-rich units. Our re-
sults using DHAPs confirm the need to place the acidic CH on the fluorine units in the mon-
omer design, substantially confirming what previously reported.'” In both cases, the tendency
to aggregation, evident by NMR spectroscopy and fully substantiated by calculations, is prob-
ably detrimental for the achievement of high degrees of polymerization. The polymers have
however interesting HOMO-LUMO gaps. In the light of the possibility to use oligomer mole-
cules for photovoltaics, which overcome shortcomings of both vapor-deposited small mole-
cules and solution processed polymers,?® these structures can represent, once thorough opti-
mization of the polymerization methodology has been successfully carried out, promising al-
ternatives for state-of-the-art organic photovoltaics.
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3.2 CONJUGATED THIOPHENE-FUSED ISATIN DYES THROUGH

INTRAMOLECULAR DIRECT ARYLATION

This paragraph is based on following publication:
Nitti, A.; Signorile, M.; Boiocchi, M.; Bianchi, G.; Po, R.; Pasini, D. J. Org. Chem. 2016, 81,

11035-11042.

3.2.1 Results and Discussions

Molecular Design and Synthesis. Our retrosynthetic analysis is presented in Scheme 3.
It develops starting from commercially-available 7-bromoisatin, possessing a bromine atom at
a suitable position for intramolecular DHA reaction, forming a stable six-membered ring sys-
tem. The introduction of the thiophene moiety (step b in Scheme 3) takes advantage of the
amide nitrogen at position 1, which has been reported to be acylated?’ or alkylated.?®

Scheme 3. Retrosynthetic analysis for the synthesis of target dyes

(6] (6] (6]

NO:> NO:>(;E§:O
pe: (a) ‘Xﬁ(b) N
__ S

Br Br
X=CO X=CH,

Regarding the acylation approach, the reaction between 7-bromoisatin and 3-
thiophenecarbonyl chloride was explored under several conditions, by changing the nature of
the reaction solvent and base and adapting protocols reported in the literature,?” but in all cas-
es the conversion of the isatin starting material was minimal (see Appendix).

We thus turned our attention to the N-alkylation of 7-bromoisatin 14 with 3-
bromomethylthiophene (Scheme 4).2% The reaction was successfully carried out in the pres-
ence of NaH in dry DMF at 0°C to give compound 15 in excellent yields (98%). N-alkyl isatin

derivative 15 was then protected on C-3 keto-carbonyl group with ethylene glycol to give spi-
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ro-dioxolane 16 (86% vyield). The key DHA ring closing reaction was carried out in the pres-
ence of Pd(OAC); as catalyst, an excess of potassium acetate as base and in moderate dilution
conditions (100 mM for reagent 16 in dry DMF). The desired compound 17 was isolated after
purification by flash chromatography in good yields (73%). The reaction was also carried out
under substantially different dilution conditions (10 mM), but yields were essentially the
same. Finally, deprotection under acidic conditions, and purification by flash chromatography
afforded isatin-based dye 18 as a red solid (Scheme 4). The protection at the C3 carbonyl was
adopted since similar substrates were identically protected before DHA reaction using Palla-
dium as the catalyst.”® Avoiding the protection/deprotection steps would advantageously low-
er the number of synthetic steps and raise the total yield of the final compound; however, the
DHA ring closing protocol, successfully applied on protected compound 16, did not work at
all when attempted directly on compound 15. Presumably, since all starting material was re-
covered, the oxophilicity of the Pd(II) catalyst, which can coordinate to the C2 and C3 neigh-
boring carbonyls was detrimental in this case. We also attempted recently reported organo-
catalytic DHA reaction protocols (o-phenantroline, +~-BuOK), for the ring closing reaction of
15 to afford directly 18, but in this case degradation of the isatin lactam ring could be detect-
Ed.Sl

Scheme 4. Synthesis of Thiophene-Fused Isatin Dye 18

o 0
HO/\/OH O
__PTSA N
DMmeOCrt Tol, reflux g U \
.
98% 86% S
16
(o 0 PdOAc), ( O O o, P
o] KOAc o)
N BuyNBr N
\ DMF,70°C
Br /S o //
73% S S
16 (100 mM) 17 18

Encouraged by the successful synthetic route presented in Scheme 4, we aimed at obtain-
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ing fused substrates presenting a bromine atom at position 4 of the isatin core. Compound 22
(Scheme 5), presenting a nucleophilic (the carbon linked to the bromine atom) and an electro-
philic (the a-carbon on the thiophene residue) site on the same molecule, could be an interest-
ing monomer to be polymerized or copolymerized head to tail using a DHA protocols. The
spiro-dioxolane protecting group, with its quaternary carbon atom, could be advantageous in
solubilizing the growing polymer chains, preventing z-stacking, aggregation and precipitation
from the reaction mixture.*

Our first approach to compound 22 was elaborated by implementing the use of commer-
cially available 4-bromo-1H-indole-2,3-dione 19 (Scheme 5). We envisaged it could be possi-
ble, by utilizing high dilution reaction conditions, to activate a regioselective intramolecular
DHA between position 7 of the isatin core and the position 2 of the thiophene ring.

Scheme 5. Attempted synthesis of DHA polymerizable monomer 22, and

probable structures of the obtained polymers 23 and 27

O O
o) (0] Ho/\/OH g\
Br NH__ NaH = PTSA Br N
DMF dry, 0° C rt b Tol, reflux b
X, 7~s
Y

X
19 X=H 96% 20 X=H Y=Br 86% 21 X=H Y=Br
24 X=Br 91% 25 X=Br Y=H 88% 26 X=Br Y=H
77
© N
(\O 0 Pd(OAC),
0 KOAc
Br N BuyNBr
| N DMmF, 70°C (\o 0
X S
Y (1 mM) o} N
21 X=H Y=Br
26 X=Br Y=H

4-Bromo-1H-indole-2,3-dione 19 was alkylated with 2-bromo-3-bromomethylthiophene
under conditions identical to those used for 15, to give compound 20 in excellent yields
(96%). Protection with ethylene glycol gave spiro-dioxolane 21 (86% yield), but the key in-
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tramolecular DHA ring closing reaction, attempted in high dilution conditions, did not yield
the desired compound 22, but rather an insoluble oligomeric or polymeric baseline red mate-
rial. Since intermediate 21 presents a thiophene ring with « positions orthogonally reactive in
the DHA reaction, a plausible hypothesis provides for a polythiophene-type structure 23
(boxed in Scheme 5) of the polymer formed. The negligible but probably not suppressed reac-
tivity of the isatin carbon atom in position 4, linked to the bromine, in the carbon-carbon bond
formation with DHA, result in the crosslinking of the structure, and in the resulting insolubili-
ty properties.

We pursued a further possibility to obtain 22, in which both bromine atoms (the one
needed for the intramolecular DHA ring closing step, and the one to be remaining in the final
product for subsequent polymerization), are placed on the isatin core. Derivative 24 is not
commercial available and was synthesized starting from 2,5-dibromoaniline following a gen-

eral reported procedure for isatins.*

Scheme 6. Attempted synthesis of DHA Polymerizable monomer 22 and 31
through Ulmann or Stille/KeIIy coupling

Br O/\l
OH ©
HO™ > o
__PTSA_ N
DMF dry, 0° C rt Br b
o 2% Br 68% S

Br
24 28 29
MesSn-SnMe; ¢ Cu(0) MesSn-SnMe; ¢ Cu(0)
Pd(PPhs), = : DMF or DMA Pd(PPhg), ! DMF or DMA
1,4-dioxane Reflux 1,4-dioxane . Reflux
'd \
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Alkylation with 3-bromomethylthiophene, to afford compound 25 (91% vyield), and pro-
tection, for compound 26 (88% yield), went smoothly as before, but again the key intramolec-

ular DHA ring closing reaction, attempted in high dilution conditions, did not yield even trace
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amounts of the desired compound 22 (Scheme 5). Also in this case an insoluble oligomeric or
polymeric baseline red material was formed,; it is likely in this case that the nucleophilic char-
acter of the bromine in position 4 is much higher than of the one in position 7 of the isatin
core, so that intermolecular DHA reaction, on either of the a—carbons of the appended thio-
phene residue is competitive with the intramolecular DHA ring closing, thus affording cross-
linking and intractability of the resulting material.

An indirect proof of the higher reactivity as a nucleophile in metal-catalyzed cross-
coupling reactions of the carbon atom at the 4-position with respect to the 7-position is rein-
forced by the results illustrated in Scheme 6, where further attempts were made by synthesiz-
ing derivatives with three bromine atoms, in order to develop Ulmann®* or Stille-Kelly® ring
closing strategies. However, when attempted on compounds 28 or 29, both methodologies
failed to give the desired, cyclized dyes 22 or 31. Interestingly, when the Ulmann protocol
was adopted on compound 28 in the presence of solvents such as DMF or DMA, derivative
30, in which a dimethylamino group has regioselectively substituted the bromine atom in po-
sition 4, was obtained in high yields. Both compounds 28 and 30 have been characterized by
X-ray crystallography, and their crystal data, plots showing thermal ellipsoids and crystallo-
graphic details are reported in the Appendix.

Scheme 7. Completion of the synthesis of thiophene-fused isatin-based dye 36

o) 0 // Br Q 2 ~~-OH (\O 0
S HO (e}

NH  NaH N PTSA N
_ —_—
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F 32 33 34

0 0 PdOAc), (O O
S} KOAc S HCI 6M
N Bu,NBr N
— » — >
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F Br g , F
0,
£ 46% L 73%
34 (100 mM) 35

Held by the success of the DHA route presented in Scheme 7, we set out to demonstrate
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its feasibility with other isatin derivatives. In particular, we considered isatin 32, bearing two
fluorinated atoms on the aromatic ring, for two reasons: a) the availability of the precursor 2-
bromo-3,4-difluoroaniline for its synthesis®; b) the fact that the aromatic ring has only one
aromatic hydrogen, possibly allowing a selective late stage further introduction of a bromine
atom through electrophilic aromatic substitution once dye 36 has been synthesized (Scheme
7). Indeed, alkylation, protection, intramolecular DHA and deprotection occurred smoothly, to
generate dye 36, although in sensibly reduced yields when compared to 18. Attempts to use
Pd(0) sources, namely by employing Pd,(dba)s;, resulted in negligible yields of the desired

compound, probably because of the increased steric hindrance around the Pd catalytic center.
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Figure 4. Stacked *H-NMR spectra (200 MHz, CDCl5) of compounds: (a) 15, (b)
18, (c) 33 and (d) 36.
NMR, UV/Vis and Cyclic Voltammetry. Characterization by *H NMR spectroscopy
was able to substantiate the interaction between the thiophene and isatin moieties, placed in

direct conjugation. We report in Figure 4 a comparison between the *H NMR spectra of com-
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pounds 15 and 18 on one side, and 33 and 36 on the other. In both cases, peaks related to the
isatin core in 15 and 33 above 7.5 ppm, markedly shift to higher fields in 18 and 36, probably
also as a consequence of the loss of the bromine atom as a substituent on the aromatic ring.
Peaks of the thiophene moieties (labelled 5 and 6 for compounds 15 and 18, 3 and 4 for com-
pounds 33 and 36) shift in opposite directions upon ring closure. A large shift upon cycliza-
tion is also detected for the benzylic CH, proton resonances (labelled 4 for compounds 15 and
18, 3 and 2 for compounds 33 and 36) demonstrating an effective charge transfer and cross-

talking between the moieties within the fully z-conjugated molecular structure.
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Figure 5. Left: UV/Vis spectra 10 M in CHCI; of compounds 18 (black line) and
36 (grey line). Right: absorption and emission spectra (Aex = 318 nm) of com-
pound 18 (5-10° M in MeCN).

Such cross talking is also evidenced by the UV/Vis spectra of compounds 18 and 36
(Figure 3, left). Whereas the Ama is centered around 320 nm (¢ = 4000-9000 M™cm™ in
CHCI3), a weaker intramolecular charge transfer band centered around 490 nm is detected in
both compounds (¢ = 600-1000 M ecm™ in CHCI5). The latter band showed solvent depend-
ence in the case of compound 18 (the maximum shifting from 490 nm in CHCI; to 478 nm in
toluene, see Figure A9). Compound 18 demonstrated to be weakly emissive (Figure 2, right)
when excited at 318 nm, and nonemissive when excited on the charge-transfer band at 480

nm.
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Data for the HOMO-LUMO gaps of the final compounds 18 and 36, could be determined
both by optical and electrochemical methods, and they are compared with isoindigo (1) and
diketopyrrolopyrrole (DPP), for which literature data are available (Table 3). The effect of the
introduction of the fluorine substituents is to lower both HOMO and LUMO levels, thus
maintaining the band gap at 2.1 eV. For both compounds 18 and 36, the reduction peak is re-
versible, whereas it is not reversible in the oxidation mode, indicating that the compound does
not polymerize electrochemically, even by lowering the scan rate from 200 mV/s to 20 mV/s.

A slight shift of the cathode potential is observed upon successive reduction cycles.

Table 3. Experimental values for semiconducting properties of the new dyes

synthesized, and comparison with literature values of relevant compounds

HOMO-LUMO gap (eV) HOMO-LUMO gap (eV) opti- HOMO LUMO
Compound

cVv cal (eV) (eV)
DPP? 2.1 2.1 5.4 3.3
1P 2.8 2.5 5.9 3.1
18° 2.1 2.1 5.6 35
36° 2.1¢ 2.1 5.8 3.7

% Data taken from ref. 36. b) Data taken from ref. 37. UV/Vis and CV spectra are shown in Figures A9 and A10,

respectively. d) HOMO-LUMO values obtained by the analysis of the first cycle.

X-ray crystal structure of 18. The dye 18 originates in the solid state two polymorphs:
the 18 1 crystal, triclinic, and the 18 2 crystal, monoclinic. In both crystals the asymmetric
units contain two very similar but crystallographically-independent molecules of 18; all of
them are essentially planar. Plots showing thermal ellipsoids are drawn in Figure All, and
relevant bond distances in each independent molecule 18 are reported in Table A3.

The bond distances for the thiophene moiety change slightly but significantly upon fusion
with the isatin core with respect to those observed in the isolated system. In all molecular
structures 18, the sp? thiophene carbon atoms directly connected to the isatin groups originate

thiophene C-C and C-S bonds significantly longer (by 0.02-0.05 A) than the symmetrically
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placed C-C and C-S bonds, linked with CH groups. All bonds are significantly different than
those in isolated thiophene.® A transfer of electron density towards the C-C bonds connecting
the thiophene rings and the isatin aromatic groups is also evident by their shortening (1.451
for 18_1 and 1.457 A for 18_2) with respect to a Cgpp-Car single bond (1.470 A) observed in
related structures.®

In the solid state the two polymorphs of compound 18 differ in the dihedral angle be-
tween the two independent molecules forming the crystal: in 18 1, the dihedral angle between
the two independent polycyclic compounds is 21°, whereas in 18 2 the dihedral angle is 89°.
In the 18 1 crystal, the two independent molecules originate two face-to-face z-stacked mo-
lecular rows extending along the direction of the a crystallographic axis. Each row is made by

centrosymmetrically related molecules, as shown in Figure 6.

c@1) C(22)

3.433; |
C(14) //3.433

Figure 6. A simplified sketch of the molecular rows made by face-to-face =n-
stacked molecules in the 18_1 crystal. The shortest intermolecular contacts are

drawn with dashed lines (values are in A). H-atoms are omitted for clarity.

The stacked molecules are placed on overlying planes having interplanar distances in the
range 3.41-3.56 A. Molecular rows are kept together by weak non-conventional C-H---O in-

teractions involving the CH group of the thiophene unit linked to the Sulphur atom (H-donor)
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and one Oxygen atom of isatin (H-acceptor) of adjacent molecules of 18. Features of these in-
teractions are shown in Figure A12.

In the 18_2 crystal, the two independent molecules of the polycyclic compound originate
two molecular rows already characterized by face-to-face n-stacking interactions: the stacked
molecules are placed on overlying planes having interplanar distances of 3.31 and 3.32 A.
However, the stacked units along the two independent molecular rows are the pentagonal
rings of the polycyclic compound 18, i.e. the thiophene group and the pyrrole subunit of the
isatin group. In particular, as shown in Figure 7, each molecule has the pyrrole subunit placed
above the thiophene group of a symmetrically equivalent molecule placed in the underlying
plane, whereas it has the thiophene group placed below the pyrrole subunit of a symmetrically

equivalent molecule placed in the overlying plane.

Figure 7. A simplified sketch of the molecular rows made by face-to-face n-

stacked molecules in the 18 2 crystal. H-Atoms were omitted for clarity.

The molecular offset promotes the formation of zigzag like molecular rows extending

along the direction of the a crystallographic axis. The molecular rows are interconnected by
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weak non-conventional C-H---O interactions having as H-acceptor species the O atoms of isa-
tin groups and as H-donor groups three different groups: the CH group of thiophene rings
bonded to the Sulphur atom; one CH group of the phenyl ring of the isatin moiety; the CH
group of the Cyps atom of the fused rings. Features of these interactions are shown in Figure

Al3.

3.2.2 Conclusions

We have successfully synthesized fully conjugated molecular hybrids, in which the core
of the naturally-occurring dye isatin has been fused with a thiophene residue. We have
demonstrated that the synthesis is feasible using the mild and scalable conditions associated
with the DHA reaction, used as the key intramolecular ring closing step. The DHA reaction
has however to be performed with the correct set up in terms of nucleophilic and electrophilic
atom, that is the halogen atom on the isatin residue, and hydrogen atoms on both the ao-
positions of the thiophene residue, to avoid intermolecular propagation and crosslinking
which cannot be suppressed using high dilution reaction conditions. We have also demon-
strated that the synthetic protocol is adaptable to other substituents, namely fluorine atoms, on
the aromatic isatin residue. The synthetic flexibility has afforded tunable energy levels of the
final dyes, with the fluorinated compound 36 having identical bandgap with respect to 18, but
lower HOMO and LUMO levels. We are currently engaged in tuning reaction protocols for
late stage dibromination of both 18 and 36, to afford isatin-based conjugated monomers capa-

ble of polymerization for organic photovoltaic applications.
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3.3 ONE POT DIRECT ARYLATION AND CROSS-ALDOL CONDEN-
SATION FOR THE RAPID CONSTRUCTION OF H-EXTENDED

THIOPHENE AND FURAN-BASED SCAFFOLDS

This paragraph is partially based on the following publication:
Nitti, A.; Bianchi, G.; Po, R.; Pasini, D. “One Pot Direct Arylation and Cross-Aldol Conden-
sation for the Rapid Construction of n-Extended Thiophene and Furan-based Scaffolds”, to be

submitted

3.3.1 Results and discussions

We have initially investigated the synthesis of new conjugated donor-acceptor monomers
44 in which two thiophene rings are fused with dihydro-pyrroloindoledione (DIPID) nucleus.
DIPID is known to be a acceptor unit of polymers with good efficiencies. The fusion of the
DIPID with two thiophene rings would lead to a monomer with new electronic properties
compared to the DIPID-based monomer reported in the literature. The retrosynthetic analysis
for the synthesis of the hypothesized monomer is shown in Figure 8. The crucial steps in the
synthesis of 44 are: a) bromination reaction of DIPID, and b) a double cascade cyclization re-
action between dibrominated DIPID 41 and 3-formylthiophene 43, both not reported in litera-

ture.

o O\\,C\ N
N\
X R-N 0

R~
N 43
Br
> & —>
N-Rr N-R
X\ 0
Q_\\ O 42 o
O LY 37

Figure 8. Retrosynthetic analisys of target monomer 44.
The synthesis of DIPID following literature procedures (Figure 8), has not led to the de-
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sired product. Several experiments for the synthesis of DIPID have been conducted to bypass
the non-reproducibility of the final step consisting in a Friedel-Crafts cyclization AICIs-
catalyzed (see Appendix). The successful way (Scheme 13) develops a Cu-catalyzed cycliza-
tion followed by reduction of the carbonyl moiety with TiCl, and Zn. The bromination reac-
tion of DIPID 41 did not led to the expected product 42; for this reason the synthesis of the
monomer 44 was abandoned.

Scheme 8. Synthesis of DIPID unit thorough oxidative cyclization Cu-catalyzed

NHCgH C8H1r7\1 [
8M17 |
CgH47NH, \)J\CI //S
a|r DMAP o Cl
“EOH. 1t THF, 0° THE, oGt
61.5% V
° NHCgH,, 1:9% N,
o  CsHiz
37 38 39
C8H17 CeHiy 2
N
Q AICI3 O
N
CsH17 4 "CgHy7
39 41
CSH”N C8H17 CeHiz 9 CgHiz 9
N N
of Cul (5mol%) CuI (5mol%) 0 ) Ticlk,zn Br
Cl ——>
DMSO dry o THF dry
N, 100°C reflux N Br
‘CgHi7 14% 52% N N,
(6] C8H17 C8H17 1) C8H17
39 41 42

Simultaneously to the synthesis of DIPID, stimulated by the work of Heo et al.,* we set
out to investigate the reaction of N-methyl-4-bromooxindole 45a (derived from alkylated isa-
tin by reduction at its C3 carbonyl) and 3-formylthiophene 43a, to form 46a (Scheme 8).

Using Pd(OACc); as the catalyst, KOAc and dry DMF at 150°C in moderate dilution con-
ditions (50 mM), we were pleased to isolate the desired compound 46a after purification by

flash column chromatography, albeit in relatively low yield (Table 4, entry 1).
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Scheme 8. Synthesis of thiophene-and furan-fused compounds 46

R0 -
Pd(OAc), N R 9 w
PPh3 AcOK N _
DMA, 150°C OO
X / Br
45a R=CH, 43aX=S (46%)  46a X=S R=CHj 47a R=CH,4
45b R=CgHy; 43b X=O  (40%)  46b X=S R=CgH,;| 47P R=CsH1s

(41%) 46¢ X=0 R=CgH4

A screening of catalysts, bases and reaction conditions (Table 4) brought the yield to an
improved value of 46% when PPhs as the ligand and dry DMA as the solvent were used at
150°C (entry 13). Byproducts in which C5 arylation on the thiophene ring were not isolated,

or detected by GC-MS of the crude reaction mixtures.

Table 4. Optimization of the synthesis of 46a

Entry Catalyst Base Additive Solv T[°C] Yield [%]*

1 Pd(OAc), KOAc - DMF 100 26
2 Pd(PPhs); KOAc - DMF 100 0
3 Pd(OAc), KOAc PPhs DMF 100 31
4 Pd(OAc), KOAc JhonPhos DMF 100 28
5 Pd(OAc), KOAc PCys; DMF 100 16
6 Pd(OAc), K,COs3; PPh; DMF 100 31
7 Pd(OAc), KOAc PPhg Toluene 100 8
11 Pd(OAc), KOAc PPh; DMA 100 39
12 Pd(OAc), KOAc PPh; DMA 150 46

General conditions: 1 mmol of oxindole, 1.1 mmol of 3-formylthiophene, cat (5 mol%), phosphine (10 mol%), 2

mmol of base in 2 mL of solvent (50 mM in reagents). ®Isolated yield after flash chromatography.

Attempts to use Pd(0) as the catalyst in the case of 45a (entries 3, 4 and 11) failed, giving
instead 47a as the main byproduct (Scheme 8), in which cross aldol has occurred but the fol-
lowing oxidative addition has not occurred, probably due to the enhanced steric hindrance of
the Pd(0) catalysts vs. the Pd(I1) sources used in the other entries. Similarly, byproduct 47b
was the main component isolated from the reaction of 46b.

This observation, coupled with the fact that yields for products 46 are very similar inde-
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pendently from the CH- containing acceptor substrate (thiophene or furan) used in the DHA
reaction, seems to indicate that cross aldol occurs faster, forming the new carbon-carbon dou-
ble bond probably in both E (useful for subsequent ring closure) and Z stereochemical config-
urations. The reactions were also characterized by a substantial amount of baseline material,
given probably by oligomeric species formed by intermolecular DHA when the stereochemis-
try is not correctly set up for the ring closure. The crosstalking between the fused thiophene
(vs fused furan) and oxindole fragments of 46a vs. 46b vary substantially, as testified by their
'H NMR spectra (see figure A15, Appendix). Further characterization by UV/Vis and emis-
sion spectroscopies confirmed the “push-pull” nature of the new molecular structures 46a and

46¢ (Figure Al7).

Figure 9. Structure of compound 46a in the crystal.

The structure of compound 46a was confirmed by X-ray crystallography (Figure 9). The
polycyclic molecules are essentially flat, and lie on overlying layers having interplanar dis-
tance of 3.51 A. Face-to-face n—n stacking interactions occur between the aromatic rings of
adjacent molecules, which remain parallel to each other in terms of orientation of their molec-

ular dipoles.
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To demonstrate the effective potential of our cross aldol-DHA strategy, we evaluated the
use of simpler, commercially available reagents The reaction of ethyl 2-bromophenylacetate
48a or the corresponding acid 48b and 3-formylthiophene 43a (Scheme 10), however, when
screened under a variety of conditions, did not afford the desired product 49; essentially, only
baseline material could be detected (see Table A5).

Both electronic and steric effects are likely to be responsible for the different outcomes in
the synthesis of 46 and 49, involving the same aldehyde 43a; as for the former, ester (in 46)
and amide (in 49) moieties have differing electron-withdrawing abilities, and may tune the
nucleophilic nature of the CH; groups in the cross aldol reaction; as for the latter, a high ste-
reoselectivity in the newly formed double bond of the aldol adduct towards the E-
configuration would inevitably preclude cyclization in the subsequent DHA.

Scheme 10. Attempted synthesis of compound 49
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=\ Various Conditions
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+ / ———————————— >
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48a R=Et 43a 49a R=Et
48b R=H 49b R=H

By reversing the position of nucleophilic and electrophilic moieties of the cross-aldol re-
action (such as in pathway b) in Figure 3, paragraph 2.3) 2-bromobenzaldehyde and ethyl 3-
thiopheneacetate gave, in the presence of Pd(OAc),, PPhs, Ko,COj3 in dry DMAC at tempera-
ture of 150°C compound 53 (Scheme 11) in 35% yield after extensive optimization (Table
AB6).

In analogy to 46a, GC-MS experiments on the crude reaction evidenced the presence, in
variable ratios, of byproduct 55, in which aldol condensation had occurred without subsequent
DHA occurring (presumably the compound with the uncorrected stereochemistry at the car-
bon-carbon double bond). Furthermore, in the case of cyano substituted substrate 52, none of
the correct product could be isolated. Gratifyingly, however, the commercially-available 3-
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thiopheneacetic acid, in place of the corresponding ethyl ester, gave after acidification and
simple filtration compound 57 in almost quantitative yield. The reaction could be carried for-
ward one pot by the addition of ethyl bromide at room temperature, giving n-extended com-
pound 53 in 91% and purification by column chromatography.

Scheme 11. Highly efficient construction of Naphthothiophene-fused compounds
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+ _—
Br S / DMF, 110°C 57 (95%)

50 56 EtBr COOEt
-
S /
)
91% 53

In case of substrate 56, the cross-aldol intermediate byproduct was not observed in the

crude reaction mixture. Control experiments in the absence of the Pd(ll) catalyst and the
phosphine, other conditions equal, were revealing: in the case of reactants 50 and 51, product
55 was formed in good yield, as a mixture of stereoisomers, of which the major one could be
separated by flash chromatography and isolated in 43% vyield. In the case of reactants 50 and
56, after esterification with ethyl bromide, the reaction mixture showed no cross-aldol prod-
uct, with 50 left unreacted and esterification of the other starting material 56 proceeding to af-

ford compound 51.
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The different electron-withdrawing abilities of cyano, ester and carboxylate groups
(Hammett’s o, = 0.66, 0.45 and 0.00, respectively)* influence the acidity of the neighboring
o-hydrogens, presumably lowering the rate of the aldol condensation with respect to the
DHA, and promoting the synthetic pathway 1 instead of 2 (Scheme 12).

An alternative explanation could be the activation of the DHA pathway by the carbox-
ylate functionality, possibly able to coordinate intramolecularly the Pd(Il) catalyst during the
oxidative addition step, and thus also promoting the synthetic pathway 1. However, when
control experiments with 50 and 56, other conditions equal, were conducted in the presence of
increasing amounts of pivalic acid (up to 100% mol with respect to the starting materials), no
dramatic suppression of the yield of compound 53 was obtained (yields dropped from 91% to
80%). Pivalic acid is known to coordinate preferentially with respect to other aliphatic car-
boxylic acids to Pd(Il) in such reaction solvents, thus should dramatically compete with the
carboxylic acid functionality of 56, in the case such functionality would have a key Kinetic
role.

Scheme 12. Competing cross-aldol and DHA pathways
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Br
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We therefore set out to investigate the generality of this approach. The optimal reaction
conditions were used for the synthesis of compounds 60-63 (Scheme 13). The introduction of

electro-withdrawing substituents in the para position with respect to the aldehyde did not af-
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ford the expected product, presumably because pathway 1 is favored by the more reactive al-
dehyde, with additional consequences of the stereochemical outcome of the aldol addition fa-
voring the incorrect stereoisomer for ring closure. However, the introduction of long side
chains is equally efficient as in 60, affording compounds 61 in good yields. The introduction
of a furan ring instead of thiophene occurred smoothly (compound 60). Above all, the intro-
duction of electron rich functionalities on the aldehydes, as expected, worked equally well
(compounds 62 and 63).

Scheme 13. Synthesis of compounds 51-56 with optimized DHA-aldol cascade
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It is certainly worthwhile noting that compound 53 was previously reported in literature
as byproduct of the catalytic cyclization via ruthenium-carbene/oxidation, following a com-
plex procedure.*? Ethyl benzo[1,2-b:6,5-b]dithiophene-4-carboxylate 63, an interesting and

promising compound incorporated in successful polymer for Bulk-Heterojunction OPV de-
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I..43

vices firstly described by Kirner et al..”, was obtained after a synthetic sequence of 7 steps

(vs. 1 in our sequence from commercially available materials).

3.3.2 Conclusions

We have developed an efficient methodology for the selective C—H activation followed
by intramolecular cross-aldol reaction for the construction of conjugated thiophene-based and
furan-based compounds using cheap commercial starting materials or easily achievable start-
ing materials. We have applied this strategy to the synthesis of a series of D—A benzoindol-5-
ones fused with electron—rich thiophene or furan rings, and to a series of naphthothiophenes
and naphthofurans. Using commercial 2-bromo-3-formylthiophene and 3-thiopheneacetic acid
we have synthetized compound 63 in only one step, dramatically simplifying its synthesis.
Our strategy paves the way for its full exploitation for the synthesis of other, more complex,

difunctional monomers through easily scalable procedures.

3.4 ANTHRADITHIOPHENE-BASED AND DIHYDROBENZODITHI-
OPHENE-BASED MONOMER FOR THE SYNTHESIS OF INNO-

VATIVE POLYMERS FOR PHOTOVOLTAIC APPLICATIONS

This paragraph is based on work carried out during my second and third year at University of
Pavia and during my external stay at the Department of Chemistry of the Massachusetts Insti-

tute of Technology (USA), in the group of Prof. Timothy M. Swager.

3.4.1 Synthesis of Anthradithiophene-Based Monomer

Anthradithiophene compounds (ADT), shown in Figure 10, have attracted considerable
attention due to their high charge carrier mobility,* photoconductivity,* and luminescence.*

In particular, charge carrier (hole) mobilities of over 1.2 cm?/V-s have been observed in
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solution-deposited films.*” Despite its interesting properties, few reports on photovoltaic ap-
plications were published in literature due to the difficulties in their synthesis. The main way
to construct the ADT scaffold is an intermolecular or intramolecular cyclization on pre-
formed precursors (Scheme 1).

The intramolecular cyclization methodologies illustrated in Figure 10a for the synthesis
of aADT, make use of pre-cyclized precursor ease to obtain. However these methodologies
were used for the synthesis of aADT with side chains in a position of thiophene ring wide for
OFET applications.*®* The one-pot two component reaction shown in Figure 10b is an inter-
esting approach to the synthesis of aADT scaffolds for photovoltaic applications. In this case,
however, several and tedious steps were required for the synthesis of precursors.*

S
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IADT aADT
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74 \ NR
H Yamada S M. O. Wolf S
et al. et al.
R s \ Y
\ RN
MS

Figure 10. Structure of ADT scaffold and synthetic methodologies for the synthe-

sis of aADT.
Our proposed synthesis of anthradithiophene scaffold make use of the one-pot protocol of

DHA and cross-aldol condensation to construct a series of naphthothiophene compounds (see
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paragraph 3.3). Our retrosynthetic analysis is presented in Figure 11.

66 64

Figure 11. Retrosynthetic analysis for the synthesis of aADT 66.

The key step of developed synthesis is an one-pot two component DHA Pd-catalyzed and
cross-aldol condensation between commercially available 3-thiopheneacetic acid 56 and 2,5-
dibromoterephtalaldehyde 66 preforming in two steps starting 2,5-dibromo-p-xylene 64.

The synthesis of ADT-based monomer, can be scaled because no expensive reagent, mild
reaction condition and no exotic reactions were used, and all reactions were conducted in air
atmosphere. The synthesis of pre-cyclized precursor 66 was achieved after two steps with a
total yield of 85%, using as purification technique only crystallization and obtaining pure
compound in scale of 30 g.**

Scheme 14. Synthesis of aADT monomer 68
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Starting from 2,5-dibromo-p-xylene 64 radical bromination was successfully carried out
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in the presence of Br, in dry CCly at reflux under irradiation with 500 W incandescent lamp to
give compound 65 in high yields (89%). Brominated derivative 65 was then oxidized on the
dibromomethyl groups with AgNOj3 in H,O:acetonitrile to give pre-cyclized precursor 66
(95% yield). The key step of the one-pot two component DHA and cross-aldol condensation
cyclization was carried out in the presence of 3-thiopheneacetic acid 56 as co-reagent,
Pd(OACc), and PPhj as catalytic system, an excess of potassium carbonate as base and in mod-
erate dilution conditions (100 mM for reagent 66 in DMACc). Desired compound 67 was iso-
lated in good yields (81%) as dark green powder after precipitation in 3M HCI (aq) and wash-
ings with methanol. Closing the synthesis, the ADT dicarboxylic acid 67 was alkylated to ob-
tain the desired products 68a—c in low or moderate yield.

A previous experiment of one-pot cyclization was conducted using pre-cyclized precursor
with octyl 3-thiopheneacetate. The desired product was isolated in very low yield (2%) after
flash-chromatography, demonstrating that the use of acid substrate 56 to achieve the for-

mation of aADT framework with this methodology (see paragraph 3.3).

Figure 12. *H NMR spectra recorded in D,O of reaction crude of double cycliza-

tion using 3-thiopheneacetic acid 56 as substrate.
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'H NMR of crude of reaction when substrate 66 was reacted with acid 56, recorded in
D,0 (Figure 12), show as the double cyclization reaction do not result in byproducts.

Alkylation reaction of 67 was conducted in several reaction conditions summarized in
Table 5. Alkylation with ethyl iodide (entry 1-3) led to the desired product 68c in low yield
(8%). The inability to increase the temperature, due to the low b.p. of the ethyl iodide, did
probably have an important impact on the yield of reaction. Several alkylation experiments

were conducted with 1-octylbromide (entry 4-10), leading to maximum yield of 24% for 68b

(entry 10).
Table 5. Alkylation reaction of 67
Entry Compound Method Yield [%0]
1 68c Etl (2 eq), K.CO3, DMAC, 1t 2
2 68c Etl (20eq), K,CO3, DMAC, rt 8
3 68c Etl (2 eq), KOH, H,0:DCM, rt 0
4 68b CgH17Br, K,CO3, DMAC, 70°C 8
5 68b CgH17Br, K,CO3, BusNBr, DMACc, 100°C 10
6 68b CgH17Br, KOH, H,0, 100°C 0
7 68b a) oxalyl chloride, toluene, 100°C 0
b) CsH170H, EtsN, CHCl3, 40°C
8 68b a) SOClI,, 100°C 14
b) CsH170H, EtsN, CHCI3, 40°C
9 68b a) SOClI,, 100°C 16
b) CsH170H, EtsN, THF, 60°C
10 68b a) SOClI,, 100°C 24
b) CsH170H, EtsN, THF, 60°C
11 66a 1-bromo-2-ethylhexane, K,CO3, DMACc, 130°C 41

Surprisingly, the alkylation of 67 with 1-bromo-2-ethylhexane in presence of K,COj3; as

base in DMACc at temperature of 130°C provides 68a in 41% vyield after crystallization with
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ethanol (entry 11). The increase of yield recorded using branched chains could be due to an
increment of the solubility of the monomer.

To obtain a polymerizable aADT monomer, a final step of bromination is required. In
Scheme 15 is reported the experiment of bromination conducted on substrate 68a.

Scheme 15. Bromination reaction of 68a

NBS

AcOH:CHCl;  Br
rt
45%

68a Et

The experiment conducted shown as a selective bromination of o position of thiophene
rings was obtained using NBS as the brominating agent and a mixture of AcOH and CHCI; as
the solvent system at room temperature. Compound 69 was isolated after crystallization from
ethanol. Other bromination protocols were tested (NBS in CHCI3 at room temperature and

NBS in DMF at 100°C), but the correct compound was not isolated.

1,0 - 1,0
—— Absorption Spectra

Emission spectra (Lex = 365 nm)

o
©

0,8

o
o

Abs (a.u.)
(<)
S

0,4 1

Normalized PL Intensity
Normalized PL Intensity
o
N

0,2

o
=}

0,0 ; : — . . .
300 400 500 600 700 0 10 20 30

wavelength (nm) i Time (ns)

Compound  Agps (NM)  Aem (NM) @ T (ns) & (L-mol™-cm™)

68h* 356 495 0,15 142 9,9-10°

Figure 13. Optical properties of compound 68a (solution 10° M in CH,Cl,).
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Preliminary spectroscopical and photophysical studies in solution were conducted on

compound 68b and results are reported in Figure 13.

3.4.2 Synthesis of Dihydrobenzodithiophene-Based Monomer

Buckminsterfullerene (Ceo) and its derivatives possess an number of interesting and use-
ful magnetic,>® electronic®® and chemical properties.>* To utilize these properties more effi-
ciently, the solubility of fullerenes in organic solvents must be improved so that it can be
more processable for technological applications.

For organic photovoltaic applications fullerenes derivatives functionalized with solubiliz-
ing long chains, such as PCs;:BM and PC;1BM, are widely used as standard acceptor com-
pounds for the construction of devices with Bulk-Heterojunction architecture.”® Much efforts
have been devoted to the synthesis of new electron acceptors and, despite some interesting re-
sults leading to a better understanding of the active layer,”® the performances are still much
lower when compared with fullerene derivatives. However, the high cost of PCBM and
PC7:BM (0.1 g — 264 €)* affects considerably the total cost of the devices.

The functionalization of fullerenes with polymers would potentially endow the polymer
of most of the fullerene properties. On the other hand, fullerenes embedded in polymers be-
come more easily processable. The resulting materials can be used for surface coating, photo-
conducting devices, and also to create new molecular networks.”® For photovoltaic applica-
tions, a reversible bond between the fullerene and the donor polymer is necessary to restore
the fullerene/donor polymer separated couple for the correct working of the active layer in so-
lar cell devices.

The Diels—-Alder (DA) reaction is one of the most common reactions used in organic
chemistry, included in the category of “click reactions” for its unique characteristic of opera-
tion simplicity, efficiency, versatility, selectivity and easy access to precursors.>® DA reaction
are also widely used as methodologies for the functionalization of polymers.®® Involving a
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straightforward [4 + 2] cycloaddition reaction between an electron-rich diene (furan and de-
rivatives, cyclopentadiene and derivatives, indene and derivatives, etc.) and an electron-poor
dienophile, it is particularly indicated for the functionalization of fullerenes. Cyclopentadi-
enes,” indenes,®? anthracenes®™ and furan® derivatives are reported as dienes able to react
with fullerene in reversible Diels-Alder reactions. The reversible properties is most important
for a functionalization able to restore the fullerene/donor polymer couple into the active layer
of solar cells.

During my external stay at MIT, the aim of the project was the synthesis of indene-based
monomers able to promote reversible Diels-Alder reactions with Cg (Step A in figure 14).
This new monomer, when incorporated in w-conjugated polymers, could be able to functional-

ize fullerene increasing its solubility.

Step A

rRooc_ P

Polymerization Q
COOR
) - O 2 ffirored- O
n
S
S / 77

Device
fabrication

n

Figure 14. Aim of the project at MIT. Target molecule is illustrated in blue box.

At this point, the fullerene functionalized with the donor polymer could be deposited to
form a layer of material as an inactive BHJ device. The activation of device occurs after of a

post-heating treatment that promotes a retro Diels-Alder with consequent generation of the ac-
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tive layer composed of fullerene and donor polymer (Step B in figure 14). In detail, I dealt
with the synthesis of molecule 77 in blue box of figure 14. This compound presents two thio-
phene rings, able to be polymerized with other monomers after preactivation of o, position,
fused with an indene-5-one framework able to react in reversible Diels-Alder reactions with
fullerene.

The key step of the synthesis consists in a cross-aldol reaction between a benzo[1,2-b:6,5
-b"]dithiophene-4,5-dione 74 and 1,3-dicarboxylate acetone 75a, previously reported for the
synthesis of analogous compounds.®

Starting from 3-bromothiophene 70 and 3-alkynylthiophene 71, a Sonogashira protocol
was successfully carried out using PdCl,(PPhs), as catalyst, Cul as typical copper salt additive
for this coupling and triethylamine as base and solvent of reaction at a temperature of 80°C, to
give compound 72 in high yields (91%) after purification with flash chromatography (Scheme
16).

Scheme 16. Synthesis of precursor 74
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The alkynyl moiety of compound 72 was oxidized in presence of Pd(OACc), as the cata-
lyst and CuBr, as the co-catalyst in DMSO at a temperature of 120°C affording compound 73
in high yield (84%) after flash-chromatography. The ring closing of compound 73 was carried
out with oxidative FeCls-catalyzed cyclization in DCM at room temperature, leading to the
desired benzo[1,2-b:6,5-b"]dithiophene-4,5-dione 74 in 91% yield after a simple percolation.

The final step of the cross-aldol reaction on precursor 74 using 2 equivalents of diethyl-

carboxylate-1,3-acetone 75a and 3 equivalents of KOH as base in ethanol after 6 h did not
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lead to the desired cross-aldol product 77 but to a compound with the structure 79a, coming
from the Weiss reaction (scheme 17).%

Scheme 17. Weiss reaction for the synthesis of 78a
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The use of 2 equivalents of 75a leads to the formation of aldol intermediate 76, which re-
acting with a second equivalent of 75a promote the formation of compound 79a in 61% yield
(scheme 17).%

Using only one equivalent of 75a, compound 76 was isolated after 1h of reaction in 52%
yield. Compound 76 could be used for the synthesis of 77 through a formal dehydration reac-
tion. Several condition were tested, however in all cases compound 77 was not isolated
(scheme 18).

Scheme 18. Dehydration protocol tested for the synthesis of 77

@) COOEt 0 COOEt
OH
EtOOC—N\ < ... » FEtOOC
N\ A\
X S . XX S
\ Experiment conducted \
s S
76 (1) (a) Ac,0 (b) H,SO, 77

(2) MsCl, DMAP, DCM
(3) TsCl, DMAP, DCM
(4) TsCl, Et;N, DCM
Compound 79a cannot be used for the synthesis of donor polymer able to react in re-
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versible Diels-Alder reactions with fullerene, but it is an interesting monomer to be polymer-
ized with other monomers previous bromination of the a positions of the thiophene rings. The
synthesis of polymerizable monomers is reported in scheme 19.

Compound 74 was brominated on o position obtaining compound 78 in high yields
(93%) using NBS in CHCI; at 50°C. The Weiss reaction protocol on compound 78 was ap-
plied to the synthesis of a series of dihydrobenzodithiophene-based monomers 79a-c. The use
of two equivalents of 75a and 75b led to the synthesis of expected monomers 79a and 79b.
The use of 75c¢, with the n-octyl chains, did not lead to 79c presumably because of the steric
hindrance of the side chains.

Scheme 19. Synthesis of polymerizable monomer 79a and 79b

0
ROOC
o _coor
0
o o) 75a-c
A NBS N_Br KOH
HCI S
S CHC, EtOH
\_d 50°C S t
93% Br 61%
74 78 79a R=Et 61%

79b R=Me  64%
79¢ RCgHy; 0%

3.4.3 Conclusions

We have synthesized two new polymerizable monomers that require conclusive experi-
ments to define their optical and electrochemical properties. Other experiments will be con-
ducted on 68 to clarify some aspects regarding both the formation of byproducts in the double
cyclization via DHA/cross-aldol condensation, both the influence of branched and linear side
chains on the yield of alkylation reactions. Optical and electrochemical experiments will be
conducted to understand the electronic properties for optoelectronic applications. Finally,
monomer 68 and analogues, and monomers 79, will be polymerized with other donor or ac-
ceptor compounds to synthesize new polymers with donor-acceptor architectures for BHJ ap-

plications.
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Experimental Section

4.1 GENERAL EXPERIMENTAL

All commercially available reagents and solvents were used as received. THF (Na, benzo-
phenone), CH,Cl, (CaH,) and toluene (Molecular Sieves) were dried and distilled before use.
All commercially available starting materials and reagents were purchased from Aldrich, Alfa
Aesar, TCI or Fluorochem and used as received. Compounds 4,8-bis(hexyloxy)-Benzo[1,2-
b:4,5-b']dithiophene,* 1, 3,° 6,% 7,* 13° and 64° were prepared following previously published
procedures. Analytical thin layer chromatography was performed on chromophore loaded,
commercially available silica gel plates. Flash chromatography was carried out using silica
gel (pore size 60 A, 230-400 Mesh). *H and **C NMR spectra were recorded from solutions in
CDCl3 on 200 and 300 MHz spectrometer using the solvent residual proton signal or tetrame-
thylsilane as the internal standard.

The UV/Vis and emission spectroscopic studies were recorded using conventional spectro-
photometers, with a scanning speed of 50 nm/min at 20 °C. Photoluminescence studies were
conducted using an excitation slit of 2.0 nm, and emission slit of 3.0 nm with a scanning
speed of 50 nm/min at 20 °C.

Diffraction data for 18 1, 18 2 and 46a were collected by means of a conventional diffrac-
tometer, working at ambient temperature with graphite-monochromatized Mo-Ka X-radiation
(A = 0.71073 A). Data reductions were performed with the WinGX package;’ absorption ef-
fects evaluated with the y-scan method® were negligible and absorption correction was not

applied to the data. All crystal structures were solved by direct methods (SIR 97)° and refined
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by full-matrix least-square procedures on F2 using all reflections (SHELXL 2014).1° Aniso-
tropic displacement parameters were refined for all non-hydrogen atoms; hydrogens were
placed at calculated positions with the appropriate AFIX instructions and refined using a rid-
ing model.

Melting points were measured on commercially-available instrumentation and are uncorrect-
ed.

Cyclic VVoltammetry was performed with the sample at a concentration of 10°M (in the case
of 18, and 39a) or 0,6 10*M (in the case of 25) in 0-DCB/MeCN (1:10 by volume) solution in
the presence of Bus;NBF, 0.1 M as the supporting electrolyte. A stationary glassy carbon (GC)
disk electrode was used as the working electrode. Silver electrode Ag/AgNO; served as the
reference electrode and the potential sweep rate was 200 mV s™*. Measurements were carried
out under thermostatic conditions (20 °C) in a nitrogen atmosphere.

Samples for the mass spectrometry were analysed with GC-MS and ESI-MS conventional in-
strumentation. Gel permeation chromatography (GPC) analyses were performed with two dif-
ferent systems: a) a Waters system equipped with a series of two universal columns (Styragel
HR4A and HR5A), a refractive index detector with Tetrahydrofuran (THF) as the eluent at
40°C; b) a Agilent 220 chromatograph equipped with a refractive index detector on 1,2,4-
trichlorobenzene (TCB) as the eluent at 90°C to overcome aggregation phenomena. Molecular
weight calibration was carried out in both cases using polystyrene standards.

The modeling (calculation of conformations and intermolecular interactions) and the determi-
nation of the electronic properties of the polymers P1-4 by DFT were carried out using the
Spartan'14 program suites, using B3LYP functional and 6-31G* as basic set.* The optimal
geometries were obtained from DFT calculations on structures previously obtained with Force
Field method, in order to cancel electrical forces on atomic nuclei and the electron density
distributions (see Appendix, figure A3-5). The optimized geometries of the monomeric and

dimeric clusters were obtained with the empirical method that makes use of MMFF94 param-

—92—



eterization.’? With this method several geometries of the clusters can be obtained, thus to
evaluate the intrinsic properties of the aggregates the assembly of molecules that have the
lowest energy is chosen. The property that was evaluated is the energy spread between the en-
ergy of the single molecules in the gas phase and the energy of the cluster in which the same
molecules are more adherent possible (see Appendix, figure A6). To better establish the rela-
tionship between molecular structure of monomeric unit and ease of aggregation, we also
evaluate the microscopic tension surface in which energy spread is related to the complete
surface of the cluster (see chapter 3, figure 4). Molecular surfaces were obtained by QSAR

method.

4.2 SYNTHESIS OF NEW COMPOUNDS

Monomer 4. A solution of 4,8-bis(hexyloxy)-benzo[1,2-b:4,5-b"Jdithiophene (0.52 ¢, 1.32
mmol) in dry THF (20 mL) was cooled to -78°C; a solution of n-BuLi in hexanes (2 mL, 5.28
mmol) was added dropwise, and the solution stirred for 30 min at -78°C and a further 30 min
at -10 °C. After cooling at -78°C an excess of dry DMF (2 mL) was added, the solution was
stirred for 30 min and then the temperature was allowed to rise to 25°C. The reaction mixture
was guenched with dropwise addition of H,O (20 mL), then extracted with ethyl acetate (3 x
15 mL), and the organic layer dried with Na,SO,4. The orange residue was purified by column
chromatography (SiO,; hexanes/dichloromethane 9:1 to 1:1), to yield the title compound as an
orange solid (0.48 g, 81%). 'H-NMR (200 MHz, CDCls, 8): 10.13 (s, 2H), 8.18 (s, 2H), 4.35
(t, 4H), 1.91 (m, 4H), 1.57-1.26 (m, 12H), 0.94 (t, 6H).

Monomer 5. A solution of commercially available 4,8-bis[(2-butyloctyl)oxy]-Benzo[1,2-
b:4,5-b"]dithiophene 8 (0.59 g, 1 mmol) in dry THF (10 mL) was cooled to -78°C, and a solu-
tion of n-BuLi in hexanes (2.5 mL, 4 mmol, 4 eq) was added dropwise, and the solution
stirred for 30 min at -78°C and a further 30 min at -10 °C. After cooling at -78°C an excess of

dry DMF (2 mL) was added, the solution was stirred for 30 min and the temperature was al-

—-03-



lowed to rise to 25°C. The reaction mixture is quenched with addition of H,O dropwise (20
mL), then extracted with ethyl acetate (3x15 mL), and the organic layer dried with Na,;SOs.
The orange residue was purified by column chromatography (SiO,; hexanes:dichloromethane
9:1), to yield the title compound as an orange solid (0.60 g, 93%). *H-NMR (300 MHz,
CDCls, 8): 10.15 (s, 2H), 8.19 (s, 2H), 4.29 (d, 4H), 1.92 (m, 2H), 1.6-1.2 (m, 36H), 0.94 (t,
6H).

Polymer P1 (entry 1 in Table 1). A solution of 1,4-dibenzaldehyde (0.069 g, 0.52 mmol) and
compound 1 (0.30 g, 0.52 mmol) in dry DMF (10 mL) was warmed under stirring and nitro-
gen atmosphere to 80°C, then KOtBu (0.18 g, 1.55 mmol) was added and heating was contin-
ued with stirring at 80°C for a further 4 h. The reaction mixture was quenched with H,0O, and
the aqueous layer extracted with Toluene (3x10 mL). The organic phase was dried with
Na,SO,, filtered and the solvent removed in vacuo. The residue was dissolved in a minimum
amount of CH,Cl, and precipitated in MeOH as the nonsolvent. The red solid was filtered and
dried (0.164 g, 40%). *H-NMR (300 MHz, CDCls, 8): 8-7 (bm, 10H), 4.1 (bm, 4H), 2-0.8
(bm, 22H). *C-NMR (75 MHz, CDCls, 6): 151.0 (bm), 144.0, 137.1, 135.0, 130.1, 128.9-
125.8,123.1, 110.5, 69.4, 31.5, 29.3, 25.7, 22.56, 13.9. GPC (THF): M, = 4000, PDI = 1.5
Polymer P2. (entry 2 in Table 1). A solution of compound 3 (0.14 g, 0.69 mmol) and com-
pound 1 (0.40 g, 0.69 mmol) in dry THF (10 mL) was warmed under stirring and nitrogen at-
mosphere to 45°C, then KOtBu (0.23 g, 2.07 mmol) was added and heating was continued
with stirring at 60°C for a further 24 h. The reaction mixture was quenched with H,O, and the
aqueous layer extracted with dichloromethane (3x10 mL). The organic phase was dried with
Na,SOq, filtered and the solvent removed in vacuo, to yield a red solid which could not be
precipitated in a nonsolvent (0.24 g, 69%). *H-NMR (300 MHz, CDCls, 6): 7.6-6.5 (bm, 6H),
4.5-35 (bm, 4H), 2-0.8 (bm, 22H). **C-NMR (75 MHz, CDCls, 6): 151.0, 125.8, 123.1,
110.4, 68.9, 31.4, 29.2, 25.8, 22.6, 13.9. Major isomer only. Aromatic fluorinated carbon sig-

nals are broad and not visible. GPC (THF): M, = 3200, PDI =9.2. UV (CHCI3) Amax =462 nm
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(¢ = 14.000).

Polymer P3a. (entry 3 in Table 1). A solution of compound 4 (0.106 g, 0.241 mmol) and
compound 6 (0.108 g, 0.241 mmol) in dry toluene (5 mL) was warmed under stirring and ni-
trogen atmosphere to reflux, then KOtBu (0.081 g, 0.723 mmol) was added and heating was
continued with stirring for a further 5 h. The reaction mixture was quenched with H,O, and
the aqueous layer extracted with toluene (1x10 mL) and CH,Cl, (2x10 mL). The organic
phase was dried with Na SO, filtered and the solvent removed in vacuo, to yield a red solid
which could not be precipitated in a nonsolvent (0.11 g, 77%). *H-NMR (200 MHz, CDCls,
8): 7.6-7.1 (bm, 6H), 4.2-3.5 (bm, 4H), 2.5-0.5 (bm, 22H). **C-NMR (75 MHz, CDCls, §):
major isomer only 143.0, 135.6, 128.1, 125.4, 109.4, 59.4, 31.4, 29.3, 25.8, 22.6, 14.0. Aro-
matic fluorinated carbon signals are broad and not visible. GPC (THF): M, = 4200, PDI = 2.9.
Polymer P3b (entry 4 in Table 1). A solution of compound 5 (0.240 g, 0.39 mmol) and com-
pound 6 (0.178 g, 0.39 mmol) in dry Toluene (4 mL) was warmed under stirring and nitrogen
atmosphere to reflux, then KOtBu (0.131 g, 1.17 mmol) was added and heating was continued
with stirring for a further 48 h. The reaction mixture was quenched with drops of H,O, and the
solvents removed in vacuo, to yield a red solid which was dissolved in a minimum amount of
CHCI; and precipitated in MeOH as the nonsolvent, and further purified by Soxhlet extraction
with acetone and hexanes. The final product was recovered via Soxhlet refluxing with CHCIs,
in which it is soluble (0.154 g, 54%). *H-NMR (200 MHz, CDCls, 6): 8-7 (very broad signals,
aromatic and vinyl), 4.2-3.5 (very broad signal, -OCH,CH), 2.5-0.5 (bm, 22H). GPC (TCB):
M, = 3900, PDI = 1.2. UV (CHCl3) Amax = 553 nm (g = 29.700).

Polymer P4a. A solution of compound 7 (0.100 g, 0.24 mmol), compound 12 (0.090 g, 0.24
mmol), Pd(OACc), (1 mg, 0.0045 mmol, 0.02 eq) and KOAc (0.046 g, 0.47 mmol, 2 eq) in dry
dimethylacetamide (3 mL) was warmed under stirring and nitrogen atmosphere to 100°C for
48 h. The reaction mixture was cooled to room temperature, and the solvent removed in vac-
uo, to yield a red solid which was dissolved in a minimum amount of CH,ClI, and precipitated
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in MeOH as the nonsolvent, and further purified by Soxhlet extraction with MeOH, acetone
and hexanes. The final product was recovered via Soxhlet refluxing with CHClI3, in which it is
soluble (0.107 g, 81%). *H-NMR (200 MHz, CDCls, ¢): 7.6-6.8 (very broad signals; aro-
matic), 4.4-3.5 (very broad signal, -OCH,CH,), 2.0-0.7 (bm, 22H). *C-NMR (75 MHz,
CDCls, 0): 143.0, 129.2, 123.3, 109.4, 73.3, 31.8, 30.4, 29.3, 27.4, 22.7, 14.0. Aromatic fluor-
inated carbon signals are broad and not visible. GPC (TCB): M, = 2700, PDI = 1.1

Polymer P4b. A solution of compound 9 (0.302 g, 0.5 mmol), compound 10 (0.075 g, 0.5
mmol), Pd,(dba); (23 mg, 0.025 mmol) and K,CO3 (0.207 g, 1.5 mmol) in dry toluene (5 mL)
was degassed for 5 min, warmed under stirring and nitrogen atmosphere to 130°C for 48 h.
The reaction mixture was cooled to room temperature, and the solvent removed in vacuo, to
yield a red solid which was dissolved in a minimum amount of CH,Cl, and precipitated in
MeOH as the nonsolvent, and further purified by Soxhlet extraction with acetone and hex-
anes. The final product was recovered via Soxhlet refluxing with CHCI5 (0.178 g, 60%). *H-
NMR (300 MHz, CDCls, 9): 7.8-6.2 (very broad signals; aromatic), 4.0-3.5 (very broad sig-
nal, -OCH,CH,), 2.0-0.5 (bm, 22H). GPC (TCB): M, = 1600, PDI = 1.6

Polymer P4c. A solution of compound 8 (0.100 g, 0.17 mmol), compound 12 (0.069 g, 0.17
mmol), Pd(OAc); (1 mg, 0.0034 mmol) and CsOAc (0.130 g, 0.68 mmol) in dry Toluene (2
mL) was degassed for 5 min, warmed under stirring and nitrogen atmosphere to 100°C for 48
h. The reaction mixture was cooled to room temperature, and the solvent removed in vacuo, to
yield a red solid. GPC (THF): M,, = 1100, PDI = 2.6

Polymer P4cS. A solution of compound 13 (0.028 g, 0.03 mmol), compound 11 (0.009 g,
0.03 mmol) and Pd(PPhs)4 (0.35 mg, 0.0003 mmol) in dry toluene (1 mL) was degassed for 5
min, warmed under stirring and nitrogen atmosphere to 110°C for 48 h. The reaction mixture
was cooled to room temperature, and the solvent removed in vacuo, to yield a red solid which
was dissolved in a minimum amount of CH,CI, and precipitated in MeOH as the nonsolvent

(9 mg, 42%). GPC (TCB): M, = 4100, PDI = 1.4,
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3-Bromomethylthiophene. 3-bromomethylthiophene was synthesized by modifying of the
protocol reported in literature.*® A suspension of NBS (1.78 g, 10 mmol) and benzoyl perox-
ide (3 mg, 0.001 mmol) in CCl; (10 mL) was heated at 40 °C for 30 min, then 3-
methylthiophene (10 mmol) was added dropwise. The mixture was refluxed for 2h. The pre-
cipitate was filtered and washed with hexanes. The organic solvent was removed and the
crude reaction was distilled in vacuo to yield the desired product (1.54 g, 87%); *H NMR (200
MHz, CDCl5) 6 7.33-7.31 (m, 2H), 7.14 (d, J = 5.0 Hz, 1H), 4.54 (s, 2H).
2-Bromo-3-methylthiophene. 2-bromo-3-methylthiophene was synthesized by modifying of
the protocol reported in literature.** NBS (1.74 g, 9.8 mmol) was added slowly to solution of
3-methylthiophene (10 mmol) in glacial AcOH (7 mL) at 0 °C. The mixture was maintained
at room temperature for 1 h. The reaction mixture was then quenched with water and extract-
ed with ether. The organic solvent was removed and the crude material was purified by flash
column chromatography using hexanes as eluent. 2-Bromo-3-methylthiophene was obtained
as a pale yellow oil (1.47 g, 83%); *H NMR (200 MHz, CDCls) d 7.18 (d, J = 5.6 Hz, 1H),
6.79 (d, J = 5.5 Hz, 1H), 2.21 (s, 3H).

2-Bromo-3-Bromomethylthiophene. 2-bromo-3-bromomethylthiophene was synthesized by
modifying of the protocol reported in literature.® A suspension of 2-bromo-3-
methylthiophene (1.77 g, 10 mmol), NBS (1.78 g,10 mmol) and benzoyl peroxide (3 mg,
0.001 mmol) in CCl, (10 mL) was heated to reflux for 8h. The mixture of reaction was fil-
tered and precipitate washed with hexanes. The organic solvent was removed and organic
crude was distilled in vacuo to yield the desired product as a pale colorless oil (2.93 g, 87%);
'H NMR (200 MHz, CDCls) 6 7.27 (d, J = 5.6 Hz, 1H), 7.01 (d, J = 5.7 Hz, 1H), 4.47 (s, 1H).
General Procedure for the Synthesis of N-benzylisatins. Example for the synthesis of 15. 7-
Bromoisatin (226 mg, 1 mmol) and dry DMF (5 mL) were introduced at 0 °C, under nitrogen,
in a flame-dried Schlenk flask. NaH (60 mg, 1.5 mmol) was added slowly and the reaction

mixture was stirred at 0 °C for 30 min. 3-Bromomethylthiophene (194 mg, 1.1 mmol) was
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then added via syringe and the reaction mixture was stirred at room temperature. After full
conversion of the starting material (5h, TLC monitoring), the reaction mixture was quenched
with water. The aqueous phase was extracted with ethyl acetate, the combined organic ex-
tracts were removed of the solvent in vacuo and the crude material was purified by flash
chromatography (SiO,; n-hexanes:ethyl acetate 8:2) to afford pure N-benzylisatins 15 as red
solid (315 mg, 98%).

7-bromo-1-(thiophen-3-ylmethyl)indoline-2,3-dione (15). Obtained as a red solid (315 mg,
98%); *H NMR (200 MHz, CDCls): 6 7.69 (dd, J = 8.1 and 1.3 Hz, 1H), 7.61 (dd, J = 7.3 and
1.3 Hz, 1H), 7.35 — 7.21 (m, 2H), 7.11 (dd, J = 4.8 and 1.5 Hz, 1H), 7.06-6.94 (m, 1H), 5.43
(s, 2H); BC NMR (75 MHz, CDClg): 0 182.2, 158.7, 147.4, 144.0, 136.5, 126.8, 126.4, 125.1,
124.7, 122.8, 120.8, 104.3, 40.3; MS-ESI: m/z 322 [M + H]", 345 [M + Na]*, 644 [2M]*; GC-
MS (EI) rt: 16.94 min, m/z 323 [M]"; anal. calcd. for C13HgBrNO,S: C 48.5; H 2.5; found: C
48.2; H 2.2. M.p. > 300°C (dec.).
4-bromo-1-((2-bromothiophen-3-yl)methyl)indoline-2,3-dione (20). Obtained as an orange
solid (385 mg, 96%); *H NMR (200 MHz, CDClg): 6 7.45-7.20 (m, 3H), 6.92-6.81 (m, 2H),
4.88 (s, 2H); 3C NMR (75 MHz, CDCl3): ¢ 180.3, 157.1, 151.6, 138.4, 133.8, 128.8, 127.3,
127.3, 121.7, 111.5, 109.5, 109.3, 38.6; MS-ESI: m/z 400 [M + H]",422 [M + Na]*, 798
[2M]"; anal. calcd. for C13H;Br,NO,S: C 38.9; H 1.8; found: C 38.6; H 1.9. M.p. > 300°C
(dec.).

4,7-dibromo-1-(thiophen-3-ylmethyl)indoline-2,3-dione (25). Obtained as an orange solid
(365 mg, 91%); *H NMR (200 MHz, CDCly): 6 7.50 (d, J = 8.7 Hz, 1H), 7.30 (dt, J = 5.5 and
2.7 Hz, 1H), 7.24 (s, 1H), 7.14 (d, J = 8.7 Hz, 1H), 7.11 — 7.04 (m, 1H), 5.45 (s, 2H); *C
NMR (75 MHz, CDCl3): 6 179.6, 157.8, 149.0, 143.7, 136.1, 129.9, 126.7, 126.5, 122.8,
121.4, 118.9, 102.9, 40.4; MS-ESI: m/z 400 [M + H]",422 [M + Na]*, 798 [2M]"; anal. calcd.
for C13H7Br,NO,S: C 38.9; H 1.8; found: C 38.7; H 2.0. M.p. > 250°C (dec.).

4,7-dibromo-1-((2-bromothiophen-3-yl)methyl)indoline-2,3-dione (28). Obtained as an orange
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solid (442 mg, 92%); 'H NMR (200 MHz, CDCls): 6 7.49 (d, J = 8.7 Hz, 1H), 7.24 (d, J = 5.7
Hz, 1H), 7.17 (d, J = 8.7 Hz, 1H), 6.66 (d, J = 5.7 Hz, 1H), 5.32 (s, 9H); °C NMR (75 MHz,
CDCl): 0 179.6, 157.8, 149.0, 143.7, 136.1, 129.9, 126.7, 126.5, 122.8, 121.4, 118.9, 102.9,
40.4; MS-ESI: m/z 400 [M + H]",422 [M + Na]*, 798 [2M]"; single crystals suitable for X-Ray
crystallography were obtained by slow evaporation of a solution of compound in CH,ClI,.
M.p. > 250°C (dec.).

7-bromo-5,6-difluoro-1-(thiophen-3-ylmethyl)indoline-2,3-dione (33). Obtained as a pale or-
ange solid, (251 mg, 70%); *H NMR (200 MHz, CDClg): 6 7.50 (t, J = 7.2 Hz, 1H), 7.32 (dd,
J=4.9 and 3.0 Hz, 1H), 7.24 (s, 1H), 7.07 (d, J = 4.9 Hz, 1H), 5.42 (s, 2H); *C NMR (75
MHz, CDCls): ¢ 180.3, 158.5, 156.1, 152.7, 149.1, 145.8, 136.0, 126.8, 126.5, 122.8, 113.8,
95.9, 40.5, 29.6; anal. calcd. for C13HgBrF,NO,S: C 43.6; H 1.7; found: C 43.4; H 1.6. M.p. >
250°C (dec.).

General Procedure for the Synthesis of N-benzylisatin ethylenedioxy ketals. Example for
the synthesis of 16. A solution of compound 15 (322 mg,1 mmol), ethylene glycol (1 mL, 18
mmol), p-toleunesulfonic acid (few crystals) in toluene (5 mL) was heated at reflux for 6h
with a Dean-Stark equipment. The solvent was then removed and the solid was treated with a
sat. NaHCOj3 aqueous solution, and the aqueous phase was extracted with CH,Cl,. The organ-
ic extracts were concentrated in vacuo and the solid purified by flash chromatography (SiO»;
CH,Cl,) to afford pure product 16 as a white solid (315 mg, 86%).
7'-bromo-1'-(thiophen-3-ylmethyl)spiro[[1,3]dioxolane-2,3'-indolin]-2'-one (16). Obtained as
a white solid, (315 mg, 86%); ‘*H NMR (200 MHz, CDCls): 6 7.45 (dd, J = 8.1 and 1.3 Hz,
1H), 7.34 (dd, J = 7.3 and 1.3 Hz, 1H), 7.27 (dd, J = 4.9 and 3.1 Hz, 1H), 7.15 (dd, J = 2.9
and 1.3 Hz, 1H), 7.06 (dd, J = 5.0, 1.3 Hz, 1H), 6.95 (dd, J = 8.2, 7.3 Hz, 1H), 5.31 (s, 2H),
4.72-4.25 (m, 4H); *C NMR (75 MHz, CDCls): 6 173.9, 141.1, 137.3, 127.4, 126.5, 126.0,
124.5,124.1, 121.8, 102.9, 100.9, 65.9, 40.1; GC-MS (EI) rt: 17.94 min, m/z 268 [M]"; anal.

calcd. for C15H1,BrNO3S: C 49.2; H 3.3; found: C 49.0; H 3.5.
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4'-bromo-1'-((2-bromothiophen-3-yl)methyl)spiro[[1,3]dioxolane-2,3'-indolin]-2'-one  (21).
Obtained as a white solid (383 mg, 86%); *H NMR (200 MHz, CDCls): § 7.19 (td, J = 6.7,
6.2, 4.0 Hz, 3H), 6.81 (d, J = 5.7 Hz, 1H), 6.72 (dd, J = 6.5 and 2.2 Hz, 1H), 4.75 (s, 2H),
4.72-4.37 (m, 4H); BC NMR (75 MHz, CDCls): ¢ 180.3, 157.1, 151.6, 138.4, 133,8, 128.8,
128.6, 121.6, 116.4, 111.5, 109.6, 66.7 38.6; MS-ESI: m/z 444 [M + H]", 466 [M + Na]", 886
[2M]"; anal. calcd. for C1sH11BroNOsS: C 40.5; H 2.5; found: C 40.9; H 2.2. M.p. > 200°C
(dec.).

4' 7'-dibromo-1'-(thiophen-3-ylmethyl)spiro[[1,3]dioxolane-2,3'-indolin]-2'-one (26). Obtain-
ed as a white solid, (392 mg, 88%); *H NMR (200 MHz, CDCls): 6 7.35-7.23 (m, 2H), 7.18—
6.97 (m, 3H), 5.31 (s, 2H), 4.74-4.36 (m, 4H); >C NMR (75 MHz, CDCl5): 6 173.6, 142.9,
138.2, 137.0, 128.7, 126.4, 126.2, 125.4, 121.8, 119.2, 102.0, 101.6, 66.7, 40.2; MS-ESI: m/z
444 [M + H]", 466 [M + Na]", 886 [2M]"; ]"; anal. calcd. for C15sH11Br,NO3S: C 40.5; H 2.5;
found: C 40.1; H 2.8.

4’,7'-dibromo-1'-((2-bromothiophen-3-yl)methyl)spiro[[1,3] dioxolane-2,3'-indolin]-2'-one
(29). Obtained as a white solid (356 mg, 68%); *"H NMR (200 MHz, CDCls): § 7.29 (d, J =
8.1 Hz, 1H), 7.18 (d, J = 5.7 Hz, 1H), 7.07 (d, J = 8.1 Hz, 1H), 6.60 (d, J = 5.7 Hz, 1H), 5.18
(s, 2H), 4.62-4.46 (m, 4H); 3C NMR (75 MHz, CDCls): § 173.6, 142.9, 138.2, 137.0, 128.7,
126.4, 126.2, 125.4, 121.8, 119.2, 102.0, 101.6, 66.7, 40.2; MS-ESI: m/z 444 [M + H]" 466
[M + Na]*, 886 [2M]"; anal. calcd. for C15H10BrsNOsS: C 34.4; H 1.9; found: C 34.8; H 2.1.
7'-bromo-5',6'-difluoro-1'-(thiophen-3-ylmethyl)spiro[[1,3] dioxolane-2,3'-indolin]-2'-one
(34). Obtained as a white solid (334 mg, 83%); *H NMR (200 MHz, CDCls): 6 7.29 (dd, J =
4.9 and 2.9 Hz, 1H), 7.21 (t, J = 7.6 Hz, 1H), 7.11 (s, 1H), 7.01 (d, J = 6.0 Hz, 1H), 5.28 (s,
2H), 4.68-4.25 (m, 4H); °C NMR (75 MHz, CDCl3): 6 172.6, 149.4, 1485, 146.1, 145.1,
130.6, 128.4, 116.6, 116.5, 111.7, 103.0, 65.9, 41.7; MS-ESI: m/z 402 [M + H]",425 [M +
Na]*, 804 [2M]"; anal. calcd. for Cy5H10BrF,NO3S: C 44.8; H 2.5; found: C 44.7; H 2.9.

General Procedure for the intramolecular DHA reaction. Example for the synthesis of 17.
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A suspension of N-benzylisatin ketal 16 (366mg, 1 mmol), Pd(OAc), (5 mg, 0.02 mmol),
KOACc (294 mg, 3 mmol), BusNBr (322 mg, 1 mmol) in dry DMF (5 mL) was stirred and
heated to reflux. After full conversion of the starting material (8 h, TLC monitoring), the reac-
tion mixture was quenched with water, and the aqueous phase was extracted with ethyl ace-
tate. The organic extracts were concentrated in vacuo and the solid purified by flash chroma-
tography (SiO,; n-hexanes:ethyl acetate 8:2) to afford the pure product 17 as a white solid
(208 mg, 73%).
Spiro[[1,3]dioxolane-2,4'-pyrrolo[3,2,1-ij]thieno[3,2-c]quinolin]-5'(7'H)-one (17). Obtained
as a white solid (208 mg, 73%); *H NMR (200 MHz, CDCls): 6 7.31-7.20 (m, 2H), 7.15 (dd,
J=75and 1.0 Hz, 1H), 6.97 (t, J = 7.6 Hz, 1H), 6.86 (d, J = 5.1 Hz, 1H), 4.99 (s, 2H), 4.67—
4.23 (m, 4H); 3¢ NMR (75 MHz, CDCl3): 0 172.9, 138.6, 130.4, 129.5, 126.2, 125.3, 123.4,
123.3, 121.9, 115.4, 103.5, 65.7, 41.5; GC-MS (EI) rt: 18.37 min, m/z 285 [M]"; anal. calcd.
for C15H11NOsS: C 63.1; H 3.9; found: C 63.4; H 3.9.
1',2'-difluorospiro[[1,3]dioxolane-2,4'-pyrrolo[3,2,1-ij] thieno[3,2-c] quinolin]-5'(7'H)-one
(35). Obtained as a white solid (148 mg, 46%); *"H NMR (200 MHz, CDCls): § 7.47 (d, J =
5.2 Hz, 1H), 7.09-6.88 (m, 2H), 5.02 (s, 2H), 4.67-4.22 (m, 4H); °C NMR (75 MHz,
CDCl3): 0 172.6, 149.3, 148.5, 146.1, 145.1, 130.6, 128.4, 125.4, 116.5, 111.8, 106.4, 102.9,
65.9, 41.7; MS-ESI: m/z 322 [M + H]%, 344 [M + Na]", 642 [2M]"; anal. calcd. for
Ci1sHgF2NO3S: C 56.1; H 2.8; found: C 56.4; H 2.9.

General Procedure for the deprotection. Example for the synthesis of 18. A solution of
compound 17 (285 mg, 1 mmol) in THF (2.5 mL) and aqueous HCI 6M (2.5 mL) was stirred
and heated to reflux for 6h. THF was removed in vacuo and the resulting aqueous phase was
extracted with ethyl acetate. The combined organic extracts were concentrated in vacuo and
resulting crude material was purified by chromatography (SiO;; n-hexanes :ethyl acetate 9:1)
to afford pure product 18 in quantitative yield.

4H-pyrrolo[3,2,1-ij]thieno[3,2-c]quinoline-4,5(7H)-dione (18). Obtained as a red solid (241
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mg, 99%); 'H NMR (200 MHz, CDCls): § 7.53-7.29 (m, 3H), 7.01 (t, J = 7.7 Hz, 1H), 6.93
(d, J = 5.2 Hz, 1H), 5.13 (s, 2H); °C NMR (75 MHz, CDCls): 5 180.6, 167.4, 155.6, 143.6,
127.5, 126.8, 124.3, 124.2, 121.8, 121.1, 114.6, 113.4; 40.0; MS-ESI: m/z 242 [M + H]", 264
[M + Na]"; single crystals suitable for X-Ray crystallography were obtained by slow evapora-
tion of a solution of compound in CH,Cl,. M.p. > 300°C (dec.).
1,2-difluoro-4H-pyrrolo[3,2,1-ij]thieno[3,2-c]quinoline-4,5(7H)-dione (36). Obtained as a
red solid (202 mg, 73%); *H NMR (200 MHz, CDCls): & 7.56 (d, J = 4.0 Hz, 1H), 7.19 (t, J =
7.9 Hz, 1H), 7.01 (d, J = 4.5 Hz, 1H), 5.16 (s, 2H); ©*C NMR (75 MHz, CDCls): & 186.6,
171.4, 157.2, 152.1, 130.9, 129.6, 125.5, 122.6,117.6 111.2, 110.9, 110.2, 42.0; MS-ESI: m/z
278 [M + H]"; anal. calcd. for C13HsF,NO,S: C 56.3; H 1.8; found: C 56.6; H 2.0. M.p. >
300°C (dec.).

4,7-dibromoindoline-2,3-dione 24." Chloral hydrate (14.7 g, 88.8 mmol) was added to a sus-
pension of hydroxylamine hydrochloride (18.5 g, 0.266 mol), sodium sulfate (84 g, 0.59 mol),
and 2,5-dibromoaniline (74.0 mmol) in water (500 mL) and 2 M HCI (25 mL). The mixture
was then heated at 55 °C overnight with stirring. After cooling to room temperature, the hy-
droxyiminoacetanilide intermediate was collected by filtration, washed with water and dried
under vacuum. The intermediate was added in small portions, with stirring, to concentrated
H,SO, (45 mL), which had been heated to 55 °C. The temperature of the reaction mixture was
maintained below 70 °C during the addition. The dark-colored solution was heated at 80 °C
for an additional 10 min and then cooled to room temperature, poured onto crushed ice, and
allowed to stand for 30 min. The precipitate was collected by filtration, washed three times
with water, and dried under vacuum to yield isatin 24 to be used directly in the next step
without further purification. *H NMR (200 MHz, DMSO-dg) 6 7.54 (d, J = 8.6 Hz, 1H), 7.12
(d, J = 8.6 Hz, 1H).
7-bromo-1-((2-bromothiophen-3-yl)methyl)-4-(dimethylamino)indoline-2,3-dione  (30). Cu

powder (0.10 g, 1.67 mmol) was added to a solution of compound 28 (0.10 g, 0.21 mmol) in
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dry DMF (10 mL) under nitrogen. The reaction mixture was heated under stirring at 130 °C
for 3 days. The reaction mixture was quenched with water and the resulting aqueous phase
was extracted with ethyl acetate. The combined organic extracts were removed of the solvent
in vacuo and the crude material was purified by flash chromatography (SiO,; n-hexanes:ethyl
acetate 8:2) to afford pure compound 30 as a red solid (43 mg, 73%). *H NMR (200 MHz,
CDCl3): 6 7.29 (d, J = 9.2 Hz, 1H), 7.19 (d, J = 5.7 Hz, 1H), 6.68 (d, J = 5.7 Hz, 1H), 6.47 (d,
J=9.4 Hz, 1H), 5.28 (s, 2H), 3.16 (s, 6H).2*C NMR (75 MHz, CDCl5): 6 176.4, 160.7, 151.2,
146.7, 143.1, 136.4, 129.5, 126.4, 124.0, 114.1, 108.6, 90.3, 43.3, 41.0; MS-ESI: m/z 284 [M
+ H]"; single crystals suitable for X-Ray crystallography were obtained by slow evaporation
of a solution of compound in CH,Cl,. M.p. > 300°C (dec.).

General Procedure for the Stille-Kelly reaction for the attempted synthesis of com-
pounds 22 and 31. Example for the synthesis of 31. Pd(PPh3), (0.013 g, 10%mol) was added
to a solution of compound 29 (0.061 g, 0.12 mmol) in dry 1,4-dioxane (3 mL). The reaction
mixture was purged with nitrogen for 5 min, then hexamethylditin (0.076 g, 0.24 mmol), was
added under nitrogen. The reaction mixture was quenched with water after 1d (TLC monitor-
ing) and solvents were removed in vacuo. The resulting crude solid was extracted with ethyl
acetate and the organic extracts were concentrated in vacuo. ‘HNMR spectrum on crude of re-
action did not show the expected signals of compound 22.
7-bromo-5,6-difluoroindoline-2,3-dione (32). Chloral hydrate (477 mg, 5.8 mmol) was added
to a a suspension of hydroxylamine hydrochloride (584 mg, 16.8 mmol), sodium sulfate (2.05
g, 28.8 mmol), and 2-bromo-3,4-difluoroaniline (500 mg, 2.4 mmol) in 2M aqueous HCI (5
mL). The mixture was refluxed overnight with vigorous stirring. After cooling to room tem-
perature, the hydroxyiminoacetanilide intermediate was collected by filtration as a yellow sol-
id, which was washed with water and dried under vacuum. The intermediate was added in
small portions, with stirring, to concentrated H,SO,4. The temperature of the reaction mixture

was maintained below 70 °C during the addition. The dark-colored solution was heated at 80
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°C for 3 h and then cooled to room temperature, poured onto crushed ice, and allowed to
stand for 30 min. The precipitate was collected by filtration, washed with water and toluene,
and purified by flash chromatography (SiO;; n-hexanes:ethyl acetate 8:2) to give the analyti-
cally pure product as a pale orange solid (290 mg, 46%); *H NMR (200 MHz, DMSO- dg): J
11.41 (s, 1H), 7.66 (d, J = 8.6 Hz, 1H), 7.17 (d, J = 8.6 Hz, 1H); **C NMR (75 MHz, DMSO-
ds): 0 181.8, 159.8, 154.3, 150.9, 144.4, 114.5, 113.2, 94.3. GC-MS (EI) rt: 9.94 min, m/z 261
[M]"; anal. calcd. for CgH,BrF;NO,: C 36.8; H 0.8; found: C 36.6; H 0.9.

General Procedure for the Synthesis of 39a—c. Example for the synthesis of 39a. A solution
of 4-bromo-1-methylindolin-2-one 37a (226 mg, 1 mmol), Pd(OAc), (11 mg, 0.05 mmol),
PPh; (26 mg, 0.1 mmol), KOAc (294 mg, 3 mmol) in DMF dry (5 mL) was added at rt 3-
formylthiophene 38a (0.131 mL, 1.5 mmol) and then stirred to 150°C. After full conversion
of the starting material (12 h, TLC monitoring), the reaction mixture was quenched with a so-
lution of ammonium chloride 1M, and the aqueous phase was extracted with ethyl acetate.
The organic extracts was dried with sodium sulfate, filtrated and concentrated in vacuo. Crude
of reaction was purified by flash chromatography (SiO,; n-hexanes:ethyl acetate 9:1) to afford
the pure product 39a as a white cream solid (110 mg, 46%).
4-methylthieno[2',3":4,5]benzo[1,2,3-cd]indol-5(4H)-one (39a): Obtained as a white cream
solid (110 mg, 46%); 'H NMR (200 MHz, CDCls): §8.41 (s, 1H), 7.73 (d, J = 8.4 Hz, 1H),
7.64 (s, 2H), 7.55 (t, J = 8.4, 7.1 Hz, 1H), 6.93 (d, J = 7.1 Hz, 1H), 3.47 (s, 3H); *C NMR (75
MHz, CDCl3): 6168.0, 140.5, 140.3, 139.6, 128.7, 126.2, 126.0, 124.7, 124.0, 121.7, 121.0,
116.2, 104.2, 26.3; GC-MS (EI) rt: 17.35 min, m/z 239 [M]".
4-octylthieno[2',3":4,5]benzo[1,2,3-cd]indol-5(4H)-one (39b): Obtained as a white cream sol-
id (134 mg, 40%); *H NMR (200 MHz, CDCls): §8.44 (s, 1H), 7.75 (d, J = 8.4 Hz, 1H), 7.66
(s, 2H), 7.55 (t, J = 8.4, 7.1 Hz, 1H), 6.96 (d, J = 7.1 Hz,1H) 3.94 (t, J = 7.2 Hz, 2H), 1.73 —
1.30 (m, 2H), 1.29 — 1.23 (m, 10H), 0.91 — 0.85 (m, 3H); °C NMR (75 MHz, CDCls): &

168.3, 141.1, 140.6, 129.7, 128.4, 126.9, 126.7, 125.6, 125.2, 121.8, 121.4, 116.6, 105.4, 41.0,
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32.5,30.8, 29.9, 29.3, 27.7, 23.3, 14.5; GC-MS (EI) rt: 42.44 min, m/z 337 [M]".
4-methylbenzofuro[5,6,7-cd]indol-5(4H)-one (3c): Obtained as a white cream solid (102 mg,
46%); *H NMR (200 MHz, CDCl5): §8.29 (s, 1H), 7.90 — 7.80 (m, 2H), 7.58 (t, J = 7.2 Hz,
1H), 7.08 (d, J = 2.2 Hz, 1H), 6.95 (d, J = 7.2 Hz, 1H), 3.48 (s, 3H); **C NMR (75 MHz,
CDCl3): 6169.5, 141.5, 141.1, 140.6, 129.7, 126.9, 126.4, 125.7, 124.7, 122.3, 121.0, 116.6,
104.1, 26.2; GC-MS (EI) rt; 14.85 min, m/z 223 [M]*.

General Procedure for the Synthesis of thiophene- and furan-based compounds. Exam-
ple for the synthesis of 46. A solution of 3-thiopheneacetic acid 44 (146 mg, 1 mmol),
Pd(OACc); (5 mg, 0.02 mmol), PPh3 (11 mg, 0.04 mmol), K,CO3 (276 mg, 2 mmol) in DMF
dry (5 mL) was added at rt 2-bromobenzaldehyde 43 (0.115 mL, 1 mmol) and then stirred to
110°C. After 12h, reaction suspension was warmed to rt and then ethyl iodine (0.160 mL, 2
mmol) was added in one portion. Reaction suspension was conducted to rt until completion (4
h, TLC monitoring), then was quenched with a solution of ammonium chloride 1M and the
aqueous phase was extracted with ethyl acetate. The organic extracts was dried with sodium
sulfate, filtrated and concentrated in vacuo. Crude of reaction was purified by flash chroma-
tography (SiO;; n-hexanes:ethyl acetate 9:1) to afford the pure product 46 as a white cream
solid (233 mg, 91%).

Ethyl naphtho[1,2-b]thiophene-4-carboxylate (46): Obtained as a white cream solid (233 mg,
91%); *H NMR (200 MHz, CDCls): §8.59 (s, 1H), 8.35 (d, J = 5.5 Hz, 1H), 8.18 (d, J = 8.1
Hz, 1H), 8.04 (d, J = 8.1 Hz, 1H), 7.68 (t, J = 7.6 Hz, 1H), 7.62 (d, J = 5.5 Hz, 1H), 7.57 (t, J
= 7.6 Hz, 1H), 4.53 (q, J = 7.1 Hz, 2H), 1.52 (t, J = 7.1 Hz, 3H); *C NMR (75 MHz, CDCls):
0166.7, 139.0, 135.0, 130.8, 130.3, 130.1, 129.4, 128.9, 126.1, 125.8, 125.7, 123.6, 123.5,
61.1, 14.3; GC-MS (EI) rt; 16.77 min, m/z 256 [M]".

Naphtho[1,2-b]thiophene-4-carboxylic acid (50): Obtained as a green solid (217 mg, 95%);
'H NMR (200 MHz, CDCls): §13.11 (s, 1H), 8.61 (s, 1H), 8.30 — 8.18 (m, 3H), 7.96 (d, J =

5.5 Hz, 1H), 7.80 — 7.68 (m, 2H); *C NMR (75 MHz, CDCls): 5167.5, 138.2, 135.0, 131.5,
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130.3, 130.0, 129.8, 129.5, 127.2, 126.6, 125.6, 124.0, 123.2; ESI-MS: m/z 227 [M]"; anal.
calcd. for C13HgO,S: C 68.40; H 3.53; found: C 68.39; H 3.58.

Ethyl naphtho[1,2-b]furan-4-carboxylate (53): Obtained as a white cream solid (233 mg,
81%); 'H NMR (200 MHz, CDCls): §8.42 (s, 1H), 8.21 (d, J = 5.5 Hz, 1H), 7.81 (t, J = 5.2
Hz, 1H), 7.72 — 7.42 (m, 3H), 6.97 (d, J = 7.5 Hz, 1H), 4.29 (g, J = 5.9 Hz, 2H), 1.30 (t, J =
5.9 Hz, 3H);13C NMR (75 MHz, CDCl3): 6 168.4, 148.3, 144.4, 133.3, 130.0, 127.5, 127.3,
126.4, 125.7, 124.2, 121.9, 121.1, 103.3, 61.2, 14.7; ESI-MS m/z 241 [M]"; anal. calcd. for
CisH1203: C 74.99; H 5.03; found: C 75.01; H 5.10.

Octyl naphtho[1,2-b]thiophene-4-carboxylate (54a): Obtained as a white cream solid (245
mg, 72%); *H NMR (200 MHz, CDCls): §8.58 (s, 1H), 8.35 (d, J = 5.5 Hz, 1H), 8.18 (d, J =
8.1 Hz, 1H), 8.04 (d, J = 7.7 Hz, 1H), 7.74 — 7.50 (m, 3H), 4.46 (t, J = 6.7 Hz, 2H), 1.87 (q, J
= 7.0 Hz, 2H), 1.57 — 1.22 (m, 10H), 0.93 — 0.87 (m, 3H); *C NMR (75 MHz, CDCls):
0167.6, 139.8, 135.9, 131.6, 131.1, 130.9, 130.2, 129.7, 129.0, 126.9, 126.8, 126.5, 124.3,
66.1, 32.5, 29.9, 29.7, 29.5, 26.8, 23.3, 14.8; GC-MS (EI) rt: 22.39 min, m/z 340 [M]".
2-ethylhexyl naphtho[1,2-b]thiophene-4-carboxylate (54b): Obtained as a white cream solid
(258 mg, 76%); *H NMR (200 MHz, CDCl3): §8.58 (s, 1H), 8.35 (d, J = 5.5 Hz, 1H), 8.18 (d,
J=8.1Hz, 1H), 8.07 (d, J = 7.8 Hz,1H), 7.76 — 7.48 (m, 3H), 4.10 (d, J = 7.4, 1.2 Hz, 2H),
1.80 (g, J = 12.7, 6.8 Hz, 1H), 1.74 — 1.09 (m, 8H), 0.92 (g, J = 6.8 Hz, 6H).; *C NMR (75
MHz, CDCls): 6 166.7, 139.0, 135.0, 130.8, 130.3, 130.1, 129.4, 128.9, 126.1, 125.8, 125.7,
123.6, 123.5, 44.3, 37.2, 30.4, 28.5, 23.8, 22.9, 13.9, 10.4; ESI-MS: m/z 341 [M]"; anal. calcd.
for C21H240,S: C 74.08; H 7.10; found: C 74.05; H 7.14.

Ethyl thieno[2',3":5,6]naphtho[2,3-d][1,3]dioxole-4-carboxylate (55): Obtained as a white
cream solid (237 mg, 79%); *H NMR (200 MHz, CDCls): §8.52 (d, J = 1.5 Hz, 1H), 7.72 (s,
1H), 7.57 (d, J = 7.5 Hz, 1H), 7.42 (d, J = 7.4 Hz, 1H), 7.30 (d, J = 1.5 Hz, 1H), 4.29 (q, J =

5.9 Hz, 2H), 3.92 (s, 2H), 1.30 (t, J = 5.9 Hz, 3H).; **C NMR (75 MHz, CDCls): &; ESI-MS:
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m/z 301[M]".

Ethyl benzo[1,2-b:6,5-b"]dithiophene-4-carboxylate (56): *H NMR (400. MHz, CDCls): &
8.57 (1H, s), 8.32 (d, J = 5.5 Hz, 1H), 7.53 (d, J = 5.5 Hz, 1H), 7.49 (d, J= 5.5 Hz, 1H), 7.45
(d, J= 5.5 Hz. 1H), 4.02 (q, J = 7.1 Hz, 2H), 1.52 (t, J = 7.1 Hz, 3H); *C NMR (100.1 MHz,
CDClg): 6167.3, 138.0, 136.1, 135.5, 134.8, 125.7, 125.6, 125.2, 125.1, 124.3, 121.9, 52.0,
14.3; GC-MS (EI): rt 21.29, 262 [M]".

anthra[1,2-b:5,6-b']dithiophene-4,10-dicarboxylic acid (65). 2,5-Dibromobenzene-1,4-
dicarbaldehyde (1 mmol, 291 mg) and K,CO3 (4 mmol, 552 mg) was added to a stirred mix-
ture of 3-thiopheneacetic acid (2 mmol, 284 mg), triphenylphosphine (0,04 mmol, 10.5 mg)
and Pd(OAc); (0,02 mmol, 4,5 mg) in dry DMACc (5 mL). The resulting mixture was stirred at
130°C for 48h. The mixture was cooled to room temperature and quenched with water, the
solvent was removed in vacuo. The crude of the reaction was treated with HCI 1M and fil-
tered under vacuum. The green solid obtained was washed several times with methanol to af-
ford pure compound 5 as a dark powder (275 mg, 73%). *H NMR (200 MHz, DMSO-dg): ¢
13.28 (bs, 2H), 9.16 (s, 2H), 8.88 (s, 2H) 8.30 (d, J = 5.4 Hz, 2H), 8.50 (d, J = 5.4 Hz, 2H).
General procedure for the synthesis of 66a—c. Example for the synthesis of 66a. 1-Bromo-
2-ethylhexane (3 mmol, 0.53 mL) was added to a stirred mixture of anthra[l,2-b:5,6-
b]dithiophene-4,10-dicarboxylic acid 65 (1 mmol, 378 mg) and K,COj3 (4 mmol, 552 mg) in
DMACc dry (5 mL). The resulting mixture was stirred at 130°C for 48h. The reaction mixture
was quenched with water and solvent was removed in vacuo. A solution of ammonium chlo-
ride was added and the aqueous phase was extracted with diethyl ether. The combined organic
extracts were washed with brine and the solvent was removed in vacuo. The crude material
was purified by crystallization with methanol to give pure compound 66a as yellow solid (295
mg, 49%).

bis(2-ethylhexyl) anthra[1,2-b:5,6-b"]dithiophene-4,10-dicarboxylate (66a). Obtained as yel-

low solid (295 mg, 49%). *H NMR (200 MHz, CDCls): J 8.89 (s, 2H), 8.79 (s, 2H), 8.40 (d, J
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= 5.4 Hz, 2H), 7.67 (d, J = 5.4 Hz, 2H), 4.47 (t, J = 6.7 Hz, 4H), 1.91 (m, 4H), 1.43 (m, 20H),
0.91 (m, 6H).

dioctyl anthra[1,2-b:5,6-b"]dithiophene-4,10-dicarboxylate (66b). Obtained as yellow solid
(144 mg, 24%).'H NMR (200 MHz, CDCl5): & 8.89 (s, 2H), 8.79 (s, 2H), 8.40 (d, J = 5.4 Hz,
2H), 7.67 (d, J = 5.4 Hz, 2H), 4.47 (t, J = 6.7 Hz, 4H), 1.91 (m, 4H), 1.43 (m, 20H), 0.91 (m,
6H); BC NMR (75 MHz, CDCls): 6 166.4, 138.9, 134,.4, 130.7, 129.9, 128.5, 126.4, 125.5,
125.1, 1245, 65.5, 31.7, 29.2, 29.1, 28.7, 26.1, 22.6, 14.0.

diethyl anthra[1,2-b:5,6-b"]dithiophene-4,10-dicarboxylate (66¢). Obtained as yellow solid
(34.6 mg, 8%). 'H NMR (200 MHz, CDCl5): 6 8.87 (s, 2H), 8.78 (s, 2H), 8.39 (d, J = 5.4 Hz,
2H), 7.66 (d, J = 5.4 Hz, 2H), 4.53 (q, J = 7.1 Hz, 4H), 5.43 (t, J = 5.1 Hz, 6H); *C NMR (75
MHz, CDCls): ¢ 182.2, 158.7, 147.4, 144.0, 136.5, 126.8, 126.4, 125.1, 124.7, 122.8, 120.8,
104.3, 40.3; MS-ESI: m/z 322 [M + H]"

Bis(2-ethylhexyl) 2,8-dibromoanthra[1,2-b:5,6-b"]dithiophene-4,10-dicarboxylate (67).
NBS (3 mmol, 0.53 mL) was added portionwise over 15 min to a stirred solution of bis(2-
ethylhexyl) anthra[1,2-b:5,6-b"]dithiophene-4,10-dicarboxylate 66a (1 mmol, 761 mg) in
CHCI3:AcOH (8 mL:0.8 mL). The resulting mixture was stirred overnight at room tempera-
ture, then quenched with water, extracted with chloroform and washed with brine. The col-
lected organic layer was dried over Na,SO,4. After removal of the solvent under reduced pres-
sure, the residue was crystallized in a mixture of dichloromethane and ethanol to give 67 as
yellow solid (556 mg,73%). *H NMR (400 MHz, CDCls): 6 8.62 (s, 2H), 8.55 (s, 2H), 8.37 (s,
2H), 4.42 (m, 4H), 1.87 (m, 2H); 1.58 (m, 18H), 1.47 (m, 6H).
3-[2-(thiophen-3-yl)ethynyl]thiophene (70). Tryethylamine (30 mL) and 3-ethynilthiophene
(2.163 g, 20 mmol) were introduced at room temperature, under nitrogen, in a flame-dried
Schlenk flask. 3-bromothiophene (3.912 g , 24 mmol), copper(l)iodide (0.076 g, 0.4 mmol)
and PdCI,(PPh); (0.140 g, 0.2 mmol) were added sequentially. The resulting mixture was

stirred for 3h at 80°C. The mixture was cooled to room temperature and quenched with a so-
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lution of HCI 1M , extracted with ethyl acetate and washed with brine. The collected organic
layer was dried over Na,SO,. After removal of the solvent under reduced pressure, the residue
was purified by flash-chromatography (SiO,; n-hexanes:ethyl acetate 9:1) to afford pure 70 as
white solid (3.45 g, 91%). *H NMR (400 MHz, CDCl,): § 7.51 (dd, J = 3.0, 1.0 Hz, 1H), 7.31
(dd, J = 5.0, 3.0 Hz, 1H), 7.19 (dd, J = 3.0, 1.0 Hz, 1H).

bis(thiophen-3-yl)ethane-1,2-dione (71). A flame-dried Schlenk flask was charged with 3-
[2-(thiophen-3-yl)ethynyl]thiophene 70 (3.043 g, 16 mmol), DMSO (70 mL), Pd(OAc),
(0.359 g, 1.6 mmol) and CuBr, (0.358 g, 1.6 mmol). The resulting mixture was stirred for 4h
at 120°C. The mixture was cooled to room temperature and quenched with brine, extracted
with diethyl ether and washed with brine. The collected organic layer was dried over Na,SO,.
After removal of the solvent under reduced pressure, the residue was purified by flash-
chromatography (SiO,; n-hexanes:ethyl acetate 9:1) to afford pure 71 as white solid (2.96 g,
84%). 'H NMR (400 MHz, CDCl5): 6 8.26 (dd, J = 3.0, 1.0 Hz, 1H), 7.59 (dd, J = 5.0, 3.0 Hz,
1H), 7.24 (dd, J = 3.0, 1.0 Hz, 1H).

benzo[1,2-b:6,5-b’]dithiophene-4,5-dione (72). A flame-dried Schlenk flask was charged
with bis(thiophen-3-yl)ethane-1,2-dione 71 (2.89 g, 13 mmol), dichloromethane (80 mL) and
FeCls dry (4.92 g, 39 mmol). The resulting mixture was stirred for 2 h at room temperature.
The mixture was quenched with water and the solvent was removed under reduced pressure.
The dark solid was collected by filtration under vacuum and the solid residue was purified by
crystallization with acetonitrile to give 72 as dark crystalline solid (2.61 g, 95%). ‘*H NMR
(400 MHz, CDCl5): § 7.52 (dd, J = 5.2 Hz, 2H), 7.23 (dd, J = 5.2Hz, 2H).
2,7-dibromobenzo[1,2-b:6,5-b"]dithiophene-4,5-dione (73). NBS (20 mmol, 3.56 g) was
added portionwise over 15 min to a stirred solution of benzo[1,2-b:6,5-b']dithiophene-4,5-
dione 72 (10 mmol, 2.20 g) in CHCI; (80 mL). The resulting mixture was stirred for 6h at
room temperature. The mixture was quenched with water and the solvent was removed under

reduced pressure. The dark solid was collected by filtration under vacuum and the solid resi-
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due was purified by crystallization with acetonitrile to give 73 as violet-dark crystalline solid
(3.51 g, 93%). *H NMR (400 MHz, CDCly): 6 7.47 (s, 2H).

General procedure for the synthesis of 76a—b. Example for the synthesis of 76a. To a
stirred mixture of benzo[1,2-b:6,5-b’]dithiophene-4,5-dione 72 (1 mmol, 378 mg) and K,CO3
(4 mmol, 552 mg) in ethanol (5 mL) was added diethylcarboxylic-1,3-acetone (2 mmol, 0.53
mL). The resulting mixture was stirred at room temperature for 6h. Reaction mixture was
quenched with water and the white solid was filtrated under vacuum and washed with ethanol.
The white solid was dried under vacuum to give 16a (0.359 g, 61%).
(4R,6S,10S,12R)-tetraethyl  5,11-dioxo-5,6-dihydro-4H-3b,6a-propanoindeno[5,4-b:6,7-b']
dithiophene-4,6,10,12-tetracarboxylate (76a). Obtained as a white solid (358 mg, 61%). ‘H
NMR (200 MHz, DMSO-dg): & 8.87— 7.28 (m, 4H), 5.16 — 3.89 (m, 12H), 1.27 — 0.99 (m,
12H).

(4R,6S,10S,12R)-tetramethyl 5,11-dioxo-5,6-dihydro-4H-3b,6a-propanoindeno[5,4-b:6,7-b']
dithiophene-4,6,10,12-tetracarboxylate (76b). Obtained as a white solid (358 mg, 61%). 'H

NMR (200 MHz, DMSO-de): & 7.97— 7.02 (m, 4H), 5.56 — 4.24 (m, 4H), 3.64 — 3.31 (m, 9H).
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Appendix

DONOR-ACCEPTOR CONJUGATED COPOLYMERS INCORPORA-
TING TETRAFLUORO-BENZENE AS THE n-ELECTRON DEFICIENT

UNIT

A%

WWWWWW

8 7 6 5 4 3
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Figure Al. Partial *H NMR spectra (200 MHz, CDCls, 25°C) of polymer P4a

(blue, top), P4cS (green, middle) and P4b (red, bottom)
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Figure A2. UV/Vis spectra of polymers P2, 2 P4cS and P3b (CHCl3, 10-10° M)
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Figure A3. TG analysis of P4a and P4b
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Monomer Self interaction Dimer Self interaction

energy energy
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Figure A4. Absolute self interaction energy per monomer (left) or dimer (right)

are plotted in kJ/mol unit versus number of stacked units
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Table Al. Torsion angles in polymers P1, P2, P3, P4, P3H and P4H (in degrees)

Polymer o B B> o
P1 45.0 39.0 -44.0 -43.0
P2 455 384 -44.8 -39.9
P3 7.83 37.0 -10 -36.9
P4 -50.1 - - 50.1
P3H -18.0 24.7 -25.0 17.0
P4H -51.0 - - 51.0
? H,;C
0]
o
g al
CH; CH;
P1 P2
CHs CHs
o R F
R F S
SOWLY,
s Y/
o o
H)/O F F
CH; CH;
P3 P4
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Figure A5. Optimized stacked dimeric units of polymer P1. Left: view interaction
of side chains in a plane orthogonal to the plane of backbone. Right: view interac-

tion of conjugated backbone.

Figure A6. Optimized stacked dimeric unit of polymer P2. Left: view interaction
of side chains in a plane orthogonal to the plane of backbone. Right: view interac-

tion of conjugated backbone.
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Figure A7. Optimized stacked dimeric unit of polymer P3. Left: view interaction
of side chains in a plane orthogonal to the plane of backbone. Right: view interac-

tion of conjugated backbone.

Figure A8. Optimized stacked dimeric unit of polymer P4. Left: view interaction
of side chains in a plane orthogonal to the plane of backbone. Right: view interac-

tion of conjugated backbone.
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Copies of NMR of Newly Synthesized Compounds and Polymers
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'H NMR (CDCls, 200 MHz)

i‘ FR74 -2 - macchia buona Q I T
Z | n) j;\ﬁ)j/ 5 I'f
E H B _\ {’/’ \}‘g_, @~ o B2
et E 5 | \\\.\. g% - Eg 3N 4
] S S
.| B!
Ve
Wy
w -
ig .gL |
2 2 n

Monomer 5

'H NMR (CDCls, 200 MHz)

304€ .25
2a59.70
—218% 58
—~—1290 .04
“~—1Z84 .60

|

]

=
/\g
=

:

-118-



Polymer P1.

'H NMR (CDCls, 300 MHz)

27.540

3C NMR (CDCls, 75 MHz)
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Polymer P2.

'H NMR (CDCls, 200 MHz)
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Polymer P3ain DMSO-d.
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Polymer P3b (CDCl3, 200 MHz)
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Polymer P4a (CDClI3, 200 MHz)
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Polymer P4b (CDCl3, 200 MHz)
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CONJUGATED THIOPHENE-FUSED ISATIN DYES THROUGH IN-

TRAMOLECULAR DIRECT ARYLATION

Table A2. Conditions for the attempted acylation of isatin 14

Entry Method Conv [%]
1 NaH (1.5eq), THF dry, 0°C-rt. 0
2 DMAP (0.2eq), triethylamine (1.1eq), THF dry. 0
3 DMAP (0.2eq), triethylamine (1.1eq), DCM dry. 0
4 Pyridine (2.1 eq), DCM dry. 0

1,0
D = Toluene
= Chloroform
8 Acetonitrile
< — AcCetone
0,5 -
0,0 : :
400 600 2 (nm)

Figure A9. UV/Vis spectra of compounds 18 (ca. 5 x10° M) in different solvents
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Figure A10. Cyclic Voltammetry of compound 18 (top) and 36 (bottom). For conditions, see

General Experimental in the Experimental Section.
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Figure Al1l. Plots showing thermal ellipsoids for the two independent molecules

in the 18 1 crystal (above) and in the 18_2 crystal (below). Ellipsoids are drawn

at the 50% probability level. Atom names are reported only for non-hydrogen at-
oms
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Figure A12. The C-H---O hydrogen bond motif occurring between couples of in-
dependent molecules in the 18 1 crystal. Complete H-bonds are shown only for
the two central molecules. Features for the independent C-H---O interactions are:
C(12)---0(3)' 3.24(1) A, H(12)---0(3)' 2.51(1) A, C(12)-H(12)---0(3)' 135.4(2)°;
C(25)"---0(1) 3.22(1) A, H(25)" ---O(1) 2.57(1) A, C(25)"-H(25)"---O(1)
127.8(2)°. Symmetry code: (') = 1-x, 1-y, 2-z; (") = 2-X, 1-y, 1-z; (") = 14X, y, -1+z.
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--.__._0(4)"' C(25)":

Figure A13. The C-H---O hydrogen bond motif in the 18 2 crystal. H-bonded
chains made by symmetrically equivalent molecules are interconnected by addi-
tional C-H---O interactions between couples of independent molecules. Complete
H-bonds are shown only for the two molecules in the middle. Features for the in-
dependent C-H---O interactions are: C(4)"---O(2)" 3.46(1) A, H(4)' ---O(2)"
2.55(1) A, C(4)-H(4)"---0(2)" 166.5(2)°; C(13)---O(1)' 3.39(1) A, H(13)---O(1)'
2.54(1) A, C(13)-H(13)---0(1)' 147.1(2)°; C(19)---O(1)' 3.27(1) A, H(19) ---O(1)'
2.56(1) A, C(19)-H(19)---0(1)' 113.2(2)°; C(25)---O(4)" 3.14(1) A, H(25)
--0(4)™ 2.43(1) A, C(25)-H(25)---0(4)™ 133.3(3)°. Symmetry code: (') = 1-x, -V,
12, (") = -1, ¥, 1423 () = =Lotx, oy, otz () = P, ey, o
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Figure Al14. Plots showing thermal ellipsoids for the two similar but not equiva-

lent molecules occurring in the crystals of 28 (above) and 30 (below) compounds

(ellipsoids are drawn at the 50% probability level). For the crystal of 28, the addi-
tional dichloromethane solvent molecule is not shown for clarity.
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Table A3. Bond distances (A) for the ring structures of the four crytrallographically-
independent molecules of compound 18 (two polymorphs 18 1 and 18_2). The corre-
sponding distances for the two independent molecules of each crystal polymorph are re-
ported on the same line.

18 1

18 2

C(1)-N(1)
C(1)-0(1)
C(2)-0(2)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(3)-C(8)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-N(1)

C(9)-S(1)
C(12)-S(1)
C(9)-C(10)

C(11)-C(12)
C(10)-C(11)

C(7)-C(9)

C(10)-C(13)

C(13)-N(1)

isatin

1.361(3)
1.208(3)
1.208(3)
1.571(3)
1.462(3)
1.387(3)
1.382(3)
1.387(3)
1.384(3)
1.393(3)
1.385(3)
1.407(2)

C(14)-N(2)
C(14)-0(3)
C(15)-0(4)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(16)-C(21)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(20)-C(21)
C(21)-N(2)

thiophene

1.728(3)
1.714(2)

C(22)-5(2)
C(25)-S(2)

1.374(3) C(22)-C(23)
1.346(3) C(24)-C(25)
1.421(3) C(23)-C(24)
fused ring
1.449(3) C(20)-C(22)
1.501(3) C(23)-C(26)
1.464(3) C(26)-N(2)

1.363(3)
1.212(2)
1.208(2)
1.553(3)
1.472(3)
1.380(3)
1.386(3)
1.386(3)
1.392(3)
1.395(3)
1.385(2)
1.404(2)

1.722(2)
1.711(2)
1.373(3)
1.347(3)
1.419(3)

1.453(3)
1.504(3)
1.466(3)

C(1)-N(1)
C(1)-0(1)
C(2)-0(2)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(3)-C(8)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-N(1)

C(9)-S(1)

isatin
1.362(4) C(14)-N(2)
1.210(4) C(14)-0O(3)
1.206(4) C(15)-0(4)
1.564(5) C(14)-C(15)
1.467(5) C(15)-C(16)
1.384(5) C(16)-C(17)
1.387(5) C(16)-C(21)
1.376(5) C(17)-C(18)
1.393(5) C(18)-C(19)
1.389(5) C(19)-C(20)
1.378(5) C(20)-C(21)
1.410(4) C(21)-N(2)
thiophene
1.714(4) C(22)-S(2)

C(12)-S(1) 1.702(4) C(25)-S(2)

C(9)-C(10) 1.377(5) C(22)-C(23)
C(11)-C(12) 1.360(5) C(24)-C(25)
C(10)-C(11) 1.415(5) C(23)-C(24)
fused ring
C(7)-C(9) 1.459(5) C(20)-C(22)
C(10)-C(13) 1.495(5) C(23)-C(26)
C(13)-N(1) 1.459(4) C(26)-N(2)

1.366(4)
1.214(4)
1.210(4)
1.566(5)
1.455(5)
1.393(5)
1.381(4)
1.376(5)
1.384(5)
1.389(5)
1.377(4)
1.414(4)

1.717(3)
1.704(4)
1.376(5)
1.340(5)
1.420(5)

1.455(4)
1.509(5)
1.457(4)
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Table A4. Crystal data for investigated crystals

18 1 18 2 28 30
Formula 026H14N20482025H14N20482 C27H14BF6C|2N20482 C30H24BF4N40482
M 482.52 482.52 1044.82 888.26
Crystal system triclinic monoclinic triclinic monoclinic
Space group P-1 (no.2) P2i/n (no. 14) P-1 (no. 2) P2i/c (no. 14)
a[A] 7.331(2) 5.3775(6) 8.205(2) 23.534(4)
b [A] 10.1068(15) 31.052(5) 14.884(4) 8.2908(12)
c[A] 14.572(2) 12.3237(13) 14.978(4) 16.250(6)
a[] 84.948(15) 90 62.98(2) 90
B [°] 83.20(3) 90.673(11) 86.64(3) 96.99(2)
v [°] 79.94(14) 90 86.32(3) 90
Vv [A%] 1053.1(4) 2057.7(5) 1625.3(8) 3147.1(14)
Z 2 4 2 4
peaicd [9 cm™] 1.522 1.558 2.135 1.875
0 range [°] 2-26 2-26 2-26 2-25
Measured reflections 4490 4520 6941 6121
Unique reflections 4129 4065 6429 5532
Rint 0.019 0.035 0.042 0.1197
Strong data [lo>26(lo)] 3347 2394 5045 3540
Refined parameters 307 307 397 401
R1, wR2 (strong data) 0.0403, 0.0545, 0.0761, 0.1819 0.1087, 0.2012

0.1018 0.1029
R1, wR2 (all data) 0.0530, 0.1165, 0.0999, 0.2077 0.1693, 0.2417
0.1096 0.1243

GoF 1.024 1.007 1.151 1.192
Max/min residuals [e  0.42/-0.30  0.26/-0.25 1.08/-1.22 0.70/-0.67

A7
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Copies of 'H, *C NMR, ESI-MS and GC-MS spectra

Compound 15
'H NMR (200 MHz, CDCl5)
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'H NMR (200 MHz, CDCl5)
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Compound 17

'H NMR (200 MHz, CDCl5)
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Compound 18
'H NMR (200 MHz, CDCl5)
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Compound 20
'H NMR (200 MHz, CDCl5)
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Compound 21

'H NMR (200 MHz, CDCl5)

mw.vg
9
o't |
ad
8t'p |
667
05"
55t
95y f

19'%
9%
€9
£9'%
$9
5ot
o)

699
049
€L9
L9

691
@89

p1L
81°L
61,
L

9'p
61

Fooz
HT'E

6
ppm

11 10

12

3C NMR (75 MHz, CDCl3)

ce v

299

25'aL
~_

v6 3L

LETLL \\I

v9 T0F—~_
10201 —"

£2 61—
88 12—
BE'GRE—~_
12 g2t
wr9el
89821
20" 1EF—0
9I"BEl—"

06°2pl——

LS EL

wod

pom

~144-



Compound 25
'H NMR (200 MHz, CDCl5)
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'H NMR (200 MHz, CDCl5)
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Compound 28
'H NMR (200 MHz, CDCl5)

5.32

A
&
o
12 11 10 9 8 7 6 5 2 1 0
ppm
13
C NMR (75 MHz, CDCls)
7 5 0%3 ddgddss RERE
| | IR
k4
o l J L J\’ JL LI \ 14 .L ) v
e T T T i T T T T TrpreToT
gam 182 180 140 120 100 BO 40 20

~147-



Compound 29

'H NMR (200 MHz, CDCl5)

L181°8 -

28899 ~
rLg'9

£897°L £
680¢°L 7

oprm]

o0s !

¢ies’t -
N

T _ T T T T T
H n N

3C NMR (75 MHz, CDCls)

ez o

299

26 9L
~_

¥6 9L

hnnn\l

¥9 B0F—~_
1020 —"

£2'6Fh—_
8 F2———

86 62—
1292t

:‘.mwal\n
89°821

20" LET——_
9i'BEl—

06 cri——o

wod

—— T

T
80

100

T
120

140

T
160

180

—148-



Compound 30
'H NMR (200 MHz, CDCl5)
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Compound 32

'H NMR (200 MHz, ds-DMSO)
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'H NMR (200 MHz, ds-DMSO)
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Compound 33

'H NMR (200 MHz, CDCls)
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Compound 34

'H NMR (200 MHz, CDCl5)
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Compound 35

'H NMR (200 MHz, CDCl5)
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Compound 36
'H NMR (200 MHz, CDCl5)
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ONE POT DIRECT ARYLATION AND CROSS-ALDOL CONDENSA-
TION FOR THE RAPID CONSTRUCTION OF H-EXTENDED THIO-

PHENE AND FURAN-BASED SCAFFOLDS

Synthesis of Selected Compounds

In scheme A1, A2 and A3 the synthetic pathway for the starting materials used is shown.

Scheme Al. Synthesis of 4-bromo-1-alkylindolin-2-one la—b

0 (0] R-Br ') 0] @)
K,CO4 TiCly Zn
Br NH Br N-R ——— bBr N-R
DMF THF
70°C - rt 0°C - rt
I R=Me lla R=Me 18a
CgHyy b CgH7 18b

Alkylated isatin Ila—b were synthesized using the following protocol reported in the litera-
ture.! Oxindole derivative 18a—b were synthesized using a modified protocol reported in the
literature.?

General Procedure for the Synthesis of la—b. Example for the synthesis of la. A flame-
dried Schlenk flask was charged with 4-bromo-1H-indole-2,3-dione 1 (2.26 g, 10 mmol) and
dry DMF (20 mL) under nitrogen. K,COj3 (1.38 g,10 mmol) was added and the reaction mix-
ture was stirred at 70 °C for 1 h. After this time iodomethane (1.24 mL, 20 mmol) was added
via syringe and the reaction mixture was stirred at room temperature. After full conversion of
the starting material (4h, TLC monitoring), the reaction mixture was quenched with water.
The aqueous phase was extracted with ethyl acetate, the combined organic extracts were dried
over anhydrous Na,SO, and the organic solvent were removed in vacuo. Crude material was
purified by flash chromatography (SiO,; n-hexanes:ethyl acetate 7:3) to afford pure 4-bromo-
1-methylindoline-2,3-dione Ila as red solid (2.35 g, 98%).

4-bromo-1-methylindoline-2,3-dione (I1a): obtained as a orange solid (2.35 g, 98%); *H NMR
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(200 MHz, CDCly): §7.43 (t, J = 8.0 Hz, 1H), 7.34-7.18 (m, 1H), 6.85 (dd, J = 7.8, 0.9 Hz,
1H), 3.27 (s, 3H). *C NMR (75 MHz, CDCl,): § 183.5, 151.6, 138.5, 125.4, 124.0, 117.6,
110.1, 26.4.

4-bromo-1-octylindoline-2,3-dione (11b): obtained as a red solid (3.21 g, 95%); *H NMR (200
MHz, CDCl3): 57.41 (t, J = 8.0 Hz, 1H), 7.33 — 7.17 (m, 1H), 6.85 (d, J = 7.8 Hz, 1H), 3.72
(t, J = 7.3 Hz, 2H), 1.78 — 1.55 (m, 2H), 1.49 — 1.16 (m, 10H), 0.99 — 0.76 (m, 3H). *C NMR
(75 MHz, CDCl3): 6 180.8, 157.4, 152.9, 138.1, 128.1, 121.6, 116.3, 109.0, 44.3, 37.2, 30.4,
29.9, 29.4, 29.0, 28.5, 23.8, 22.9, 13.9, 10.4; GC-MS (EI): rt 16.92 min:, 337 [M]".

General Procedure for the Synthesis of 18a—b. Example for the synthesis of 18a. TiCl, (3.3
mL, 30 mmol) was added to a stirred suspension of Zn powder (3.92 g, 60 mmol) in freshly
distilled dry THF (80 mL) at rt under a dry N, atmosphere. After the addition, the mixture
was refluxed for 2 h. The suspension with the low-valent titanium reagent thus formed was
cooled to rt. A solution of 4-bromo-1-methylindoline-2,3-dione Ila (2.40 g, 10 mmol) in THF
dry (20 mL) was added dropwise. The mixture was stirred at room temperature for about 1 h
under N (TLC monitoring). The reaction mixture was quenched with 3% HCI and extracted
with DCM. The combined extracts were washed with water and dried over anhydrous
Na,SO,. After evaporation of the solvent under reduced pressure, the crude product was puri-
fied by column chromatography (SiO,; n-hexanes:ethyl acetate 6:4) to give the pure products
18a as light yellow solid (1.12 g, 59%).

4-bromo-1-methylindoline-2-one (18a): obtained as a light yellow solid (1.12 g, 59%); ‘H
NMR (200 MHz, CDCls): §7.23 — 7.09 (m, 2H), 6.88 — 6.62 (m, 1H), 3.49 (s, 2H), 3.21 (s,
3H). 3¢ NMR (75 MHz, CDCly): 6 173.7, 146.0, 129.4, 125.4, 125.3, 119.0, 106.8, 37.0,
26.5.

4-bromo-1-octylindoline-2-one (18b): obtained as a light yellow solid (1.12 g, 59%): *H NMR

(200 MHz, CDCls): 5 7.16 (s, 2H), 6.77 (dd, J = 5.5, 3.2 Hz, 1H), 3.68 (t, J = 7.4 Hz, 2H),
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3.48 (s, 2H), 1.80 — 1.53 (m, 2H), 1.49 — 1.17 (m, 10H), 1.02 — 0.68 (m, 3H). *C NMR (75

MHz, CDCls): 6 173.5, 145.5, 129.2, 125.5, 124.9, 107.0, 40.3, 37.0, 31.6, 29.1, 29.0, 27.3,

26.8, 22.5,13.9.
Scheme A2. Synthesis of 2-bromo-3-formylthiophene VI
Br BuLi | | EtMgCl _0
Eg ICH,CH, Eg NBS Eg— DMF Eg_
N T T N T T A\ 1\
| S HexTHF < AcOH | e | Vs

]] v Vv Vi

Compound VI (which is however commercially available) was synthesized using the follow-
ing protocol reported in literature (Scheme A2).2

3-iodothiophene (1V). A 1.6 M solution of n-butyllithium in hexane (12.3 mL, 19.7 mmol)
was added in one portion to a solution of 3-bromothiophene 111 (1.74 mL, 18.4 mmol) in hex-
ane (27.6 mL) at temperature of -70°C under argon. Successively, a small amount of THF
(2.7 mL), followed by hexane (9.3mL), was added quickly. Then the mixture was stirred at
0°C for a short period of time and was cooled again to -70°C. After the addition of 1,2-
diiodoethane (6.00 g, 21.3 mmol) at -70°C, the reaction mixture was warmed to room temper-
ature and stirred there for 1 h. A sat. sodium thiosulfate solution was poured into the reaction
mixture. The organic layer was diluted with ethyl acetate, washed with brine, and dried over
anhydrous MgSO,. After removal of the solvent in vacuo, the residue was purified by flash
chromatography (SiO,; n-hexane) to afford 1V as a yellow oil (3.32 g, 86%): *H NMR (400
MHz, CDCls): §7.41 (dd, J = 3.0, 1.8 Hz, 1H), 7.20 (dd, J = 5.1, 3.0 Hz, 1H), 7.10 (dd, J =
5.1, 1.8 Hz, 1H).

2-Bromo-3-iodothiophene (V). A mixture of 1V (2.44 g, 11.6 mmol), N-bromosuccinimide
(2.21 g, 12.4 mmol), and acetic acid (10 mL) was stirred at 100°C for 1 h under argon. The
reaction mixture was diluted with water and sat. NaHCO3 and was extracted with ethyl ace-
tate. The extract was washed with brine and dried over anhydrous MgSO,. After removal of

the solvent in vacuo, the residue was purified by flash chromatography (SiO2; n-hexane) to
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afford V as a colorless oil (2.47 g, 74%). *"H NMR (400 MHz, CDCls): §7.23 (d, J = 5.7 Hz,
1H), 6.96 (d, J = 5.7 Hz, 1H).

2-Bromo-3-formylthiophene (VI1). A solution of V (561 mg, 1.94 mmol) in THF (1.8 mL)
was added dropwise into a 2.0 M solution of ethylmagnesium chloride in THF (1.9 mL, 3.8
mmol) at 0°C under argon atmosphere. The mixture was stirred at rt for a short period of time,
and then freshly distilled DMF (0.27 mL, 3.5 mmol) was added dropwise at 0°C. After stir-
ring at rt for 1 h, the reaction mixture was diluted with sat. NH4CIl and was extracted with
ethyl acetate. Evaporation of the solvent followed by flash chromatography (SiOy; n-
hexanes:ethyl acetate 8:2) gave a mixture of formylated products as a yellow oil (230 mg,
62%). The products were identified by *H NMR and GC-MS spectrometers. Pure product VI
was obtained as pale pink crystals by crystallization with n-hexane for 2 weeks. *H NMR (400
MHz, CDCls): §9.94 (s, 1H), 7.36 (d, J = 6.0 Hz, 1H), 7.28 (d, J = 6.0 Hz, 1H).

Scheme A3. Synthesis of Furan-3-yl acetic acid XI

COOH L|AIH4 OH
& &
EtZO o)

0°C - vill
18-crown-6
OH P(Bu),, CCl4 Cl KCN COOH
(/jﬁ Bl V2N /]
0] MeCN 0] 70°C 0]
IX 0°C reﬂUX XI

Compounds VIII and XI were synthesized using the following protocol reported in literature
(Scheme A3).*°

3-Furanmethanol (VI11). A flame-dried Schlenk flask was charged with LiAlIH,4 (0.38 9,10
mmol) and freshly distilled Et,O (5 mL) under nitrogen, than a solution of 3-furoic acid VI
(1.12 g, 10 mmol) in freshly distilled Et,O (5 mL) was added via cannula dropwise at 0°C.
The reaction mixture was stirred at rt for 1 h (TLC monitoring), than was quenched adding
slowly a solution 10% KOH aqg and was extracted with diethyl ether. The extract was washed

with 5% HCI ag., brine and dried over anhydrous Na,SO,4. 3-Furanmethanol VIII was ob-
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tained after removal of the solvent in vacuo, as a colorless oil (1.32 g, 93%). *H NMR (400
MHz, CDCls): §7.40 (d, J = 2.0 Hz, 2H), 6.56 — 6.17 (m, 1H), 4.53 (s, 2H), 2.16 (s, 1H).

Furan-3-yl acetic acid (IX). 3-Furanmethanol VII11 (4.00g, 40.80 mmol) was added to a so-
lution of tri(n-butyl)phosphine (11.18 cm?, 44.88 mmol) and CCl, (4.33 cm?, 44.88 mmol) in
dry CH3CN (90 mL) at 0°C. The resulting reaction mixture was stirred for 1 hour and 18-
crown-6 (2.50 g, 9.46 mmol) was added, followed by the careful addition of KCN (5.31 g,
81.50 mmol). The temperature was raised to 70°C and stirring continued for a further 12 h.
Dilution with diethyl ether was followed by successive washes with water, 1 M citric acid and
brine. The organic layer was collected, dried over anhydrous MgSO, and the solvent removed
in vacuo. The crude product was purified by flash chromatography (SiO,; n-hexane:diethyl
ether, 10:1) affording the intermediate nitrile as a yellow crystalline solid (1.37 g, 31%). The
nitrile (0.72 g, 6.72 mmol) was subsequently hydrolyzed by refluxing in an aqueous solution
of KOH (10 mL, 2.5 M) for 5 hours. Following discoloration with charcoal, the organic layer
was washed with dilute H,SOy4, dried over anhydrous MgSO,4 and concentrated under reduced
pressure affording a colorless residue. Upon addition of light petroleum ether the title com-
pound was obtained as a colorless crystalline precipitate. *H NMR (200 MHz, CDCls): §7.40
(d, J = 1.4 Hz, 1H), 6.39 (t, J = 1.3 Hz, 2H) 3.52 (s, 2H). 3C NMR (75 MHz, CDCls): &

177.4,143.1, 140.6, 116.5, 111.3, 30.6.
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Additional spectroscopic data for compound 46a
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Figure A15. Stacked *H NMR (CDCls, 200 MHz) of compounds 46a (1) and 46¢
().
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Figure A16. CV spectra of 46a shown an irreversible oxidation and reduction
peaks. Electrochemical polymerization was not observed. The energy gap ob-
tained is 2.94 eV (EHOMO =-56¢eV, ELUMO =-2.75 eV)
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—— Absorption spectra
04 - Emission spectra (Aex =313 nm) | | 0,4
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Figure A17. Absorption and emission spectra in CHCIs of 46a (solution 10 M in
CH,Cl,). 46a does not absorb in the visible region while have a Ayax of emission
in cyan region.
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Additional experiments

Table A5. Optimization of the synthesis of 49a

O COOEt
(I oo 9) I
+ O ] —_—
Br
S
s/

Entry Catalyst Base Additive Solv T[°C] Yield [%]*

1 Pd(OAc), KOAc PPhs DMF 150
sz(dba)g K>CO3 - DMF 150
Pd(OAc), K,CO3 PPh3 DMF 150
Pd(OAc), K,;COz JhonPhos DMF 150
Pd(OAC)z K>CO3 PPh3 Tol 150
6 sz(dba)3 K>CO3 - Tol 150 0

General conditions: 1 mmol of ethyl 2-bromophenylacetate, 1.1 mmol of 3-formylthiophene, cat (5 mol%),
phosphine (10 mol%), 2 mmol of base in 2 mL of solvent (50 mM in reagents). ®Isolated yield after flash chro-
matography.

O~ W w
O O O oo

Table A6. Optimization of reaction conditions for the synthesis of 53 and 57

@/\COOR
S

Catalyst
@fo Addictive, K;CO OO COOEt
Br DMF, 110°C
5/

Entry R Catalyst Add(4 mol%)  10:12° Yield[%]?
1°  Et Pd(PPhs), - 15:85 12
2 Et PdCl, - 0:100 -
3 Et Pd(dppf)Cl,-DCM - 0:100 -
4 Et  Pd(PPhs),Cl, - n.d. 19
5°  Et Pd(OAC), PPh; 65:35 35
7° Et Pd(OAC), P'Bus-HBF, 25:75 14
8" Et Pd(OAC), dppp 53:47 21
9®  Et Pd(OAC), JhonPhos 50:50 31
10° Et Pd(OAcC), P(o-metoxyhenyl); 62:38 30
11*¢  H Pd(OAC), PPh; 99:1 91
129 H Pd(OAC), PPh; 99:1 91

% |solated yield after flash chromatography of 46.° Cross-aldol product was isolated by column chromatography.
Ratio in the crude reaction mixture was calculated using *H NMR. ¢ Reaction conducted at 110°C.  The addition
of EtBr at rt was conducted after 24h
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Design of Thienobenzothienoisoindoloindoledione-Based Compound via One

Pot Cross-Aldol Condensation and Direct Arylation

Scheme A4. Synthesis of DIPID reported in literature®
CaH17

NHCgH17 ¢
CgH17NH, \)I\CI
_air _ DMAP
TEoR 1t THF, 0t C
61.5% 71.5%

NHCgH,, C y
8 17

CgHiz O CgH17
N

o CgH17

Entry Metod Yield [%0]

AIClI; (7 eq), 190°C, 20 min
AIClI; (7 eq), 190°C, 20 min
AICl3 (7 eq), 190°C, 1h
AICl3 (30 eq), 190°C, 20 min
AICl; (10 eq), NaCl (30 eq), 190°C, 1h
AICl; (10 eq), NaCl (30 eq), 120°C-190°C
AICl3 (4 eq), DCE dry (0.1M), reflux
AICI; (4 eq), Heptane (0.1M), reflux
AICI; (4 eq), o-diclorobenzene (0.1M), reflux

© 00 NO Ol WN -

e
= o

AICl3 (4 eq), Ethylen Glycol (0.1M), 190°C
Pd(OAc),, JHONPHOS, Et3N, Tol dry, 80°C

O OO O OO OO oo o
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Scheme A5. Experiment not achieved for the synthesis of benzodipyrrolidone
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Table A6. Oxidative cyclization Cu-catalyzed for the synthesis of benzodipyr-

rolidone®
CgHiz7 O CgHy7
N N
Cl o)
R
" 0
\ N
O CeHir d  CeHyy
Entry Metod Yield [%0]
1 Cul (5mol%), DMSO (0.1M), 100°C 9
2 Cul (5mol%), DMSO dry (0.1M), 100°C 14
3 Cul (10mol%), DMSO dry (0.1M), 100°C 13
5 Cul (5mol%), AcOH (2 eq), DMSO dry (0.1M), 100°C 11
4 CuBr (5mol%), DMSO dry (0.1M), 100°C -

Table A7. Bromination trials on DIPID and benzodipyrrolidone

0
" 4
X Br X
—_—
X X Br
N\ N
o}’ CgH17 O/>/ "CgHy7
Entry X Metod Yield [%]
1 CH>» Br», CHC|3, rt -
2 CH; Br,, DMF, rt -
3 CO Bry, CHCl3, rt 0
4 CoO Bry, DMF, rt 0
5 CoO NBS, DMF:AcOH, rt 0
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Copies of 'H and **C NMR spectra
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Compound 46b

'H NMR (200 MHz, CDCl5)
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GC-MS
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Compound 46¢

'H NMR (200 MHz, CDCl5)
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Compound 53

'H NMR (400 MHz, CDCl5)
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GC-MS
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Compound 57

'H NMR (200 MHz, DMSO-dg)
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Compound 60

'H NMR (200 MHz, CDCl5)
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Compound 61a

'H NMR (200 MHz, CDCl5)
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MS 116 in CDCl3 a 26°C con Dl= 4 s.
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Compound 61b

'H NMR (400 MHz, CDCl5)
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ESI-MS
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'H NMR (400 MHz, CDCl5)
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Compound 63

'H NMR (400 MHz, CDCl5)

-
R
8y
6bb J
5% =
€5
oFL
WL
Stz
9b'z
£ T8¢
o z8e
5€'8
559/ 3

FHO0E

Fere

00C
%mﬁﬁ
=80T
001

ppm

3C NMR (75 MHz, CDCls)

89%T

T

£6'ETT

OF'6TT
[agreat
i

8EHET-4

08'¥eT
¥L'STT
0£'92T-
6521
B.EJ
05'8¢T

f

"

f

99'891

180 160 140 120 100 80
ppm

200

220

-187-



GC-MS
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Compound I1b

'H NMR (200 MHz, CDCl5)
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ANTHRADITHIOPHENE-BASED AND DIHYDROBENZODITHIO-
PHENE-BASED MONOMER FOR THE SYNTHESIS OF INNOVATIVE
POLYMERS FOR PHOTOVOLTAIC APPLICATIONS

Copies of *H and **C NMR spectra
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'H NMR (200 MHz, CDCl5)
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'H NMR (200 MHz, CDCl5)
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Compound 73
'H NMR (400 MHz, CDCl5)
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'H NMR (400 MHz, CDCls)
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Compound 78a

'H NMR (400 MHz, DMSO-dg)
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