
Introduction

Functionalized dithieno[3,2-b:2′,3′-d]pyrroles (DTPs) are
frequently implemented as electron-rich units in semicon-
ducting materials for organic electronic devices.1–3 The typi-
cally used N-alkyl and N-aryl DTPs are efficiently synthe-
sized by Pd-catalyzed Buchwald–Hartwig amination of hal-
ogenated bithiophene precursors and alkyl or aryl amines
with the formation of the central pyrrole ring.3,4 However,
DTPs bearing directly connected heteroaromatic substitu-
ents at the central nitrogen were not described using this
general approach. For example, we have tried to react 3,3′-
dibromo-2,2′-bithiophene with heteroaromatic 2-amino-
thiazole. Neither with palladium nor with copper catalysis,
any conversion to the targeted thiazolyl-DTP was observed.5

A further drawback of this approach is the limited availabil-
ity of amino-substituted heterocycles such as, e.g., 2- or 3-
aminothiophenes as amino components in this C–N cou-
pling reaction due to their inherent instability.6 In that re-
spect, the first and only N-heteroarylated DTP was recently
published by Tang et al., who reacted parent H-DTP, which
can be conveniently synthesized on a larger scale,7 with 2-
iodo-5-hexylthiophene in a copper-catalyzed variant of the
Ullmann reaction to receive N-(2-thienyl)-substituted DTP
in 50% yield.8 This DTP was used as a central part of a larger
co-oligomer, which served as a hole-transport layer in per-
ovskite solar cells.9 On these grounds, it becomes evident
that there is a requirement to expand the family of N-het-
eroarylated DTPs.

We have very recently disclosed a straightforward and
viable ʼinvertedʼ method for the preparation of a series of
N-arylated DTPs by Pd- or Cu-catalyzed coupling of parent
H-DTP 1 as the amine component with widely available aryl
and acene bromides.10 Herein, we now describe microwave-
assisted Cu-catalyzed heteroarylation reactions of H-DTP 1
with well available 5- and 6-membered heteroaromatic ha-
lides leading to a series of novel N-heteroarylated DTPs 3a–
3n (Scheme 1). Eventually, selected N‑heteroarylated DTPs 3
were electropolymerized to the corresponding conducting
DTP-polymers P3.
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microwave-assisted Cu-catalyzed coupling of parent H-DTP 1 with 5-
and 6-membered heteroaromatic halides, a variety of novel N-function-
alized DTPs were obtained. Supported by quantum chemical calcula-
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merized to corresponding conducting DTP polymers.
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Scheme 1 N-Arylation reactions of H-DTP 1 (left, previous work, ref.
10) and microwave-assisted, Cu-catalyzed heteroarylation of H-DTP 1 to
yield novel N-heteroarylated DTPs 3a–3n (right, this work).
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Results and Discussion

Synthesis of N-Heteroarylated DTPs

For the N-arylation reaction of H-DTP 1 with aryl and acene
bromides, it turned out that besides Pd-catalysis, also cop-
per iodide (CuI) under microwave irradiation delivered good
yields of some N-aryl DTPs, however with a varying sub-
strate spectrum.10 Because the reaction of H-DTP 1with het-
erocyclic 3-bromothiophene 2a and Pd(OAc)2/P(t-Bu)3 as a
catalytic system gave N-(3′-thienyl)-substituted DTP 3a in
only 4% yield,5 we alternatively tested the microwave-assis-
ted, ligand-free Cu(I)-catalyzed method, which was previ-
ously described for the reaction of the more robust analogue
9H-carbazole with aryl and heteroaryl bromides or io-
dides.11 A screening of these reaction conditions for the re-
action of the more electron-rich H-DTP 1 with differently
halogenated thiophenes, various copper sources, bases, and
additives revealed that the highest product formation of DTP
3a (77%) was achieved with 3-bromo- and equally with 3-
iodothiophene, with 10mol% CuI as a catalyst and Cs2CO3
as a base in DMF at 160°C under microwave irradiation for
45min (Table 1).

Having established these frame conditions, we examined
the scope of this DTP-heteroarylation and reacted H-DTP 1
with in total fourteen 5- and 6-membered heterocyclic bro-
mides comprising different electronic characters and reac-
tivities. The results are summarized in Table 2. The reaction
using isomeric 2-bromothiophene 2b gave 2′-thienyl-DTP
3b in 58% yield. Furthermore, we could introduce 2′-furyl
(3c), 3′-furyl (3d), 2′-selenophenyl (3e), and 1,3-thiazol-2′-
yl (3g) substituents to the DTP core in similar good yields
(48–68%), whereby the oxidation-sensitive N-methylpyr-
rol-2′-yl-DTP (3f) was formed in a lower 27% yield. Extended
substituents were also tested by using bithien-5′-yl, benzo-
[b]thien-2′-yl, and benzo[b]fur-2′-yl resulting in heteroaryls
3h, 3i, and 3j in yields of 43–46%.

According to the results obtained for the 5-membered
heterocycles, we also tested the electron-deficient 6-mem-
bered bromopyridines 2k–l and bromopyrimidines 2m–n.
In that respect, pyridyl and pyrimidyl-substituted DTPs 3k–
nwere obtained in moderate to good yields (26–82%) when
a higher temperature of 180°C was applied. Due to the elec-
tron-withdrawing effect of the respective heterocycle at the
DTP‑nitrogen, the products seem to be better stabilized
against oxidation and decomposition by follow-up reac-
tions. The chemical structures of all prepared heteroarylated
DTPs 3a–n were fully characterized and their purity and
structures confirmed by HPLC, NMR spectroscopy, and mass
spectrometry (GC‑MS, HRMS), respectively.

Single Crystal X‑Ray Structure Analysis of 3-Thienyl-
DTP 3a

Single crystals of 3′-thienyl-substituted DTP 3a were ob-
tained by slow evaporation of a THF solution to afford yel-
lowish trapezoid-shaped crystals suitable for X‑ray struc-
ture analysis. DTP 3a crystallized in the monoclinic centro-
symmetric space group P21/n with two molecules (M1 and
M2) in the asymmetric unit with a unit cell (a = 9.34338
(14) Å, b = 8.42876(13) Å, c = 27.7728(5) Å, a = 90°,
b = 96.5304(17)°, g = 90°, V = 2173.00(6) Å3) containing eight
molecules in total (Table S1, Supporting Information, SI).
The molecular geometry of the asymmetric unit of DTP 3a
is shown in Figure 1 (left) and Figure S1 (SI), and selected
bond lengths, bond angles, and torsion angles are summar-
ized in Tables S2–S4 (SI). The bond lengths and angles in the
central DTP unit are quite typical and correspond to fused
heteroacenes with reduced bond length alternation.12 Tor-
sion angles of 27.4° and 32.8° for the 3′-thienyl substituent
versus the DTP plane were determined and are slightly
smaller than the torsion angle obtained for N-phenyl-DTP
3o (37°).13

Table 1 Microwave-assisted synthesis of 3′-thienyl-substituted DTP
3a via Buchwald–Hartwig amination of H-DTP 1 and 3-thienyl ha-
lides 2a–c

Entry X Catalyst Base Additive Temp

[°C]

Yield

[%]

1 Cl CuI Cs2CO3 – 180 10

2 Br CuI Cs2CO3 – 140 65

3 Br CuI NaOtBu – 160 76

4 Br CuI Cs2CO3 – 160 77a

5 Br CuI Cs2CO3 DMEDA 160 63b

6 Br CuI Cs2CO3 H2O 160 60c

7 Br Cu(OAc)2 Cs2CO3 – 160 65

8 Br CuBr Cs2CO3 – 140 57

9 I CuI Cs2CO3 – 160 77

aThe reaction was also carried out in a Schlenk flask for 16 h instead in a micro-
wave vial and 67% yield was obtained; b0.4 eq. DMEDA; c250 µL H2O.
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Table 2 N‑Heteroarylation reaction of H-DTP 1 with bromides 2a–n to N‑heteroarylated DTPs 3a–na

aYields are given as isolated yields. Reaction conditions: H-DTP 1 (1 equiv), heteroaryl bromide 2a–n (1.1 equiv), CuI (10mol%), base (1.2 equiv), DMF (2mL), sealed
microwave vial (300W, 15 bar, 160–180 °C, 45min).
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The packingmotif of DTP-derivative 3a includes a dimeric
arrangement of one of the molecules (M2) in the asymmet-
ric unit (Figure S2b, SI), which shows several H–S and H–C
non-bonding interactions smaller than the sum of the van
der Waals radii. The M2-molecules in the dimer show π−π
stacking at distances of 3.29 Å. Molecules M1 arrange in a
herringbone fashion to each other (Figure S2a, SI) and inter-
act withM2-dimers (Figure S2c, SI) through H–S and H–C in-
termolecular interactions (Table S5). Intramolecular inter-
actions (Figure S3, Table S6, SI) in each of the molecule M1
and M2 occur between the α- and β‑C atoms of the thienyl
substituent and C-atoms of the DTP unit forced by the twist-
ing of the substituent with respect to the DTP backbone. The
latter effect should be attributed to packing effects in the
crystal.

Optical and Redox Properties of DTP-Derivatives
3a–3o

Optical investigations of the N-heteroarylated DTP 3a–n
were performed using UV‑vis absorption spectra in THF.
Exemplarily, UV‑vis spectra of DTPs 3b (2′-thienyl), 3h (5′-
bithienyl), and 3i (2′-benzothienyl) are shown in Figure 2
(left); all data are compiled in Table 3. The UV‑vis spectra of
the heteroarylated DTPs 3a–3g and 3k–3n are dominated by
a main absorption band in the UV-regime around 294 to
315 nm which we address to the π−π* transition of the cen-
tral DTP unit. In most cases, these bands are vibronically
split with extinction coefficients ranging from around 19
000M−1 · cm−1 to 40 000M−1 · cm−1. The largest red-shift of
this absorption band compared to parent N-phenyl DTP 3o

Figure 2 UV‑vis absorption spectra of N‑heteroarylated DTP 3b (red curve), 3h (blue), and 3i (black) in THF solution (left). Cyclic voltammograms of 2′-
pyrrolyl-DTP 3f (red curve) and 5′-pyrimidyl-DTP 3n (black) in dichloromethane/acetonitrile (1 :1)/tetrabutylammonium hexafluorophosphate (0.1M),
100mV/s, r. t., potentials vs. ferrocene/ferricenium (Fc/Fc+).

Figure 1 Single-crystal X‑ray structure analysis of 3′-thienyl-DTP 3a: the asymmetric unit composed by two molecules (left) and the unit cell containing
eight molecules. For clarity, only one of the two disordered forms (cis–trans isomerization at the 3′-thienyl substituent) is shown. Ellipsoids for non-
hydrogen atoms are set at 50% probability.
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is noted for thiazolyl derivative 3g (Δλmax = 1699 cm−1), and
we assume that charge-transfer (CT) from the DTP-donor to
the electron-withdrawing thiazolyl substituent contributes
to this transition. In the case of DTP 3h, a second absorption
band at lower energies becomes visible and corresponds to
the π−π* transition of the bithiophene substituent (Figure 2,
left). The optical energy gaps, which were determined from
the onset value of the longest wavelength band, are in the
range of Eg = 3.58–3.91 eV, which are close to the value for
the parent phenyl-DTP 3o (Eg = 3.86 eV). Only bithiophene-
DTP 3h exhibits a significant lower energy gap of 3.19 eV, re-
lated to the dissimilar character of the low-energy band in
comparison to the rest of the compounds.

The redox properties of the DTP-derivatives 3a–3n were
studied by CV in dry dichloromethane (DCM) or DCM/aceto-
nitrile (ACN) 1:1 mixtures with tetrabutylammonium hexa-
fluorophosphate (TBAHFP; 0.1M) as the supporting electro-
lyte and potentials were referenced against the ferrocene/
ferricenium (Fc/Fc+) couple (Table 3). The electrochemical
characterization of the DTPs 3a–3n expectedly revealed ir-
reversible (one-electron) oxidation waves in the CV which
we address to the oxidation of the basic DTP units. Due to
their reactive α-positions, the formed radical cations under-
go follow-up reactions and couple to larger entities such as
conjugated polymers (vide infra). For the majority of the de-
rivatives, the peak potentials are more positive compared to
reference Ph-DTP 3o (Epa = 0.60 V) and vary in the limited
range of 0.63 V for the rather electron-rich thienyl and fu-
ryl-derivatives to 0.72 V for DTPs with electron-deficient

substituents such as thiazolyl (3g), benzofuryl (3j), and pyr-
imidyl (3n). This indicates that the oxidation of the DTP unit
is only insignificantly influenced by electronic effects of the
substituent (Figure 2, right). Exceptions are noted by elec-
tron-rich pyrrolyl-DTP 3f and bithienyl-DTP 3h, which are
oxidized at lower potential (Epa = 0.46 V and 0.55 V) than ref-
erence Ph-DTP 3o. We assume that in the latter cases the ox-
idation and formation of radical cations can be attributed to
the substituents.14

These findings are in agreement with computational re-
sults showing that in the HOMOs no electron density is
found at the DTP-nitrogen suppressing distinct electron in-
teraction of the substituent with the DTP core (vide infra).5

Furthermore, HOMO energies were calculated from the on-
set potential of the oxidationwave ranging from −5.52 eV for
3f to −5.92 eV for 3k. Corresponding LUMO levels, ranging
from −1.61 eV (3f) to −2.43 eV (3h), were determined by tak-
ing the optical energy gaps into account, because in the CVs
no reduction processes were visible in the potential window
of the electrolyte.

Quantum Chemical DFT-Calculations on DTPs

Density functional theory (DFT) calculations were per-
formed on selected DTPs, namely 2′-thienyl-DTP 3b,
N‑methylpyrrolyl-DTP 3f, bithienyl-DTP 3h, 4′-pyridyl-DTP
3k, 5′-pyrimidyl-DTP 3n, and for comparison parent phen-
yl-DTP 3o, in order to rationalize the electronic and steric in-

Table 3 Optical and redox data of heteroarylated DTPs 3a–3n

DTP R λabs
[nm]a

ε
[M−1 · cm−1]

Egopt

[eV]b
EpOx1

[V]c
EpOx2

[V]c
Eonset
[V]c

HOMO

[eV]d
LUMO

[eV]e

3a 3′-Th 299 (309) 27 710 3.85 0.63 – 0.59 −5.69 −1.84

3b 2′-Th 299 (309) 27 100 3.84 0.68 – 0.64 −5.74 −1.90

3c 2′-Fu 297 (306) 26 215 3.76 0.65 – 0.62 −5.72 −1.96

3d 3′-Fu 297 (308) 24 420 3.85 0.64 – 0.61 −5.71 −1.86

3e 2′-Se (301) 309 23 470 3.68 0.70 – 0.66 −5.76 −2.08

3f 2′-Pyr 294 (306) 22 830 3.91 0.46 – 0.42 −5.52 −1.61

3g 2′-Thia 270, 315 (325) 31 900 3.69 0.71 – 0.67 −5.77 −2.08

3h 5′-Bith 307, 339 21 430 3.19 0.55 – 0.52 −5.62 −2.43

3i 2′-BTh 259, (289) 311 30 870 3.61 0.69 0.87 0.66 −5.76 −2.15

3j 2′-BFu 270, 310 31 400 3.58 0.72 – 0.68 −5.78 −2.20

3k 4′-Pyrid 304 (312) 19 150 3.78 0.69f 0.87 0.82 −5.92 −2.14

3l 2′-Pyrid 307 (314) 30 670 3.77 0.63 0.83 0.59 −5.69 −1.92

3m 2′-Pyrim 303 39 240 3.69 0.66 – 0.60 −5.70 −2.01

3n 5′-Pyrim 301 24 180 3.74 0.72f 0.83 0.68 −5.78 −2.04

3og Ph 299 28 400 3.86 0.60 – 0.50 −5.70 −1.84

aUV‑vis spectra weremeasured inTHF, maxima underlined, shoulders in brackets. bCalculated from the onset value of the longest wavelength band by Eg = 1240/λonset.
cCyclic voltammograms measured in DCM or DCM:ACN 1 :1/tetrabutylammonium hexafluorophosphate (0.1 M), 100mV· s−1, potentials referenced against the fer-
rocene/ferricenium couple (Fc/Fc+). dCalculated from the onset value of the oxidation wave; Fc/Fc+ was set to −5.1 eV vs. vacuum. eCalculated by taking the optical gap
into account (EHOMO – Egopt). fPeak, which vanishes after the 2nd or 3rd scan. gValues from ref. 5.
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fluence of the substituents on the electron density distribu-
tion in the frontier molecular orbitals of the neutral and rad-
ical cationic species. The results are summarized in Figure 3.
As discussed above, it was shown that in alkyl-substituted
DTPs the HOMO is only located at the DTP-backbone where-
by a node resides at the nitrogen.5,10 Herein, the same obser-
vation was made for the DTPs under investigation and sub-
stituents only slightly influenced the HOMO energy level
and aromatic electron distribution by inductive effects
(Table 3, Figure 3).

On the contrary, the LUMOs extend over the entire mole-
cule, which indicates a quinoidal electron distribution on
the DTP unit for all derivatives. An exception can be ob-
served for 5′-pyrimidyl-DTP 3n, where the LUMO localized
exclusively on the pyrimidyl substituent. Time-dependent
DFT calculations show a very low oscillator strength for the
corresponding CT band and explain their absence in the ab-
sorption spectrum.

In the calculated charged species 3b, 3f, and 3k, the elec-
tron density distribution of the singly occupied molecular
orbitals (SOMOs) is localized on the DTP unit and correlates

Figure 3 Electron density representation of the frontier molecular orbital surfaces of selected neutral and charged DTPs bearing different residues at
the nitrogen: 2′-thienyl-DTP 3b, N-methylpyrrolyl-DTP 3f, bithienyl-DTP 3h, 5′-pyridyl-DTP 3k, 5′-pyrimidyl-DTP 3n, and phenyl-DTP 3o (from left to
right). Molecular orbital surfaces were generated utilizing the Gauss View 5.0 program with an isovalue of 0.02. aTwist angle of the substituent at the
DTP‑nitrogen with respect to the DTP plane.
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with the HOMO distribution of the neutral species (Figure 3).
In contrast, the electron distribution in the SOMO of the
charged species 3h, 3n, and 3o is delocalized over the entire
molecule and resembles the HOMO-1 of the neutral mole-
cules.

Furthermore, we calculated the torsion angles of the het-
eroaromatic substituents versus the DTP plane and obtained
values between 37° and 47°. Only, N-methylpyrrolyl-DTP 3f
showed an almost perpendicular twist. Upon oxidation, the
torsion angles of electron-rich derivatives 2′-thienyl-DTP 3b
(22°), N-methylpyrrolyl-DTP 3f (26°), and bithienyl-DTP 3h
(17°) are significantly reduced and the radical cations flat-
tened. The rather electron-deficient DTPs 3k, 3n, and 3o be-
have oppositely and their torsion angles are slightly in-
creased after oxidation to angles of 43°, 59°, and 58°, respec-
tively.

Oxidative Polymerization of Selected DTP Deriva-
tives

DTPs have been quite frequently incorporated into conju-
gated systems, among them are poly(dithienopyrroles) (p
(DTP)) and a manifold of co-polymers, which were typically
applied in organic solar cells.3a P(DTP)s can be best prepared
either by chemical or electrochemical oxidation and the re-
sulting conjugated polymers typically show high conjuga-
tion length (λmax ≈ 550 nm) and can be easily oxidized. Larg-
er or bulky alkyl substituents at the DTP‑nitrogen render
them soluble in organic solvents allowing for structural
characterization.5,15

In this respect, we investigated the electrochemical oxi-
dation of selected heteroarylated DTP-monomers 3b, 3h,
and 3k–3n in DCM/ACN (1 :1)/TBAHFP as the electrolyte by
potentiodynamic cycling. Thus, the corresponding (semi)
conducting polymers p(DTP) P3b, P3h, and P3k–P3n were
deposited on the platinum working electrode and subse-
quently characterized in an electrolyte free of monomer
(Scheme 2).

The evolution of polymer formation is depicted in Figure 4
for all six DTPs investigated. The first scan, which corre-
sponds to the monomer characterization, is plotted in red,
the successive nine scans in dark grey. Finally, the electro-
chemical response and CV of the formed p(DTP), which ad-
heres on the working electrode, are overlaid as a black curve.
The first scan in the polymerization experiment, which cor-
responds to the oxidation of the DTP-monomer 3, was ob-
served as an irreversible anodic signal in the range of
Epa = 0.55–0.87 V (Table 4). With increasing number of
cycles during the polymerization, new redox waves at lower
potentials appear and the currents were continuously in-
creasing, because the formed and reactive radical cations
undergo coupling at the α-positions and initialize the
polymerization according to the well-accepted mechanism
for oxidative polymerization of five-membered heterocycles
and related monomers such as thiophenes or pyrroles.16

Dark blue films of conducting p(DTP)s started to form on
the surface of the working electrode with increasing number
of scans and increasing currents of these signals indicate the
growth of the polymer film. After 10 cycles, the electrodes
were washed and then subjected to several scans in a mono-
mer-free electrolyte solution until a stable current response
was obtained. At this ʼconditioningʼ phase residual oligo-
meric parts in the film were further polymerized. Subse-
quently, the polymer films were characterized via CVs ap-
plying different scan rates between 10 and 100mV/s. In all
cases, a linear dependency of the corresponding anodic (Ipa)
and cathodic peak currents (Ipc) at different applied scan
rates indicated good adherence of the films on the working
electrode.

Since the form and shape of CVs of conducting polymers
might vary depending on their structure, oxidation and re-
duction peak potentials are rather diverse. Therefore, more
meaningful potential onsets were determined indicating
the ease of oxidation of the polymer and the transition from
the semiconducting to the conducting state. For our p(DTP)s
the onset oxidation potentials were in the range of −0.65 to
−0.15 V and in the range of other p(DTP)s.17 These values are
intermediate compared to the well-known PEDOT (−1 V)18

as an extremely stable polymer in the oxidized conducting
state and polythiophenes (PTs) (0.2 V),19 which are rather
stable in the semiconducting state under ambient condi-
tions.5,15 Corresponding HOMO energies (−4.45 to −4.95 eV)
were determined from the onset potentials, which expect-
edly were substantially raised compared to those of the cor-
responding monomers due to extended conjugation in the
polymers. Finally, we investigated film stabilities bymeasur-
ing 30 cycles in a defined potential window in order to avoid
overoxidation. The losses of electroactivity and exchange of
charges were minimal to low and ranged from 0.6% (P3m) to
18% (P3b). In the case of P3h even a slight increase of elec-
troactivity was noted, which we address to further cross-
coupling inside the polymer film via the bithiophene sub-

Scheme 2 Electropolymerization of selected DTPs 3 to the corre-
sponding p(DTP)s P3.
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Figure 4 Potentiodynamic polymerization of DTP monomers 3b (left, top), 3h (right, top), 3k (left, middle), 3l (right, middle), 3m (left, bottom), and 3n
(right, bottom), in DCM/ACN 1:1 (c = 0.01M), TBAHFP (0.1M), 100mV/s, r. t. The first scan (red) characterizes the oxidation of the monomer, scans
2–10 (dark grey) the continuous growing of the polymer on the working electrode. The CV (Scan 2) of the obtained polymer films P3 in an electrolyte
free of monomer (ACN/TBAHFP 0.1M, 100mV/s, r. t.) is shown as black, bold curve.
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stituent. Data for the investigated p(DTP)s are collected in
Table 4, and the corresponding additional characterizations
are shown in Figures S4–S9 (SI).

The addition of up to 50 equivalents trifluoroacetic acid
to the electrolyte of DTPs 3k and 3m only marginally
changed potentials. The electrochemical characteristics of
the corresponding p(DTP)s P3k and P3m indicated that pro-
tonation equilibria do not play a substantial role for the elec-
trochemical response of the polymers.

Conclusions

In summary, we have presented synthesis of novel N‑het-
eroarylated DTPs 3a–3n by microwave-assisted Cu-cata-
lyzed coupling of parent H-DTP 1 with 5- and 6-membered
heteroaromatic halides. Structural characterization of 3a by
single crystal X‑ray structure analysis revealed detailed
structural information and information about the packing
of the molecules in the solid state. The optical and redox
properties are dominated by the DTP core and show that
the electronic influence of the heterocyclic substituent at
the DTP N-atom is rather small. Computational studies re-
vealed a minor influence of the substituents on the HOMO
energy level, whereby the LUMO extends over the entire
molecule and indicates quinoidal electron distribution. Elec-
trooxidative polymerization of the novel N‑heteroarylated
DTPs gave electronically well-balanced p(DTP)s, whose on-
set potentials lie in between those of PEDOT and PTs. Fur-
thermore, the implementation of N‑heteroarylated DTPs as
a building block into larger oligomers led to novel hole
transport materials for perovskite solar cells and is reported
as second part of this publication.20

Experimental Section

Instruments and Methods

NMR spectra were recorded on an Avance 400 (1H NMR
400MHz, 13C NMR 101MHz) or a Bruker AMX 500 spec-
trometer (1H NMR 500MHz, 13C NMR 125MHz). Chemical
shifts (δ) are reported in ppm using residual solvent protons
(1H NMR: δH = 7.26 for CDCl3; δH = 3.58 for THF‑d8; 13C NMR:
δC = 77.2 for CDCl3; δC = 67.6 for THF-d8) as the internal stan-
dard. The splitting patterns are designated as follows: s (sin-
glet), d (doublet), t (triplet), and m (multiplet). Coupling
constants J relate to proton–proton couplings and assign-
ments were made according to the nomenclature number-
ing scheme. Thin layer chromatography was carried out on
aluminum plates, precoated with silica gel, Merck Si60
F254. Preparative column chromatography was performed
on glass columns packed with silica gel (particle size
40–63 µm) from Macherey-Nagel or aluminium oxide,
Merck 90 active basic, particle size 63–200 µm. GC‑MSmea-
surements were performed on a Shimadzu GCMS-QP2010
SE equipped with an Optima 5MS column (30m × 0.25mm)
from Macherey-Nagel. High-resolution MALDI mass spectra
were recorded on a Bruker SolariX using trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB) as a matrix. High-resolution APCI (Atmospheric
pressure chemical ionization) spectra were recorded on a
Bruker SolariX using ACN as the solvent. For the micro-
wave-assisted synthesis, vials of 10mL were used in a mi-
crowave reactor (CEM Discover, 300W, 15 bar).

Optical measurements in solution were carried out in
1 cm cuvettes with Merck Uvasol-grade solvents. Absorption
spectra were recorded on a Shimadzu UV-3600i Plus
UV‑vis‑nir spectrophotometer. CV experiments were per-
formed with a computer-controlled Autolab PGSTAT30 po-
tentiostat in a three-electrode single-compartment cell
(5mL). The platinum working electrode consisted of a plati-
num wire sealed in a soft glass tube with a surface of
A = 0.785mm2, which was polished down to 0.25 µm with
Buehler polishing paste prior to use to guarantee reproduci-

Table 4 Electrochemical properties of DTPs 3b, 3h, and 3k–3n and corresponding electrochemically prepared polymers p(DTP) P3b, P3h, and
P3k–P3n in DCM/ACN 1 :1, TBAHFP 0.1 M, r. t.

DTP EpOx

[V]a
p(DTP) EpOx

[V]a
EpRed

[V]b
Eonset
[V]

EHOMO

[eV]c
Film loss

[%]d

3b 0.68 P3b ≈ −0.4/≈ 0.1 ≈ 0.15 ≈ −0.55 ≈ −4.55 18

3h 0.55 P3h ≈ 0.1/≈ 0.7 ≈ 0.15/≈ 0.5 ≈ −0.15 ≈ −4.95 0

3k 0.87 P3k ≈ 0.2 0.0 ≈ −0.25 ≈ −4.85 13

3l 0.83 P3l ≈ 0.1 0.3 ≈ −0.35 ≈ −4.75 7.4

3m 0.66 P3m ≈ −0.5/≈ 0.0 ≈ −0.5/≈ 0.1/≈0.2 ≈ −0.65 ≈ −4.45 0.6

3n 0.83 P3n ≈ 0.3 0.25 ≈ −0.35 ≈ −4.75 7

Potentials are referenced vs. Fc/Fc+; aEpOx: anodic peak potential (scan rate 100mV/s); bEpRed: cathodic peak potential (scan rate 100mV/s); credox potential of Fc/Fc+ is
set to −5.1 eV on the Fermi scale; ddetermined as the difference of exchanged charges during scan 2 and scan 30.
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ble surfaces. The counter electrode consisted of a platinum
wire and the reference electrode was an Ag/AgCl reference
electrode. All potentials were internally referenced to the
ferrocene/ferricenium couple (Fc/Fc+). For the measure-
ments, concentrations of 10−3M of the electroactive species
were used in freshly distilled and deaerated DCM and ACN
(Lichrosolv, Merck) purified with a solvent purification
equipment MB‑SPS‑800 from MBraun. TBAHPF (Sigma-Al-
drich, recrystallized twice from ethanol) was applied as the
supporting electrolyte in a concentration of 0.1M and the
solution was blanketed with argon during the measure-
ments. For electropolymerizations the respective monomer
was used in a concentration of 0.01M in ACN. The obtained
film was washed with dry ACN and subjected to several
scans in a monomer-free electrolyte solution until a stable
current response was recorded (‘conditioning’). Subse-
quently, the respective film was characterized by CV using
different scan rates between 10 and 100mV/s. At every scan
rate two scans were conducted. Additionally, 30 scans were
measured with a scan rate of 100mV/s in order to determine
polymer stabilities. The decrease in electroactivity was de-
termined by integrating the second and last scan.

X‑ray diffraction data of a colourless plate-shaped single
crystal of 3′-thienyl-DTP 3awere collected in a stream of ni-
trogen at 150 K on an Agilent SuperNova, Cu at zero, Atlas
CCD using graphite-monochromated Cu Kα radiation. Data
collection, data reduction, and cell refinement were per-
formed using the CrysAlisPro software.21 An absorption cor-
rection based on the semi-empirical “multi-scan” approach
was performed using the SCALE3 ABSPACK scaling algo-
rithm.21 The structure was solved by charge flipping using
Superflip.22–24 For the final model all non-hydrogen atoms
were refined anisotropically using SHELXL.25

Quantum chemical calculations were carried out with the
Gaussian 09 program.26 Geometry optimizations and energy
calculations were performed via DFT methods using the
M06‑2X correlation/exchange functional and the 6–311+G
(d) or the 6–311 G basis set. Molecular orbital surfaces were
generated utilizing the Gauss View 5.0 programwith an iso-
value of 0.02.

Materials

Petroleum ether (PE), methanol, and ethyl acetate (EA) were
purchased from Avantor. Toluene, DCM, ACN, and THF were
purchased from Sigma Aldrich, and dried and purified by an
MB SPS‑800 solvent purification equipment from MBraun.
3-Bromothiophene 2a was purchased from Fluorochem. 3-
Iodothiophene, 2-bromopyridine 2l, copper iodide, copper
acetate, and copper bromide were purchased from Merck
KGaA. 3-Bromofurane 2d was purchased from OxChem.
Magnesium sulfate was purchased from Grüssing GmbH. N,
N’-Dimethylethylenediamine (DMEDA), 2-bromo-1,3-thi-

azole 2g, and potassium phosphate were purchased from
Alfa Aesar. 3-Chlorothiophene, 2-bromobenzo[b]thiophene
2i, 2-bromobenzo[b]furan 2j, 4-bromopyridine 2k, 2-bro-
mopyrimidine 2l, 5-bromopyrimidine 2n, and cesium car-
bonate were purchased from Sigma-Aldrich. 2-Bromothio-
phene 2b was purchased from Acros. 2-Bromofurane 2c,27

2-bromoselenophene 2e,28 2-bromo-1-methylpyrrole 2f,29

5-bromo-2,2′-bithiophene 2h,30 and 4H-dithieno[3,2-
b:2′,3′-d]pyrrole 17 were internally synthesized according
to literature-known procedures.

Synthetic Procedures

General procedure for the reaction of H‑DTP 1with heteroaryl
halides 2a–2n to heteroarylated DTPs 3a–3n. In a 10mL mi-
crowave vial equipped with a magnetic stirrer, cesium car-
bonate (210mg, 0.64mmol), copper(I)iodide (11.0mg,
0.06mmol), and H-DTP 1 (100mg, 0.54mmol) were placed
and dissolved in 2mL dry, degassed DMF. After 10min of
stirring at room temperature, 1.2 equiv of the respective
heteroaryl halide 2a–n was added and heated for 45min at
the specified temperature (120–180°C, 300W, 15 bar). Sub-
sequently, 20mL DCM and 20mL water were added, the
phases separated, and the aqueous layer extracted twice
with 20mL DCM. The combined organic phases were
washed twice with 20mL water, dried over magnesium sul-
fate (MgSO4), filtered, and evaporated. The crude product
was purified via column chromatography (LC) to yield the
corresponding heteroarylated DTPs.

4-(Thien-3′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole (3a). 3-
Bromothiophene 2a (0.06mL, 0.66mmol) or 3-chlorothio-
phene 2a′ (0.07mL, 0.71mmol) or 3-iodothiophene 2a′′
(0.08mL, 0.71mmol), 160 °C, 45min. LC: silica gel, PE/DCM
3:1; DTP 3a was isolated as a colourless solid (110mg,
0.42mmol, 77%). Mp 111.7–113.4 °C; 1H NMR (CDCl3,
400MHz): δ = 7.32 (dd, J = 5.2, 3.2 Hz, 1 H, H5′), 7.23 (dd,
J = 5.2, 1.5 Hz, 1 H, H4′), 7.15 (dd, J = 3.2, 1.4 Hz, 1 H, H2′),
7.05 (d, J = 5.3 Hz, 2 H, H2), 7.03 (d, J = 5.3 Hz, 2 H, H3) ppm;
13C NMR (CDCl3, 101MHz): δ = 144.2, 138.4, 126.5, 123.6,
122.6, 116.6, 113.1, 112.3 ppm; HRMS (ESI+): m/z [M + H]+,
calcd. for C12H7 NS3, 261.9813, found 261.9821, δm/
m = 2.86 ppm.

4-(Thien-2′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole (3b). 2-
Bromothiophene 2b (0.06mL, 0.65mmol, 1.2 eq); 120°C,
45min; LC: silica gel, PE/DCM 3:1; DTP 3bwas isolated as a
colourless solid (83.0mg, 0.32mmol, 58%). Mp 81.6–83.3 °C;
1H NMR (CDCl3, 400MHz): δ = 7.22 (d, J = 5.3 Hz, 1 H, H2),
7.19 (d, J = 5.3 Hz, 1 H, H3), 7.15 (dd, J = 5.5, 1.5 Hz, 1 H, H5′),
7.12 (dd, J = 3.7, 1.5 Hz, 1 H, H3′), 7.06 (dd, J = 5.5, 3.7 Hz, 1 H,
H4′) ppm; 13C NMR (CDCl3, 101MHz): δ = 144.2, 138.4, 126.5,
123.6, 122.6, 116.6, 113.1, 112.3 ppm; HRMS (APCI): m/z
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[M + H]+, calcd. for C12H7 NS3, 261.9813, found 261.9819,
δm/m = 2.02 ppm.

4-(Fur-2′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole (3c). 2-
Bromofuran 2c (95.5mg, 0.65mmol); 120°C, 45min; LC: sil-
ica gel, PE/DCM 85:15; DTP 3c was isolated as a colourless
solid (70.0mg, 0.29mmol, 52%). Mp 63.1–65.4 °C; 1H NMR
(CDCl3, 400MHz): δ = 7.33 (dd, J = 2.0, 1.0 Hz, 1 H, H3′), 7.26
(d, J = 5.3 Hz, 2 H, H2), 7.21 (d, J = 5.3 Hz, 2 H, H3), 6.54 (dd,
J = 3.3, 2.0 Hz, 1 H, H4′), 6.17 (dd, J = 3.3, 1.0 Hz, 2 H, H5′)
ppm; 13C NMR (CDCl3, 101MHz): δ = 147.1, 142.9, 137.6,
123.9, 117.6, 113.1, 111.6, 93.9 ppm; HRMS (APCI): m/z
[M + H]+, calcd. for C12H7NOS2, 246.0042, found 246.0049,
δm/m = 2.88 ppm.

4-(Fur-3′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole (3d). 3-
Bromofuran 2d (0.06mL, 0.65mmol); 140 °C, 45min; LC: sil-
ica gel, PE/DCM 8:2; DTP 3dwas isolated as a colourless sol-
id (92.0mg, 0.29mmol, 68%). Mp 73.2–74.8 °C; 1H NMR
(CDCl3, 400MHz): δ = 7.78 (dd, J = 1.7, 0.9 Hz, 1 H, H5′),
7.55–7.53 (m, 1 H, H4′), 7.19 (d, J = 5.3 Hz, 2 H, H2), 7.11 (d,
J = 5.3 Hz, 2 H, H3), 6.78 (dd, J = 2.0, 0.9 Hz, 1 H, H2′);
13C NMR (CDCl3, 101MHz): δ = 144.4, 143.5, 133.4, 127.6,
123.7, 116.7, 112.0, 106.9 ppm; GC‑MS: tR = 19.3min,
m/z = 245 (100) [M]+; HRMS (APCI): m/z [M + H]+, calcd. for
C12H7 NOS2, 246.0042, found 246.0048, δm/m = 2.32 ppm.

4-(Selenophen-2′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole
(3e). 2-Bromoselenophene 2e (0.14mg, 0.65mmol); 120°C,
45min; LC: silica gel, PE/DCM 9:1; DTP 3e was isolated as a
green oil (86.0mg, 0.27mmol, 49%). 1H NMR (CDCl3,
400MHz): δ = 7.84 (dd with 77Se satellites, 2J = 23.7 Hz,
1.9 Hz, J = 5.7, 1.7 Hz, 1 H, H5′), 7.30–7.24 (m, 2 H, H3′, H4′),
7.25 (d, J = 5.4 Hz, 1 H, H2), 7.20 (d, J = 5.3 Hz, 1 H, H3) ppm;
13C NMR (CDCl3, 101MHz): δ = 146.3, 145.2, 128.3, 126.7,
123.8, 121.1, 117.3, 112.5 ppm; HRMS (APCI): m/z [M + H]+,
calcd. for C12H7NS2Se, 309.9257, found 309.9266,
δm/m = 2.87 ppm.

4-(1-Methylpyrrol-2′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyr-
role (3f). 2-Bromo-N-methylpyrrole 2f (104mg,
0.65mmol); 140°C, 45min; LC: silica gel, PE/DCM 7:3; DTP
3f was isolated as a brown oil (29.0mg, 0.15mmol, 27%).
1H NMR (CDCl3, 400MHz): δ = 7.03 (s, 4 H, H2, H3), 6.72 (t,
J = 2.1 Hz, 1 H, H3′), 6.54 (t, J = 2.6 Hz, 1 H, H4′), 6.26 (dd,
J = 2.8, 1.9 Hz, 1 H, H5′), 3.62 (s, 3 H, HCH3) ppm; 13C NMR
(CDCl3, 101MHz): δ = 146.6, 127.1, 123.6, 120.6, 116.2,
112.1, 107.1, 105.0, 33.0 ppm; HRMS (APCI):m/z [M]+, calcd.
for C13H10 N2S2, 258.0285, found 258.0289,
δm/m = 1.35 ppm.

4-(1,3-Thiazol-2′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole
(3g). 2-Bromothiazole 2g (0.06mL, 0.65mmol); 120°C,
45min; LC: silica gel, PE/DCM 95:5; DTP 5f was isolated as

a colourless solid (70.0mg, 0.27mmol, 48%). Mp 120.1–
121.8 °C; 1H NMR (CDCl3, 400MHz): δ = 7.69 (d, J = 5.3 Hz, 2
H, H2), 7.60 (d, J = 3.5 Hz, 1 H, H5′), 7.27 (d, J = 5.3 Hz, 2 H,
H3), 7.06 (d, J = 3.5 Hz, 1 H, H4′) ppm; 13C NMR (CDCl3,
101MHz): δ = 159.8, 142.6, 140.0, 124.2, 119.4, 114.7,
112.5 ppm; HRMS (APCI): m/z [M + H]+, calcd. for
C11H6 N2S3, 262.9766, found 262.9773, δm/m = 2.85 ppm.

4-(2′,2′′-Bithien-5′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole
(3h). 5-Bromo-2,2′-bithiophene 2h (158mg, 0.65mmol);
120 °C, 45min; LC: silica gel, PE/DCM 9:1; DTP 3h was iso-
lated as a yellow solid (88.0mg, 0.27mmol, 46%). Mp 63.1–
65.4 °C; 1H NMR (CDCl3, 400MHz): δ = 7.25 (dd, J = 5.1,
1.2 Hz, 1 H, H5′′), 7.24 (d, J = 5.3 Hz, 1 H, H2), 7.20
(d, J = 5.3 Hz, 2 H, H3), 7.18 (dd, J = 3.6, 1.2 Hz, 1 H, H3′′), 7.11
(d, J = 3.9 Hz, 1 H, H3′), 7.05 (dd, J = 5.1, 3.6 Hz, 1 H, H4′′), 7.02
(d, J = 3.9 Hz, 1 H, H4′) ppm; 13C NMR (CDCl3, 101MHz):
δ = 144.8, 140.28, 136.9, 132.5, 127.9, 124.7, 123.8, 123.8,
122.4, 119.1, 117.3, 112.4 ppm; 13C NMR (CDCl3, 101MHz):
δ = 144.8, 140.28, 136.9, 132.5, 127.9, 124.7, 123.8, 123.8,
122.4, 119.1, 117.3, 112.4 ppm; HRMS (APCI): m/z [M + H]+,
calcd. for C16H9 NS4, 343.9691, found 343.9694,
δm/m = 1.01 ppm.

4-(Benzo[b]thien-2′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole
(3i). 2-Bromobenzo[b]thiophene 2i (138mg, 0.65mmol);
180 °C, 45min; LC: silica gel, PE/DCM 9:1; DTP 3i was iso-
lated as a colourless solid (57.0mg, 0.18mmol, 33%). Mp
135.1–137.2°C; 1H NMR (CDCl3, 400MHz): δ = 7.84–7.76
(m, 2 H, H4′, H7′), 7.48–7.37 (m, 2 H, H5′, H6′), 7.35 (d,
J = 5.5 Hz, 2 H, H2), 7.31 (s, 1 H, H3′), 7.23 (d, J = 5.4 Hz, 2 H,
H3) ppm; 13C NMR (CDCl3, 101MHz): δ = 144.5, 141.6,
138.4, 135.7, 125.1, 124.4, 123.9, 123.3, 122.2, 117.8, 113.4,
112.7 ppm; HRMS (ESI+): m/z [M + H]+, calcd. for C16H9NS3,
311.9970, found 311.9963, δm/m = 2.33 ppm.

4-(Benzo[b]fur-2′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole
(3j). 2-Bromobenzofuran 2j (127mg, 0.66mmol); 120°C,
45min; LC: silica gel, PE/DCM 8:2; DTP 3j was isolated as a
colourless solid (78.0mg, 0.18mmol, 48%). Mp 126.8–
129.1 °C; 1H NMR (CDCl3, 400MHz): δ = 7.58–7.45 (m, 2 H,
H4′, H7′), 7.42 (d, J = 5.3 Hz, 2 H, H2), 7.28–7.22 (m, 2 H, H5′,
H6′), 7.23 (d, J = 5.3 Hz, 2 H, H3), 6.47 (d, J = 0.9 Hz, 1 H, H3′)
ppm; 13C NMR (CDCl3, 101MHz): δ = 151.3, 149.4, 142.3,
129.1, 124.3, 123.7, 123.3, 120.3, 118.7, 113.7, 110.9,
88.4 ppm; HRMS (APCI): m/z [M + H]+, calcd. for C16H9 NOS2,
296.0198, found 296.0201, δm/m = 0.91 ppm.

4-(Pyridin-4′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole (3k).
4-Bromopyridine hydrochloride 2k (126mg, 0.66mmol),
and cesium carbonate (Cs2CO3) (410mg, 1.19mmol);
180 °C, 45min; LC: silica gel, DCM/methanol 99:1; DTP 3k
was isolated as a colourless solid (39.0mg, 0.15mmol,
27%). Mp 166.2–168.1 °C; 1H NMR (CDCl3, 400MHz):
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δ = 8.73 (d, J = 4.2 Hz, 1 H, H2′), 7.54 (d, J = 5.1 Hz, 2 H, H3′),
7.27 (d, J = 5.7 Hz, 2 H, H2), 7.24 (d, J = 5.4 Hz, 2 H, H3) ppm;
13C NMR (CDCl3, 101MHz): δ = 151.4, 146.8, 142.9, 124.6,
119.2, 115.8, 112.6 ppm; HRMS (ESI+): m/z [M + H]+, calcd.
for C13H8 N2S2 257.0202, found 257.0197,
δm/m = 2.02 ppm.

4-(Pyridin-2′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole (3l).
2-Bromopyridine 2l (0.06mL, 0.66mmol); 180°C, 45min;
LC: silica gel, DCM/methanol 99 :1; DTP 3l was isolated as a
grey oil (37.0mg, 0.14mmol, 26%). 1H NMR (CDCl3,
400MHz): δ = 8.56 (ddd, J = 4.9, 1.9, 0.9 Hz, 1 H, H6′), 7.81
(ddd, J = 8.3, 7.4, 1.9 Hz, 1 H, H4′), 7.59 (d, J = 5.3 Hz, 2 H, H2),
7.56 (dt, J = 8.3, 0.9 Hz, 1 H, H3′), 7.22 (d, J = 5.3 Hz, 2 H, H3),
7.14 (ddd, J = 7.4, 4.9, 0.9 Hz, 1 H, H5′) ppm; 13C NMR (CDCl3,
101MHz): δ = 152.1, 149.1, 142.8, 138.6, 123.6, 119.8, 118.9,
114.8, 113.1 ppm; HRMS (ESI+): m/z [M + H]+, calcd. for
C13H8 N2S2, 257.0202, found 257.0200, δm/m = 0.60 ppm.

4-(Pyrimidin-2′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole
(3m). 2-Bromopyrimidine 2m (102mg, 0.65mmol); 180°C,
45min; LC: silica gel, PE/DCM 1:1; DTP 3m was isolated as
a colourless solid (117mg, 0.54mmol, 82%). Mp 144.7–
146.2 °C; 1H NMR (CDCl3, 400MHz): δ = 8.71 (d, J = 4.8 Hz,
2 H, H4′), 8.02 (d, J = 5.3 Hz, 2 H, H2), 7.22 (d, J = 5.3 Hz, 2 H,
H3), 7.03 (t, J = 4.8 Hz, 1H, H5′) ppm; 13C NMR (CDCl3,
101MHz): δ = 158.4, 157.0, 142.8, 123.1, 120.1, 117.9,
115.9 ppm; HRMS (ESI+): m/z [M + H]+, calcd. for
C12H7 N3S2, 258.0154, found 258.0155, δm/m = 0.30 ppm.

4-(Pyrimidin-5′-yl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole
(3n). 5-Bromopyrimidine 2n (102mg, 0.65mmol); 180 °C,
45min; LC: silica gel, PE/methanol 98 :2; DTP 3n was iso-
lated as a colourless solid (59.0mg, 0.22mmol, 40%). Mp
188.9–193.2°C; 1H NMR (CDCl3, 400MHz): δ = 9.24 (s, 1 H,
H2′), 9.12 (s, 2 H, H4′), 7.32 (d, J = 5.3 Hz, 2 H, H2), 7.23 (d,
J = 5.4 Hz, 2 H, H3) ppm; 13C NMR (CDCl3, 101MHz):
δ = 158.9, 155.6, 150.0, 143.0, 135.3, 124.9, 118.9,
111.4 ppm; HRMS (ESI+): m/z [M + H]+, calcd. for
C12H7 N3S2, 258.0154, found 258.0150, δm/m = 1.63 ppm.
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