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Tunable Regioselectivity in C—H-Activated Direct Arylation
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In this study, regioselectively controlled direct arylation of
dithieno[3,2-b:2,3'-d]pyrroles (DTPs) is reported. By carefully
selecting the catalytic system, Pd source, ligand, and additives,
we achieved either selective N-arylation or unprecedented (-
arylation and B,p’-diarylation of the DTP core through C—H
activation when reacting unsubstituted H-DTP with 9-anthra-
cenyl halides. For N-substituted DTPs, we obtained regioselec-

Introduction

In the coupling of (hetero)aryls with aryl halides, Pd-catalyzed
C—H activation has become wide-spread for the effective
preparation of organic materials, in particular for conjugated
(donor-acceptor) oligomers or polymers, due to the avoidance
of metalated species."™ In this respect, thiophenes and
thiophene-based building blocks are represented in many
advanced materials for organic electronic applications and
typically are connected via the a-positions, which provide full 7-
conjugation and are more reactive in direct (hetero)arylation
reactions.®® If in aryl halide/thiophene C—H couplings both, a-
and B-positions at the thiophene are available, unselective C—H
activation of the B-position might occur and often lead to
defects even in small quantities, for example, in thiophene-
based polymers, which should be avoided because they
influence the physical properties.”® Even though calculations
have shown for various scaffolds such as (substituted) thio-
phenes, benzo[b]thiophenes, or benzodithiophenes that the
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tive carboxylate-assisted arylation of the a-position(s). Conse-
quently, depending on the catalytic system and substitution at
the DTP nitrogen, we successfully synthesized novel regioselec-
tively substituted DTPs, including N-aryl, rarely reported B-aryl,
B,p'-diaryl, a-aryl, and a,a’-diaryl scaffolds. These compounds
can be straightforwardly prepared and further functionalized
for applications as organic electronic materials.

Gibbs free energy of activation for the insertion of Pd into the
a-C—H bond is smaller by 3-4 kcalmol™' compared to the p-C—H
bond, the challenge of regioselectivity remains.*>#?

On the other hand, the extension of conjugated n-systems
of thiophenes by selective B-C—H functionalization represents
an interesting alternative for the growing area of organic
electronic materials. In this respect, in seminal work Itami and
co-workers have developed a general catalytic system for the -
selective arylation of thiophenes with iodoarenes. 2,3-, 3-, and
2-substituted thiophenes, benzo[blthiophene, and thienothio-
phene were phenylated in high C4 (B)-selectivity vis-a-vis the C5
(a)-position with the catalytic system PdCl,/P[OCH(CF;),]; and
silver carbonate. Most interestingly, thiophene itself was reacted
with the same catalytic system to 3-phenylthiophene in a
regioselectivity of 88:12 (B/a). By changing the ligand to
tricyclohexylphosphane  (PCy;) or  1,2-bis(diphenylphos-
phino)ethane (dppe) the p/a-ratio was controlled and com-
pletely reversed to <1:99 whereby 2-phenylthiophene was
obtained in high yield."” The mechanism of Itami's ligand-
controlled a/B-selective Pd-catalyzed activation/arylation of
thiophenes was computationally investigated by Fu etal.
Besides classical aromatic substitution (SgAr), carboxylate-assist-
ed metalation-deprotonation (CMD) or Heck-type mechanisms
were taken into account."” Other contributions extending the
scope of B-selective C—H bond arylation of thiophenes and
benzo[blthiophenes were published by Bach,"? Studer and
Itami,"® 0i," Doucet," Larrosa,"® Glorius,"” and Yu.'"®

Larger thiophene-based heteroacene systems have been
rather rarely subjected to direct arylation reactions. Among
them, thienothiophene,"®' benzodithiophenes,"® dithienosilole,
dithienocyclopentadiene, dithienobenzotropone,” and inda-
cenodithiophene™ clearly showed preferential substitution at
the a-positions. In the case of related S,N-heteroacenes®" direct
arylation reactions of N-substituted dithieno[3,2-b:2,3"-d]pyrrole
(DTP) have been only recently described for the first time.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Nguyen etal. used N-benzoyl-DTP in direct arylation copoly-
merizations with triphenylamine or triphenylbenzene for the
preparation of hyperbranched polymers. Connection of the DTP
units by the a-positions in the polymer was deduced from NMR
spectra.’? Dessi et al. developed donor-acceptor dyes based on
N-alkylated and N-arylated DTP units. Pd-catalyzed direct
arylation with brominated benzothiadiazoles led in the case of
N-hexyl-DTP to inseparable mixtures of a/B-substituted DTPs,
whereby the sterically more hindered N-biphenyl-DTP delivered
a-selective products.”

DTPs represent highly interesting and frequently used
multifunctional and electron-rich building block in organic
semiconducting materials for application in organic electronic
devices®®" or in polymeric form as electrode material in
rechargeable batteries.*** DTPs are typically synthesized by
Pd-catalyzed Buchwald-Hartwig amination/cyclization of 3,3"-
dibromo-2,2"-bithiophene precursors and alkyl or aryl amines to
form the central pyrrole ring.?¥ We recently extended the scope
of N-substituted DTPs by Pd- or Cu-catalyzed coupling of H-DTP
1 with well available aryl, acene, and heterocyclic halides
resulting in a series of N-arylated and N-heteroarylated DTPs,
which were subsequently implemented into functional materi-
als for single material organic solar cells® or as hole transport
material for perovskite solar cells,*® respectively.

In this contribution, we describe the deeper investigation of
the reaction of unsubstituted H-DTP 1 with 9-anthracenyl
halides 2. By serendipity we found that by proper choice of the
catalytic system instead of the expected N-arylation®” unprece-
dented direct B-arylation or B,p"-diarylation of the DTP core by
regioselective C—H activation is achieved (Scheme 1). When we
apply N-substituted DTPs 6, instead, regioselective and carbox-
ylate-assisted direct arylation of the a-positions is obtained.
Thus, by the proper choice of catalytic system and depending
on the substitution at the DTP nitrogen, novel differently
substituted DTPs with N-(9-anthryl), B-(9-anthryl), B,p-di (9'-
anthryl), a-(9"-anthryl), and o,a’-di (9-anthryl) scaffolds become
available. In this respect, we could broaden the general scope
and methodology of preparing DTP derivatives, which might be
interesting as building block for the preparation of organic
semiconducting materials. In particular, - and B,p*-substituted

N
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Scheme 1. Spectrum of arylation products by reacting H-DTP 1 and 9-
anthracenyl halides 2 under Pd catalysis.
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DTPs are rarely described in literature and only 3,5-dimethyl®”
and 3,5-didodecyl-DTPs have been reported.?® In the case of a-
and o,0'-arylated DTPs, our direct arylation method facilitates
their preparation by replacing the typically used metalated or
halogenated DTPs in transition metal-catalyzed coupling
reactions.?*”

Results and Discussion

Direct arylation reactions of H-DTP 1: Ligand and Pd source
screening

In order to assess the unprecedented B-selectivity for direct
arylation reactions of H-DTP 1, we screened and tested various
catalytic systems, additives, and reaction conditions to optimize
yields and regioselectivities of the arylation products. Typically,
the reactions were conducted in closed vials under inert gas by
reacting one equivalent (equiv.) of H-DTP 1, 2.1 equiv. of 9-
bromoanthracene 2, and 1.5 equiv. of sodium tert-butylate
(NaOtBu) in toluene for 6 days at 110°C. After work-up, the
product mixtures were separated by preparative HPLC and
yields are given as isolated yields of pure products.

Among the 15 ligands tested, tris(dibenzylideneacetone)di-
palladium(0) (Pd,dba,) as Pd source, 4,5-
bis(diphenylphosphino)-9,9-dimethylxanthene (Xantphos), and
2-dicyclohexylphosphino-2',6’-dimethoxybiphenyl (SPhos) gave
the best results with respect to the formation of N-arylated DTP
3 (63% and 48% yield, respectively). Most of the other tested
ligands showed low or no reactivity. Furthermore, the screening
revealed that the system Pd,dbas/Xantphos gave the best
overall yield (86%) and provided B-selective DTP core arylation
of 1 to (9-anthryl)-DTP 4 in 23% yield. 22-
Bis(diphenylphosphino)-1,1"-binaphthyl (BINAP) as ligand gave
the highest combined yield of DTP 4 (43%) and twofold B-
substituted DTP 5ff (8%) without the formation of N-
substituted DTP 3. Besides BINAP, tri-tert-butylphosphine (tBusP)
was similarly effective as ligand and led to an increased amount
of disubstituted product 5pf (17%) compared to 4f (33%;
Scheme 1, Table S1 in the Supporting Information)

In the next round of screening, we complemented Pd,dba,
as Pd source with palladium(ll)-acetate (Pd(OAc),), tris(dibenzyl-
ideneacetone)dipalladium (Pd(dba),), bis(tri-tert-
butylphosphine)palladium(0) Pd(tBusP),, or
bis(triphenylphosphine)palladium chloride (Pd(PPh;),Cl,) and
used the most active ligands from the prior optimization round.
With respect to the N-arylation reaction, Pd(dba),/Xantphos
slightly excelled the above discussed Pd,dbas/Xantphos catalyst
and N-(9"-anthryl)-DTP 3 was formed in 68% yield. Pd(OAc),/
Xantphos provided slightly less DTP 3 (63%), but the highest
overall yield (98%) due to the additional formation of (-
substituted DTP 4 (35%). The catalyst Pd(PtBus), turned out to
be the most reactive in the series of B-arylation reaction. Thus,
with BINAP as ligand, quite selectively DTP 4 was isolated in
66% vyield. Under these conditions, the twofold B,p"-arylated
DTP 5B was best formed with the catalytic system Pd,dba,/
tris(o-tolyl)phosphine [P(o-tolyl);] in 20% yield besides 20% DTP
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Table 1. Summary of the optimized reaction conditions of H-DTP 1 with 9-bromoanthracene 2b to DTPs 3-5 f3f8.

Entry Pd source Ligand NaOtBu/PivOH [equiv.] 3 [%] 4 [%] 584 [%] Total yield/B-arylation [%]
1 Pd(OAc), Xantphos 1.5/0 63 35 0 98/35

2 Pd(dba), Xantphos 1.5/0 78 8 0 86/8

3 Pd(tBusP), BINAP 1.5/0 8 66 2 76/68

4 Pd,(dba), P(tBu), 45/15 0 0 53 53/53

Yields are given as isolated yields after separation with preparative HPLC. Reaction conditions: H-DTP 1 (1 equiv.), 9-bromoanthracene 2b (2.1 equiv.), Pd

source (0.1 equiv.), ligand (0.4 equiv.), toluene 110°C, 6 d.

4p with the need of improvement. We also evaluated the
reactivity of the anthracene reactant in the N-arylation reaction
with Pd(dba),/Xantphos. The formation of DTP 3 with standard
9-bromoanthracene 2b (68%) was slightly improved by 9-iodo
2c (72%) and further by 9-chloro derivative 2a (78%). Under
these conditions, B-arylation products were formed in only
minor quantities (Table S2).

The B-arylation reaction of DTP 3 to DTP 4f with the
catalytic system Pd(tBu;P),/BINAP was further investigated by
changing the base to KOtBu, the solvent to m-xylene or
mesitylene in order to increase the reaction temperature to
130°C and 150°C, respectively, or by using microwave con-
ditions. In contrast to the N-arylation reaction, for 9-anthryl
derivatives 2a and 2c inferior yields of DTP 4 were obtained.
Even though the reaction in mesitylene at 150°C was less
regioselective, a mixture of DTP 3, B-arylated DTP 4, and
twofold B,B"-diarylated DTP 5pf was identified in which the
latter DTP 5 prevailed (40 %; Table S3).

In the development of direct (hetero)arylation reactions,
carboxylate-assisted C—H bond functionalization became impor-
tant in order to receive high-yielding reactions. In this respect,
carboxylic acids were stoichiometrically added and mechanistic
studies suggested that the corresponding carboxylates act as
proton shuttle within the concerted metalation-deprotonation
(CMD)-mechanism."'*® Among the various carboxylic acids,"
in particular the addition of pivalic acid (PivOH) was prom-
inently used for effective direct arylations of (hetero)arenes,>*
such as thiophenes and direct arylation polymerizations to yield
conjugated (co)polymers.”*? The application of PivOH goes
back to Fagnou et al.*® and renders the typical use of silver(l)
salts unnecessary."”

Therefore, we further tested PivOH as additive and
optimized the reaction of H-DTP 1 and 9-anthryl halides 2 for
B,p'-diarylated DTP 5fBf (Table S4). By applying the catalytic
system Pd,dbas/tBu;P without PivOH, preferentially DTP 48 and
low yields of DTP 5@ were formed. However, the best results
were obtained when base and PivOH were added in a ratio of
4.5/1.5 equiv. and DTP 5@ was selectively formed in 53 % yield
without any side product. Other variations, such as an increase
of the amount of base/PivOH or of the halide, nor the use of
other ligands did not lead to further improvements.

A summary overview of the optimized reaction conditions
for the most effective preparation of DTP 3, 4f, and 5pf from
H-DTP 1 and 9-bromoanthracene 2b is given in Table 1. The
best overall yield of 98 % was achieved with the catalytic system
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Pd(OAc),/Xantphos, whereby N-arylation to DTP 3 (63 %)
prevailed over the unprecedented B-arylation to DTP 4 (35%;
entry 1). The C—N cross-coupling reaction was most efficient
when the Pd source Pd(OAc), was replaced by Pd(dba), raising
the yield of DTP 3 to 78% and simultaneously decreasing the
amount of DTP 4 (8%) (entry 2). The regioselectivity for the p-
C—H activation was substantially increased when the catalytic
system Pd(tBu;P),/BINAP was used and DTP 4f was formed in
good 66% yield accompanied by low amounts (8%) of DTP 3
and twofold B,B"-diarylated DTP 5 (2%; entry 3). Surprisingly,
the latter sterically constrained product was selectively formed
in 53% vyield when the catalyst Pd,dbas/tBusP was used and
PivOH added (entry 4).

Because for most catalytic systems mixtures of monoary-
lated 4 and diarylated product 5Bf in various ratios were
obtained, we were interested to evaluate if diarylated DTP 5
is formed from monoarylated 4 during the reaction. A first
indication came from the tracking of the product ratio over
reaction time. Here, the reaction of DTP 1 and 9-bromoanthra-
cene 2b with the catalytic system Pd,(dba);/BINAP in toluene at
110°C was monitored over 10 days. Whereas in the first 3 days
of reaction nearly exclusively the monoarylated DTP 4 is
formed up to around 30%, the accumulation of DTP 5§ starts
from the third day on and in the following the product ratio
then stays more or less constant (4B:5Bf~8:1; Table S5). The
independent reaction of monoarylated DTP 4§ with bromide
2b under the optimized conditions for the formation of the
diarylated product (Pd,dba,/tBusP/PivOH) showed surprisingly
that DTP 5ff could be isolated in only 10-12% yield
(Scheme 2).

The structures and p-regioselectivity of the novel DTP
derivatives were fully characterized and unequivocally proven
by 'H NMR spectroscopy (Figures S1-511), high-resolution mass
spectra (HRMS; Figures S12-S22), and single crystal X-ray
structure analysis (see below). Thus for example, in the '"H NMR
spectra, the signal of the NH-proton is continuously high-field

;
O /S\N/S\ . .,

Scheme 2. Further B-arylation of mono-B-arylated DTP 4f to DTP 5; i:
Pd,dba,/tBu;P/PivOH, toluene, 110°C, 6 d.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

8518017 SUOWILLIOD BAIeR1D) 3|edl (dde a3 Aq peusenob aJe S3ple O ‘SN JO Sa|n. Joj Aig18ulUO A8 UO (SUORIPUCD-PUR-SWIB) L0 A8 | 1M Ale.q BUTIUO//SA1Y) SUORIPUOD pUe SWiB | 83 89S *[£202/TT/62] U0 AriqiTaulluo AB|iM elory el ap pepsieAlun Aq 98TOEZ0Z WRYO/Z00T OT/I0p/Wod" 8| 1mAelq1feuljuo ado.ne-ALs Iweyoy/sdny wouy papeojumod ‘09 ‘€402 ‘S9LETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202301867

shifted from &y, =8.32 ppm for H-DTP 1 to 7.81 ppm for mono-
(9"-anthryl)-DTP 48 and to 7.61 ppm for di (9"-anthryl)-DTP 538
This effect is caused by the shielding cone of the adjacent
aromatic anthracene(s).

Direct arylation reactions of N-substituted DTPs 6

The tunable regioselectivity in direct arylation reactions of H-
DTP 1 with 9-anthryl halides 2 prompted us to investigate the
reaction behavior of N-substituted DTPs in order to test the
selectivity of the substitution at the DTP-thiophenes. We
therefore synthesized N-hexylated Hex-DTP 6a from parent H-
DTP 1 by nucleophilic substitution with hexyl iodide in a basic
two-phase system according to Berlin et al.*” and phenylated
Ph-DTP 6b by reacting 1 with bromobenzene in a Pd-catalyzed
Buchwald-Hartwig amination (Scheme 3).5°

We also investigated the N-substitution of B-(9-anthryl)-
substituted H-DTPs 4f and 5Bf in order to evaluate the
shielding effect of the adjacent 9’-anthryl moieties. Application
of the same reaction conditions to B-(9-anthryl)-substituted
DTP 4f gave corresponding Hex-DTP 7aff and Ph-DTP 7bf} in
yields of 94% and 50 %, respectively, indicating that single B-(9'-
anthryl)-substitution does not impede substitution at the
adjacent DTP nitrogen due to steric hindrance (Scheme 4).

© L

N N N
7\ [/ S\ /Z \5 H13Cel [/ S\ /Z \5
S S ii S ’ S i S " S
6b a

Scheme 3. N-substitution of H-DTP 1 to alkylated DTP 6a and phenylated
DTP 6b. i: NaOH, toluene, 70°C, 24 h; ii: Pd(OAc),/P(tBu),/NaOtBu, toluene,
110°C, 6d.

i

7bp 48

N
7\ /] \ H13Cel
S S

The use of the sterically more hindered B,B-di (9'anthryl)-
substituted DTP 5 in the above mentioned substitutions as
well allowed for the effective alkylation with hexyl iodide and
delivered Hex-DTP 8aff in excellent 95% vyield. In contrast to
DTP 4f the Pd-catalyzed phenylation of DTP 5ff with
bromobenzene unfortunately completely failed (Scheme 5).

Interestingly, in the 'H NMR spectra of Hex-DTPs 7af and
8app the signals of the methylene groups are shielded by the
anthracenes and high-field shifted in comparison to the
corresponding protons in Hex-DTP 6. The extreme is found for
y-CH, in Hex-DTPs 8apf with a value of 6 =—1.07 ppm.

The direct arylation reaction of N-substituted DTPs 6a and
6b with 9-bromoanthracene 2b under the optimized pivalic
acid-assisted C—H bond functionalization conditions with the
catalytic system Pd,dba;/BINAP this time resulted in a-selective
substitutions at the DTP-thiophene units. Thus, for Hex-DTP 6a
mixtures of 2-(9-anthryl)-DTP 7aa and 2,6-di-(9"-anthryl)DTP
8aaa were obtained and after purification with preparative
HPLC the pure derivatives isolated in 37% and 15% yield,
respectively. A similar product ratio was obtained for the
reaction of Ph-DTP 6b with 9-bromoanthracene 2b and 7ba
was isolated in 37% yield and 8baa in 16% yield (Scheme 6).
The structures and o-regioselectivity were unambiguously
proven by 'HNMR spectroscopy and high resolution mass
spectra (HRMS). The data was compared to samples of DTPs
8ba and 8baa, which were independently synthesized by
Stille-coupling reaction of 2,2-distannylated N-phenyl-DTP"?
and 9-bromoanthracene 2b (see the Supporting Information).
One indication for the o-substitution pattern is the missing
high-field shift of the hexyl-CH, groups in Hex-DTPs 7ao and
8aaa in 'HNMR spectra. These results indicate that o-
selectivity, which is highly favored in arylation reactions of other
heteroacenes (see above), is obtained when the DTP nitrogen is
alkylated or arylated as in 6a or 6b. Therefore, the unusual B-
selectivity, which we obtained for the C—H activation of
unsubstituted derivatives 1 and 4b, seems to be directed by

Scheme 4. N-substitution of B-arylated DTP 4 to alkylated DTP 7 af} and phenylated DTP 7 bf. i: NaOH, toluene, 70°C, 48 h; ii: Pd(OAc),/tBu;P/NaOtBu,

toluene, 110°C, 6 d.

8bpp

Scheme 5. N-substitution of B,3-diarylated DTP 53 to alkylated DTP 8apf. i: NaOH, toluene, 70°C, 24 h; ii: Pd(OAc),/tBu;P/NaOtBu, toluene, 110°C, 6 d.
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Scheme 6. a-Arylation of N-substituted DTPs 6a and 6 b with 9-bromoanthracene 2 under Pd catalysis to give alkylated Hex-DTP 7 aa and 8aaa and

phenylated Ph-DTP 7ba and 8baa, respectively.

the N—H group, whereby the mechanism is rather speculative at
the moment (see below).

Single crystal X-ray structure analyses of (9"-anthryl)-DTPs 3,
46, 5p4p, and 8afp

Yellow single crystals suitable for X-ray structural determination
of N-(9'-anthryl)-DTP 3 and B-arylated DTPs 4§, 5B, and 8aff§
were obtained by slow evaporation of solutions in dichloro-
methane (DCM) and n-hexane (3:7). Their molecular structures,
which are in full agreement with the NMR data, were
established by single crystal X-ray diffraction and their geo-
metries are shown in Figure 1. DTP 3 crystallized in the Pbca
space group, DTP 4 in P2,/c, DTP 5 in Pn, and DTP 8 in the C2/c
triclinic P1 space group. The unit cells of DTPs 3, 4, and 8
contained eight molecules, that of 5B two (Figures S23-526).
Experimental crystal data and structure refinement parameters
for all structures including selected bond lengths, bond angles,
and torsion angles are summarized in Tables S6-517.' Bond
distances and angles of the central DTP unit correspond to
typical fused mn-conjugated systems with reduced bond length
alternation: the mean values for the bond length alternance
including the terminal double bonds amounts to 0.04, exclud-
ing those bond length alternance amounts to 0.03 A.[#4

e

Figure 1. Single crystal X-ray structure analyses of (9"-anthryl)-DTP 3 (top,
left), B-arylated DTP 4 (top, right), B,p-diarylated DTP 53 (bottom, left),
and B,B-diarylated N-hexyl DTP 8aff (bottom, right). For 4 only one (M1)
of the two molecules contained in the asymmetric unit is shown. Ellipsoids
for non-hydrogen atoms are set at 50 % probability.

Chem. Eur. J. 2023, 29, €202301867 (5 of 14)

Deviations are only observed for derivative 53§, whose total
mean value is reduced to 0.017 A and as a consequence almost
bond length equalization (0.005 A) is obtained for the “inner”
alternating double and single bonds. Interestingly, these geo-
metrical peculiarities have not been seen for the corresponding
N-alkylated derivative 8apf which indicates some influence of
the substituent at the DTP nitrogen on the electronic distribu-
tion in the DPT unit. In all cases, the 9"-anthryl substituents are
distorted due to steric hindrance. Hence, a twist of 58° with
respect to the plane of the DTP core has been determined for
DTP 3 which is substantially increased compared to Ph-DTP 6b
(37°).1¢%8 This dihedral angle is further increased to 70°/73° for
the B-substituted derivatives 4 (M1 and M2), to 58°/73° for
B,p-disubstituted 58B, and to 89°/81° for 8afp (Table 2). The
almost orthogonal torsion angle of the 9"-anthryl residues with
respect to the DTP plane is entirely due to repulsive interactions
with the N-hexyl substituent in 8app, which is squeezed in-
between the two anthracene units. However, no intramolecular
short contacts below the sum of the van der Waals radii of C-
atoms have been found in this case.

For derivatives 3 and 5}, a small (out-of-plane) bending of
the anthracene units is noted which causes intramolecular short
contacts between C-atoms of the anthracene and DTP unit with
distances as short as 3.1 A in the case of DTP 3 and 3.3 A for
DTP 5. Furthermore, a small but relevant helical twist of 5.4°
in the plane of the N-anthracene unit is exclusively observed for
DTP 3. Finally, no packing effects are interrelated with the
observed short intramolecular C—C interactions or twists for any
derivative.

Quantum-chemical calculations

We carried out quantum-chemical density functional calcula-
tions (DFT) using the M062x functional and the basis 6-31G+ +
(d,p) in order to obtain the geometry optimization of all
derivatives and to analyze the impact of the substitution on the
frontier molecular orbitals. Time-dependent DFT calculations
(TDDFT) were performed with the CAMB3LYP functional in
order to determine the character of electronic transitions. In
Table 2, the frontier molecular orbital surfaces of selected DTPs
with different substitution patterns are depicted.

Electron density in the lowest unoccupied molecular
orbitals, LUMO and LUMO+1 (not shown) delocalizes almost
exclusively on the anthracene units. Similar to other DTP
analogues, the highest occupied molecular orbitals (HOMO)
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Table 2. Frontier molecular orbital surfaces of selected DTP derivatives bearing the 9-anthryl substituents at different positions. Molecular orbital surfaces
were generated by using the Gauss View 5.0 program with an isovalue of 0.02. Alkyl chains were shortened to propyl for 8aff and 8aae in order to save

computational time.

LUMO

HOMO

r

F wiee seinn

i wihim
alome i

5pB 8app 8baa 8aaa
Dihedral angles @
Calculated 69° 64°/ 65° 88°/81° 89°/ 90° 88°/ 88°
X-ray analysis 58° 58°/73° 89°/ 81° . -

[a] Twist angle of the anthracene substituent with respect to the DTP-plane, calculated for the gas phase (top) and from single crystal X-ray structure

analysis (bottom line).

possess a node at the nitrogen atom™®*! and electron density is

localized on the DTP unit exclusively only in the case of 3. On
the contrary the HOMO of the N-unsubstituted compounds
(5pB in Table 2) extends over the entire molecule. N-
substitution (alkyl or phenyl) in these derivatives causes with-
drawing of electron density to the DTP unit on the HOMO with
minimal contribution of the anthracene units, which carry the
entire electron density in the HOMO-1. In derivatives 3 and 5
the HOMO-1 distributes over the entire molecule.

The calculated dihedral angles of the anthracene units in
the gas phase are around 60-70° for N-substituted 3 and B,3-
disubstituted 5pf. Interestingly, in the N-phenyl and N-hexyl
a,0-disubstituted derivatives 8bao and 8aaa the anthracene
units are fully perpendicular with respect to the DTP-plane
indicating strong mutual steric interactions.

Proposed mechanism for the direct arylation of H-DTP 1

The special B-selectivity for the C—H activation of the basic H-
DTP 1 and the common o-selectivity of corresponding N-
substituted DTPs 6a and 6 b was also approached by theoretical
analysis based on partial Mulliken atomic charges (MC) as a
reactivity indicator of the specific interaction sites (for details,
see the Supporting Information). The results of this theoretical
analysis are summarized in Table S18, where local charges for
the N, B-C and a-C of DTPs 1, 6a, and 6 b are listed. MC with full

Chem. Eur. J. 2023, 29, €202301867 (6 of 14)

basis set (including diffuse functions) showed agreement with
the experimental data. In this respect, independent of the type
of substituent at the DTP nitrogen, for N-substituted DTPs 6a
and 6b the carbon atoms at the o-position comprise more
negative partial atomic charges and therefore higher reactivity.
In contrast, the partial atomic charge analysis of H-DTP 1
showed more negative partial atomic charges at the § (—0.418)
and N-position (—0.346) than at the a-position (—0.256; Fig-
ure 2). As a consequence the BC—H and N—H bonds should be
more reactive for the insertion of the electropositive PdL,-
species.

For a mechanistic consideration of the unprecedented (-
arylation of H-DTP 1, the following observations should be
taken into account. As previously reported by us, Pd-catalyzed
reaction of H-DTP 1 with aryl and acene bromides typically
resulted in direct N-arylation and C—N-coupled DTPs were
isolated in mostly good yields. However, the reaction of H-DTP
1 with 9-bromoanthracene 2b to DTP 3 completely failed with
the standard catalytic system (Pd(OAc),/tBusP) used in this
investigation, whereby 2-bromoanthracene reacted smoothly."
In contrast, the recent investigation and optimization of the
catalyst now have shown that the site of arylation at the DTP
core strongly varies with the steric demand of the ligand (L)
chosen for the catalytic system. Thus, with sterically less
demanding bidentate ligands such as Xantphos N-arylation of
H-DTP 1 to DTP 3 widely prevails (Scheme 7, top left, Table 1).
The C—N coupling should occur according to the general

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

8518017 SUOWILLIOD BAIeR1D) 3|edl (dde a3 Aq peusenob aJe S3ple O ‘SN JO Sa|n. Joj Aig18ulUO A8 UO (SUORIPUCD-PUR-SWIB) L0 A8 | 1M Ale.q BUTIUO//SA1Y) SUORIPUOD pUe SWiB | 83 89S *[£202/TT/62] U0 AriqiTaulluo AB|iM elory el ap pepsieAlun Aq 98TOEZ0Z WRYO/Z00T OT/I0p/Wod" 8| 1mAelq1feuljuo ado.ne-ALs Iweyoy/sdny wouy papeojumod ‘09 ‘€402 ‘S9LETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202301867

+0.307 +0.202

Figure 2. Color display of the partial atomic chargesobtained from the Mulliken charge population analysis for H-DTP 1 (left), Hex-DTP 6a (middle), and Ph-
DTP 6b (right). To reduce computational cost, the hexyl chain in 6a was shortened to a propyl chain.

»
t)Pd QQ

reductive

N elimination l!l H
-PdL. B
[/S\/Z\§<_2/\/\u ,
S S L, = Xantphos S H
3

Int1

1,4-Pd- 1,3-Pd-
migration migration

Int4 Int2

N
B aL2
/s\/s\ Q P,

reductive
Pd elimination

L, = BINAP

/alutomerism

Scheme 7. Proposed catalytic C—N and C—H activation pathways for the Pd-catalyzed reaction of H-DTP 1 and 9-bromoanthracene 2b via intermediate Pd

complex Int1.

catalytic cycle of a Buchwald-Hartwig amination comprising
1) oxidative addition of PdL, into the aryl halogen bond,
2) transmetalation under addition of the amine, and 3) reduc-
ctive elimination of the arylated amine under regeneration of
the catalytically active PdL, fragment.*® The change to sterically
highly crowded ligands such as bidentate BINAP then quite
regioselectively gave direct B-arylated C—C coupling products
DTP 4 (or 58p) in good yields, whereby reductive elimination
to the C—N coupled product was widely suppressed (Scheme 7,
top right, Table 1).

In this respect and in analogy, slow reductive elimination
from intermediate B-aryl Pd complexes have been reported by
Kuwabara etal. for the C—H-activated insertion of sterically
hindered 1-naphthyl into polyfluoroarenes, whereby the less
hindered 2-naphthyl reacted much faster.”"” The fact, that in
contrast the reaction of N-substituted DTPs 6, which exclusively
resulted in directly o-arylated products (7o/8aq, see above),
suggested the specific mechanistic involvement of the NH
group of H-DTP 1 in direct B-arylation reactions.

In the frame of the generally accepted mechanism (see
above), the following mechanistic steps and intermediates,
which explain the experimental observations, seem rational. Pd
complex Int1 (according to the general L,Pd(Ar)NR, complex“”)
should be formed as central intermediate after oxidative

Chem. Eur. J. 2023, 29, €202301867 (7 of 14)

addition of PdL, to the 9-bromoanthracene bond and subse-
quent transmetalation with H-DTP 1. The B-arylation pathway
might occur through 1,3-Pd migration from complex Int1 to
Int2, which is represented in Scheme 7 according to the
concerted metalation-deprotonation (CMD) pathway for
(hetero)arene C—H activation.®? Tautomerization of the B-
proton leads to Pd complex Int3, which subsequently under-
goes intramolecular C—C bond formation and reductive elimi-
nation to B-arylated DTP 4f. Obviously, a possible 1,4-Pd
migration to a-arylated complex Int4 seems energetically less
favored and does not occur. For example, such 1,4-Pd migration
and subsequent arylation via through-space C—H activation
have been observed for the preparation of fused polycycles
from o-halobiaryls by Larock etal® All in all, specific
regioselective BC—C coupling of H-DTP 1 with aryl bromides
seem to function when both, sterically demanding aryl
bromides, such as 9-anthryl, and sterically highly crowded
phosphine ligands in PdL, such as bidentate BINAP are
involved, so that reductive elimination from Pd complex Int1 to
the C—N coupling product is retarded and therefore 1,3-Pd
migration energetically favored.*”

In order to corroborate the postulated mechanistic path-
ways, DFT theoretical calculations (B3LYP/LanL2DZ) of the
central Pd complexes Int1 and Int3 comprising both ligands,
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Xantphos (X) and BINAP (B), have been undertaken and
stabilization energies compared (Figure S27, gray bars). Thus, in
the gas phase, the optimized intermediate Pd-Xantphos com-
plex Int1-X is largely more stabilized by 23.2 kJmol™" than
complex Int3-X. Interestingly, corresponding Pd-BINAP com-
plexes Int1-B and Int3-B reveal a nearly equalized stabilization
energy (2.2 kimol™), and explains the preferred tendency of
Pd-BINAP complex Int1 to rearrange in the discussed 1,3-Pd
migration to intermediate Int3-B.

If one takes the dipole moment of each Pd complex into
account and the fact that with toluene a nonpolar solvent is
experimentally used for the reactions, the difference in
stabilization energy in solution should be even larger for Pd-
Xantphos complex Int1-X compared to Int3-X. This is poten-
tially inversed in case of the Pd-BINAP complexes, where Int3-B
becomes more stable than Int1-B and further underlines the
experimental findings and the discussed mechanism (Fig-
ure S27, green bars).

Optical properties of (9'-anthryl)-DTPs

All DTPs were well soluble in organic solvents allowing for the
investigation of their photophysical properties. UV-vis and
fluorescence spectra of the (9'-anthryl)-DTPs were examined in
tetrahydrofuran (THF) solutions at room temperature and
compared to corresponding parent compounds H-DTP 1, Hex-
DTP 6a, Ph-DTP 6b, and anthracene (A). Full data for all
derivatives is listed in Table 3. Electronic properties in the
ground state were assessed by UV-vis absorption measure-
ments (~107° M) and representative absorption spectra of the
series DTP 3, 4, and 5 are depicted in Figure 3b to show
the influence of the substitution position at the DTP core. Those

of 8aaa and 8aff are shown in Figure 3a for comparison of
the a- and B-substitution pattern.

In general, all derivatives exhibited similar absorption
spectra as a sum of the spectra of corresponding DTP and
anthracene sub-chromophores. Thus, the low intensity band at
294-313 nm corresponds to the absorption of the DTP core.
The intensive high energy band at 254-258 nm and the
vibrationally resolved low energy absorption with four peaks in
the regime of 330-400 nm can be assigned to n-n* excitations
parallel (S—S,) and perpendicular (SS;) to the molecular
anthracene axis, respectively. The independent contribution of
the sub-chromophores to the absorption spectra clearly
indicates that no charge-transfer (CT) interactions, neither inter-
nor intramolecular, are of relevance in the ground state for
almost all derivatives. Exceptions to this behavior can be found
in the absorption spectra of a-substituted DTPs 7 ba and 8 aca
(Figure 3a) and as well of 8baa. There, a less defined small
intensity band at low energy can be observed independent of
the concentration and in agreement with the theoretical
calculations is ascribed to a CT-band. In this respect, the first
electronic transition for all derivatives corresponds to a
HOMO—LUMO transition with moderate intensity, as obtained
from TDDFT calculations. Consequently, the low energy bands
in the case of 7af, 8afp, 7ae, 8aaa, and 8baa manifest CT-
character.

The optical energy gaps were determined from the
absorption onset at the lowest energy band and show the trend
that for all (9-anthryl)-substituted derivatives the gaps are
significantly smaller (E;=3.08-2.73 eV) than for references 1,
6a, and 6b. As well the a-substituted DTPs present smaller
gaps than the B-substituted counterparts due to increased n-
conjugation.

The molar extinction coefficients (¢) of the new DTP
derivatives evidenced some trends (Table 3): for the same

Table 3. Optical data for (9"-anthryl)-DTPs 3-8 apif}, references H-DTP 1, Hex-DTP 6a, Ph-DTP 6 b, and anthracene A in THF solution.

DTP R A [nm]®! eMem™] Y ;P [eV]
1 H -1 294 |- 22 500 - 3.95
3 A 256294 | 368, 388 100 900 417 3.01
ap H 256296 || 367, 387 104 350 517 3.01
5pp H 254298367, 387 177 620 (377) 499 3.05
6a Hex -|1298 |- 26 600 - 3.90
6b Ph -1299 || 28 370 - 3.86
7aq Hex 256303390, 414 134 520 510 2.87
7ba. Ph 2561303 (/390 (n.r) 153 630 487 2.90
7ap Hex 256 1299|368, 388 139 620 513 3.08
7bp Ph 258 298| 369, 389 73 395 (376) 464 3.04
8aqa Hex 255313389 (n.r)* 203 579 (432) 492 2.73
8baa Ph 25513051390 (n.r.) 216 193 (401) 498 2.82
8app Hex 254303 | 368, 389 202 120 (375) 499 3.08
A H 254358, 375 177 340 379 3.22

[a] A= Anthracene, Hex =Hexyl, Ph=Phenyl, n.r.=not resolved. [b] The data of different electronic transitions are separated by double vertical lines (||) and,
for the longest wavelength band, the maximum (underlined) and lower energy peaks have been determined. [c] Measured in THF with an excitation
wavelength of 340 nm; [d] Determined from the absorption onset at the lowest energy band. [e] Tailing to 450 nm.
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Figure 3. UV-vis spectra of THF solutions of a) di (9-anthryl)-DTPs 8 aa.a (magenta curve) and 8af (dark gray) and b) (9'-anthryl)-DTPs 3 (blue curve), 4
(red), and 5B (black). c) Fluorescence spectra of (9'-anthryl)-DTPs 3 (blue curve, bottom), 4§ (red, middle), and di (9"-anthryl)-DTP 8baa (green, top).

substitution pattern the introduction of a second anthracene
unit in the pairs 4f/5pp, 7aa/8aaa, and 7bo/8baa increases
€ by ~70000M'cm™' independently of the N-substitution. N-
alkylation increases ¢ for the pairs 4f/7 ap and 5pp/8apf which
is even stronger for the N-arylated pairs 7aa/7 ba and 8aaa/
8baa. An exception to the latter finding is represented in the
case of 7af} and 7bp, where the intensity of the absorption
band for the Ph-DTP 7bf} substantially drops most probably
due to structurally enforced m-interactions between the phenyl
and anthracene units and resulting distortion which does not
occur for the a-substituted Ph-DTP derivatives 7ba and 8baa.
Independent of the N-substitution, a- vs. B-functionalization
barely affects the extinction coefficient & except for 7ba/7 b
due to the reasons explained above.

Fluorescence spectra were measured in THF and the data is
summarized in Table 3. The fluorescence spectrum of DTP 3
(Figure 3, bottom right) shows the characteristic emission of the
locally excited anthracene state (LE) at around A.,=420 nm,
although the vibronic splitting of this band is notoriously less
pronounced than in pristine anthracene. A closer look also
evidences a non-negligible rest of emission in the region
between 500-600 nm whose origin will be explained here. The
fluorescence spectrum of 4f (Figure3, middle right) as
representative of the B-substituted (9-anthryl)-DTPs showed a
broad featureless band centered at 510 nm. We can ascribe this
band to the emission from an intramolecular charge transfer
state (CT). Solvatochromism of the CT character of this
transition has been proven and linearly correlates with the
Hansen polarity parameter (Figure S28). The emission from the
LE state seems to be successfully suppressed in these deriva-
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tives. The fluorescence spectra of the a-substituted (9'-anthryl)-
DTPs like 8baa (Figure 3, top right) showed emissions with
similar intensities from both excited states, the anthracene LE
and the CT state. The absence of further emission bands
suggests that no electronic interactions between the
anthracene units are active at moderated concentrations,
neither intra- nor intermolecular. All in all, Figure 4 shows a
summary of ground and excited states and possible transitions
between the states in absorption and emission for representa-
tives of different substitution patterns.

Electrochemical properties of (9’-anthryl)-DTPs

In order to get information about the redox properties and
energetics of the frontier orbitals, the (9'-anthryl)-DTPs were
studied by cyclic voltammograms (CV) and differential pulse
voltammetry (DPV) in dichloromethane (DCM) and tetrabuty-
lammonium hexafluorophosphate (TBAHPF, 0.1 M) as electro-
lyte, whereby all potentials are referenced against the ferro-
cene/ferricenium redox couple (Fc/Fc*) and determined from
corresponding DPVs (Table 4).

All derivatives showed two irreversible oxidation waves due
to follow-up reactions of the charged species and formation of
higher-molecular-weight  oligomers or  polymers (see
above).’”*¥ In Figure 5, representative CVs for di (9'-anthryl)-
substituted DTP 8afp (left) and 8aa« (right) are depicted. Here,
the first (irreversible) redox process, which is addressed to the
oxidation of the DTP-subunit, is at lower potential for the o,a-
disubstituted derivative 8aaa (E,°'=0.38V) than for corre-
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Figure 4. Simplified two and full three-excited state models for the N-, B-, and a-substituted DTP derivatives (3 (left), 4§ (middle), and 7 a« (right) and
observed transitions (absorption transitions white-filled blue and orange arrows, emission from LE and CT states, plain orange and red arrows, respectively).
Green arrows indicate nonradiative deactivation pathways between states.

Table 4. Redox data of (9-anthryl)-DTPs 3-8aff§ and references H-DTP 1, Hex-DTP 6a, Ph-DTP 6b, and anthracene A deduced from differential pulse
voltammetry (DPV) measured in dichloromethane at RT.

DTP R ES' V] E? V] Eonset [V] Enowo [eVI™! Evymo [eVI™ E [ev]

1 H 0.49 - 0.39 —5.49 —1.54 3.95

3 H 0.52 1.21 0.44 —5.54 —2.53 3.01

48 H 0.62 1.15 0.52 —5.62 —2.61 3.01

58P H 0.63 1.18 0.54 —5.64 —2.59 3.05

6a Hex 0.46'4 - 0.40 —5.50 —1.60 3.90

6b Ph 0.551 - 0.50 —5.60 —1.74 3.86

7aa Hex 0.43 1.05 0.37 —5.47 —2.60 2.87

7ap Hex 0.49 1.14 0.47 —5.57 —249 3.08

7ba Ph 0.48 1.02 0.43 —5.53 —2.63 2.90

7bp Ph 0.58 1.10 0.54 —5.54 —2.50 3.04

8ana Hex 0.38 0.96 0.33 —543 —2.70 2.73

8app Hex 0.57 0.99 0.52 —5.62 —2.54 3.08

8baa Ph 0.44 0.97 0.38 —5.48 —2.66 2.82

A H 0.86 0.77 —5.80 —2.58 3.22

[a] Determined from the onset of the first oxidation wave; [b] Determined by taking the optical gap into account (E ywo = EnonoEq”™); [€] £ = Evomo-Erumor
[d] Potential derived from cyclic voltammetry, Ref. [48].
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Figure 5. DPVs of di (9"-anthryl)-substituted DTP 8app (left) and 8aaa (right) in dichloromethane/TBAHPF (0.1 M), 100 mVs™, RT.
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sponding BB derivative 8aff (£, °'=0.52V) due to the
increased m-conjugation via the a-positions. The second (irrever-
sible) oxidation, however, is affiliated with anthracene oxidation
and rather invariant for both DTPs (£,>"_0.96-0.99 V). This
consequence of the substitution pattern on the redox potentials
is also evident for the pairs 7aa/7 aff and 7ba/7 b and follows
the trend already seen for the optical properties.

Rather subtle differences can be noted in the series of N-
substituted 3, B-substituted DTPs 48, and B,B"-5pp where E,°
only varies from 0.52 to 0.63 V and E,° from 1.15 to 1.21 V. As
a general trend, the redox potentials of the DTP/anthracene
hybrids were typically found at more positive potentials
compared to those of the individual parent subunits, DTP 1,
Hex-DTP 6a, Ph-DTP 6b, and anthracene A.

From the onset of the first oxidation peak, HOMO energy
values and with the aid of the optical energy gap correspond-
ing LUMO energies were determined. Hence, the resulting
electrochemical energy gap is smallest for o-substituted DTP
8aca (E,"=2.73 eV) and largest for B-disubstituted DTPs 7ap
and 8aPp (both, E,Y=3.08eV) due to the different =-
conjugation.

Oxidative polymerization of selected (9’-anthryl)-DTP
derivatives

DTPs have been frequently polymerized to
poly(dithienopyrroles), p(DTP)s, or were applied as building
block in a manifold of co-polymers designed for application in
organic solar cells.”® P(DTP)s can be best prepared by chemical
or electrochemical oxidative polymerization due to facile
coupling of the formed DTP-radical cations via the reactive a-
positions. The resulting conjugated polymers typically show
high conjugation length (1,,.,~550 nm) and can be reversibly
oxidized. Larger or bulky alkyl substituents at the DTP nitrogen
renders them soluble in organic solvents allowing for structural
characterization.?”*

In this respect, we investigated the electrochemical poly-
merization of differently substituted DTP monomers with open
a-positions 3, 4f, 7af, and 8aff in acetonitrile/TBAHPF (0.1 M)
as electrolyte by multiple potentiodynamic cycling. Thus, under
comparable conditions corresponding polymers were formed,
whereby only P4f adhered as dark blue film on the platinum
working electrode and was subsequently characterized in an
electrolyte free of monomer (Scheme 8). Polymers P3, P7af,
and P8aff were soluble in the electrolyte and diffused away
from the working electrode as a dark-blue haze.

3
4 \H/ QQ

S S
4p P4

Oxidation
—_—

Scheme 8. Electropolymerization of B-substituted DTPs 4 to the corre-
sponding p(DTP) P4 .
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The evolution of polymer formation for DTP 4 is depicted
in Figure 6. The first scan, which corresponds to the monomer
characterization (E,%*=0.62 V), is plotted in red, the successive
multiple scans, in which new redox waves with continuously
increasing current appeared at lower potentials are represented
in black (dotted). Finally, the electrochemical response and CV
of the adhering DTP-P4f film is overlaid as black curve. Here,
we note a nearly symmetrically shaped redox wave, which is
quite typical for conducting polymers, exhibiting an oxidation
peak potential of Ep°‘:0.05V and corresponding reduction
peak potential of £,**¢=0.03 V. The evolution of the polymer CV
in dependence of the scan rate and the linear plot of the anodic
and cathodic peak currents versus the scan rate indicates a well
adhering polymer film on the working electrode (Figure S28).
As the form and shape of CVs of conducting polymers might
vary depending on their (sub)structure,”®*® the better mean-
ingful potential onset was determined to E,,~—0.25V
indicating the ease of oxidation of the polymer and the
transition from the semiconducting to the conducting state. In
that respect, the potential onset of P4f films was determined to
about 0.3V more positive potential compared to P1 and P6a
which is due to a somewhat lower conjugation in the DTP unit
and well correlates to the onset potential of poly(Bp’-dimethyl-
DTP).2” We address this effect to distortions of DTP units in the
polymeric main chain triggered by the steric demand of the B-
(9"-anthryl) substituents. Correspondingly, the HOMO energy of
P4 which was determined from the onset potential, is
stabilized and lowered from around —4.5 eV for parent p(DTP)s
P1 and P6a™ to ~—4.95 eV. Finally, we investigated the film
stability by measuring 30 cycles in a defined potential window
in order to avoid over-oxidation of the polymer. The loss of
electroactivity and exchange of charges resulted to only 1.5%
indicating a highly stable polymer in both states (Figure S29).

40

I [HA]

T T T
-08 -06 -04 -02 00 02 04 06 08

T T T
E [V] vs. Fe/Fc*

Figure 6. Potentiodynamic polymerization of the DTP monomer 4 in
acetonitrile (c ~0.01 M), TBAHFP (0.1 M), 100 mVs™', RT). The first scan (red)
characterizes the oxidation of the monomer, scans 2-40 (dotted lines) reflect
the continuous growing of the polymer on the working electrode. The CV
(2nd scan) of the obtained polymer films P4f in an electrolyte free of
monomer (ACN/TBAHFP (0.1 M), 100 mVs™', RT) is shown as a black, bold
curve.
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Conclusions

In summary, we have presented novel, regioselectively con-
trolled direct arylations of dithieno[3,2-b:2,3"-d]pyrroles (DTP) 1
with 9-anthryl halides 2. Depending on the choice of the
catalytic system consisting of Pd source, ligand, and additives,
either efficient N-arylation or unprecedented B-substitution of
the DTP core by selective C—H activation was achieved. For N-
substituted DTPs 6, regioselective carboxylate-assisted arylation
of the a-position(s) was provided. Overall, series of functional-
ized DTPs with N-, very rarely reported B and B,’-di (9'-anthryl)
and as well a and o,a’-di (9-anthryl) scaffolds were obtained
with mostly good to excellent yields. The novel DTP derivatives
3-8 were fully structurally characterized and single-crystal X-ray
structure analysis combined with quantum chemical calcula-
tions gave insight into the influence of the substitution position
on the geometric and electronic structure. The specific
regioselective BC—C coupling of H-DTP 1 with aryl bromides
functions well when both sterically very demanding phosphine
ligands, such as BINAP or tBusP, in the active PdL, catalyst on
one side and highly crowded aryl bromides, such as 9-
bromoanthracene, on the other side are involved. We ration-
alize this result as reductive elimination from an intermediate
Pd complex (Int1), in which the ArPdL, fragment is coordinated
to the DTP nitrogen, to the typical C—N coupling product 3 is
retarded and therefore an energetically favored 1,3-Pd migra-
tion and insertion into the BC—H of the DTP unit takes place.

Investigation of optical and redox properties of the various
(9"-anthryl)-DTPs led to valuable structure-property relation-
ships showing that, in contrast to [-substituted DTPs, the
extension of the DTP unit via the a-positions results in more
extended m-conjugation, that is, red-shifted absorptions and
lower oxidation potentials. As an example of application,
electrochemical polymerization of (9-anthryl)-DTP 4f was
demonstrated to lead to a corresponding electrochemically
very stable conducting polymer. Further investigation of the
scope and limitation of this novel and quite special C—H-
activated direct arylation method with respect to other
heteroaromatic substrates and other sterically hindered arene
halogenides is ongoing in our lab.

Experimental Section

General procedure for the reaction of H-DTP 1and 9-anthryl
halides 2to arylated DTPs 3, 4§, and 5ff: A suspension of 1 equiv.
of H-DTP 1, 2.1 equiv. 9-anthryl halide 2, 0.1 equiv. of palladium
catalyst, 0.4 equiv. of ligand were placed in a screwcap vial and
dried in vacuo for several hours. Afterwards, degassed toluene
(1.5 mL) and solid NaOtBu as well as 1.5 equiv. of pivalic acid for
the reaction of 5f were added. The closed screwcap vial was then
heated to 110°C for 6 d. Afterwards the crude reaction mixture was
filtered through a silica plug. The plug was thoroughly washed with
DCM. After removal of the solvent by rotary evaporation, the crude
product was purified by preparatory HPLC to isolate the corre-
sponding (9"-anthryl)-DTPs 3, 43, and 5§ as light yellow solids.

4-(9’-Anthracenyl)-4H-dithieno[3,2-b:2',3"-dlpyrrole (3): Pd(dba),
(10 mg, 0.01 mmol), Xantphos (26 mg, 0.04 mmol), NaOtBu (16 mg,
0.17 mmol). HPLC: n-hexane/DCM, gradient 80:20 to 20:80
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(16 min). DTP 3 was obtained (110 mg, 0.42 mmol, 77 %). Mp 250-
251°C; '"HNMR (CDCl;, 400 MHz): 6=8.64 (s, 1H, Anth-H,;), 8.13
(ddt, J=8.4, 1.1, 0.6 Hz, 2H, Anth-H), 7.50 (ddt, J=14.2, 7.8, 1.1 Hz,
4H, Anth-H), 7.43-7.33 (m, 2H, Anth-H), 7.08 (d, J=5.3 Hz, 2H, Th-
H,), 6.49 (d, J=5.3 Hz, 2H, Th-H,) ppm; 3C NMR (CDCl,, 101 MHz):
0= 147.3, 131.9, 130.6, 129.1, 128.7, 128.1, 127.2, 125.9, 123.6,
123.4, 116.0, 112.4 ppm.; HRMS (MALDI): m/z=[M*] C,,H,5NS,: calc.
355.0485, found 355.0483, dm/m= 0.3 ppm.

3-(9'-Anthracenyl)-4H-dithieno[3,2-b:2",3"-d]pyrrole  (4f): Pd(P-
(tBu);), (14 mg, 0.01 mmol), BINAP (28 mg, 0.04 mmol), NaOtBu
(16 mg, 0.17 mmol). HPLC: n-hexane/DCM gradient 80:20 to 20:80
over 16 min. DTP 4f was obtained (26 mg, 0.07 mmol, 66 %). Mp
221-223°C; 'HNMR (CDCl,, 400 MHz): 6 =854 (s, 1H, Anth-H,, ),
8.06 (dt, J=8.6, 0.7 Hz, 2H, Anth-H), 7.89 (dd, /=8.9, 1.1 Hz, 2H,
Anth-H), 7.81 (s, 1H, N-H), 7.48 (ddd, J=8.3, 6.6, 1.2 Hz, 2H, Anth-H),
7.36 (ddd, J=8.8, 6.5, 1.3 Hz, 2H, Anth-H), 7.24 (s, 1H, Th-H,), 7.12
(d, J=52Hz, 1H, Th-H,), 6.80 (d, J=53Hz, 1H, Th-Hﬁ) ppm;
BCNMR (CDCl;, 101 MHz): 6=144.4, 1434, 131.6, 130.9, 128.8,
128.7, 127.6, 126.6, 126.2, 125. 6, 123.6, 123.5, 123.2, 116.8, 116.1,
112.3 ppm; HRMS (APCI): m/z [M+ H]™, calc. for C,,H,5NS, 356.0562,
found 356.0569, om/m = 1.7 ppm.

3,3-Di (9’-anthracenyl)-4H-dithieno[3,2-b:2’,3"-d]pyrrole (5ff):
Pd,(dba); (10 mg, 0.01 mmol), tBusP (9 mg, 0.044 mmol), NaOtBu
(48 mg, 0.50 mmol, 4.5 equiv.) and PivOH (17 mg, 0.17 mmol,
1.5 equiv.). HPLC: n-hexane/DCM, gradient 80:20 to 20:80 (16 min).
5Bp was obtained (31 mg, 0.06 mmol, 53%). Mp 364-365°C;
'H NMR (CDCl;, 400 MHz): 6 =8.41 (d, J=3.5 Hz, 2H, Anth-H,,), 7.98-
7.90 (m, 4H, Anth-H), 7.90-7.80 (m, 4H, Anth-H), 7.49 (s, TH, N-H),
7.38 (ddt, J=9.8, 4.7, 2.3 Hz, 4H, Anth-H), 7.31 (ddd, /=8.9, 6.5,
1.4 Hz, 4H, Anth-H), 7.26 (s, 2H, Th-H,) ppm. CNMR (CDCl;,
101 MHz): 6=144.7, 131.9, 131.1, 128.9, 128.9, 127.9, 126.7, 1264,
125.8, 124.1, 124.0, 116.8. ppm; HRMS (MALDI): m/z [M+ H]
C;36H,:NS,: calc. 531.1110, found 531.1099, dm/m = 2.03 ppm.

General procedure for the reaction of Hex-DTP 6a and Ph-DTP
6b with 9-bromoanthracene 2b to arylated DTPs 7 ac, 8aa., and
7ba, 8baa: A suspension of 1 equiv. of N-substituted DTP 6a/6b,
2.1 equiv. 9-bromoanthracene 2b, 0.1 equiv. of Pd[P(tBu)l,,
0.4 equiv. of BINAP, and 1 equiv. of pivalic acid were placed in a
screwcap vial and dried in vacuo for several hours. Afterwards,
degassed toluene (6 mL) and 3 equiv. of solid NaOtBu were added.
The closed screwcap vial was then heated to 110°C for 7 d.
Afterwards the crude reaction mixture was filtered through a silica
plug. The plug was thoroughly washed with DCM. After removal of
the solvent by rotary evaporation, the crude product was purified
by column chromatography to isolate DTPs 7aa/8aaa in a first
fraction and DTPs 7ba/8baa in a second fraction as light yellow
solids.

2-(9’-Anthracenyl)-4-hexyl-4H-dithieno[3,2-b:2’,3'-d]pyrrole (7 aa):
4-Hexyl-DTP 6a (100 mg, 0.38 mol), 9-bromoanthracene 2b
(204 mg, 0.80 mmol), Pd(P(tBu);), (19.4 mg, 0.04 mmol), BINAP
(94.5 mg, 0.15 mmol), and pivalic acid (38,7 mg, 0.38 mmol). After-
wards degassed toluene (6 mL) and NaOtBu (109.4 mg, 1.14 mmol)
were added. Column chromatography: SiO,, PE/DCM (85:15). 7aa
was obtained in the first fraction (62 mg, 0.14 mmol, 37%). Mp
129-132°C, '"H NMR (CD,Cl,, 400 MHz): 6 =8.57 (s, TH, Anth-H,),
8.05 (dd, J=14.1, 8.6 Hz, 4H, Anth-H), 7.53-7.39 (m, 4H, Anth-H),
7.21 (d, J=5.4 Hz, 1H, Th-H¢), 7.18 (s, 1H, Th-H;), 7.13 (d, J=5.4 Hz,
1H, Th-H;), 4.29 (t, J/=7.0 Hz, 2H,CH,-H,), 1.94 (p, J=7.1 Hz, 2H, CH,-
Hg), 1.31-1.25 (m, 6H, CH,-H,;.), 0.85 (t, J=7.1Hz, 3H, CHy-H)
ppm.”CNMR (CD,Cl,, 101 MHz): 6= 1452, 144.8, 136.4, 132.7,
131.8, 130.0, 128.8, 128.6, 127.2, 126.5, 125.9, 123.5, 116.0, 115.2,
114.5, 111.8, 48.1, 32.0, 31.0, 27.3, 23.1, 14.3 ppm. HRMS (MALDI):
m/z [IM+ H] CygH,sNS,: calc. 439.1428, found 439.1421, dm/m=
1.7 ppm.
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2,2'-Di  (9'-anthracenyl)-4-hexyl-4H-dithieno[3,2-b:2’,3'-d]pyrrole
(8aa) was isolated in the second fraction (36 mg, 0.06 mmol,
15%). Mp 174-176°C, '"H NMR (CD,Cl,, 400 MHz): 6=8.51 (s, 2H,
Anth-H,,), 8.01 (dd, /=8.1, 4.0 Hz, 8H, Anth-H), 7.46-7.38 (m, 8H,
Anth-H), 7.18 (s, 2H, Th-H;), 4.29 (t, J=7.0 Hz, 2H, CH,-H,), 1.93 (p,
J=7.1Hz, 2H, CH,-Hp), 1.36 (td, J=8.8, 8.1, 5.4 Hz, 2H, CH,-H,), 0.78
(dt, J=14.0, 65Hz, 7H, CHyH,, CHyH) ppm. NMR (CD,Cl,
101 MHz): 6= 143.9, 136.1, 132.1, 131.2, 129.5, 128.3, 128.1, 126.7,
126.0, 125.3, 115.7, 114.0, 47.7, 314, 30.5, 26.8, 22.6, 13.7 ppm.
HRMS (MALDI): m/z [M+ H] C,H3;NS,: cale. 615.2054, found
615.2048, dm/m=1.1 ppm.

2-(9’-Anthracenyl)-4-phenyl-4H-dithieno[3,2-b:2',3’-d]pyrrole
(7ba). 4-Phenyl-DTP 6 b (100 mg, 0.39 mol), 9-bromoanthracene 2b
(211 mg, 0.82 mmol), Pd[P(tBu);], (20.0 mg, 0.04 mmol), BINAP
(97.5 mg, 0.16 mmol) and pivalic acid (39,9 mg, 0.39 mmol). Column
chromatography: SiO,, PE/DCM (85:15) to give DTP 7ba in a first
fraction (63 mg, 0.14 mmol, 37%). Mp 119-121°C, "H NMR (CD,Cl,,
400 MHz): 6=8.49 (s, 1H, Anth-H,(), 7.97 (t, J=9.0 Hz, 4H, Anth-H),
7.63 (dd, J=8.1, 1.6 Hz, 2H, Ph-H), 7.48-7.33 (m, 6H, Anth-H, PH-H),
7.26 (d, J=3.0 Hz, 1H, Th-H;), 7.25-7.22 (m, TH, Ph-H,), 7.22-7.19 (m,
2H, Th-H,;) ppm. "CNMR (CD,Cl,, 101 MHz): 6=144.6, 144.1,
143.8, 140.4, 137.3, 132.6, 131.7, 130.4, 129.6, 128.8, 128.8, 127.1,
126.6, 1259, 1243, 124.1, 123.1, 1184, 117.7, 1156, 1129,
112.9 ppm. HRMS (MALDI): m/z [M+H] CyH,,NS,: calc.: 431.0802,
found: 431.0790, dm/m=2.8 ppm.

2,2'-Di-(9’-anthracenyl)-4-phenyl-4H-dithieno[3,2-b:2',3’-d]pyrrole
(8ba.ar) was isolated in a second fraction (37 mg, 0.06 mmol, 16 %).
Mp 192-194°C, 'H NMR (CD,Cl,, 400 MHz): 6 =8.60 (s, 2H, Anth-H,,),
8.15-8.03 (m, 8H, Anth-H), 7.84-7.76 (m, 2H, Ph—H), 7.50 (dddd, J=
15.9, 8.1, 6.5, 1.4 Hz, 10H, Anth-H, Ph—H), 7.45 (s, 2H, Th-H,3), 7.31-
7.27 (m, 1H, Ph-H)) ppm. "CNMR (CD,Cl,, 101 MHz): 6=142.7,
137.0, 132.1, 131.2, 129.9, 129.8, 129.0, 128.3, 128.1, 126.6, 126.5,
126.1, 125.4, 125.3, 122.5, 115.1 ppm. HRMS (MALDI): m/z [M+ H]
C4H,sNS,: cale. 607.1428, found 607.1414, dm/m=2.3 ppm.

Deposition Numbers 2266784 (for DTP 3), 2266773 (for DTP 4),
2266437 (for DTP 5ff), 2266332 (for DTP 8aff})) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Supporting Information

Materials and instrumentation, synthetic details, 'H,*C NMR
spectra, HRMS spectra, single-crystal X-ray structure analysis,
optical spectroscopy, electrochemistry. The authors have cited
additional references within the Supporting Information.®*-%”
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