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This work demonstrated the first synthetic application of direct
C� H olefinations in the step-saving preparation of various hole-
transporting materials (HTM) for efficient perovskite solar cells
(PSC). Cross-dehydrogenative couplings of naphthodithiophene
(NDT) with vinyl arenes under palladium-catalysis facilely
generated various new oligo(hetero)aryls with internal alkenes.
Reaction conditions were optimized, which gave the product

isolated yields of up to 71% with high (E)-stereoselectivity.
These readily accessible NDT core-based small molecules
involving olefin as π-spacers displayed immediate power
conversion efficiencies of up to 17.2% without a device
oxidation process that is required for the commercially available
spiro-OMeTAD and most other existing HTMs while fabricated
in corresponding PSC devices.

Introduction

Construction of carbon-carbon bonds via direct C� H activations
has been attracting considerable research interests for past few
decades.[1–8] Numerous pioneering synthetic methodologies
based on C� H/C� [M],[9] C� H/C� X,[10] and C� H/C� H[11] coupling
reactions were successfully developed. Among these synthetic
approaches, connecting two substrates through twofold activa-
tion of unfunctionalized C� H bonds, so called cross-dehydro-
genative couplings (CDC), is regarded as the most step-
economical way to facilely extend the carbon chains.[12]

Furthermore, in CDC type reactions, direct Csp2� H/Csp2� H
coupling has been proved to be a viable synthetic tool to
efficiently prolong the π-conjugated lengths/systems.[13] How-
ever, we noticed that by far the use of Csp2� H/Csp2� H
(cross)coupling as key transformations to access π-functional
oligo(hetero)aryls for optoelectronic applications is very rare.[14]

In addition to You and coworkers describing a Rh(III)-catalyzed
oxidative C� H/C� H reaction route to white light-emitting
materials,[15] in 2017 our group reported a straightforward

Csp2� H/Csp2� H cross-coupling strategy under Pd-catalysis for the
rapid preparation of various D� A-π-A type small-molecular
dyes, two of which were fabricated as dye-sensitized solar cells
(DSSC), exhibiting the highest PCE of 4.85%.[16] When develop-
ing succinct new synthetic routes, we have also been searching
for potentially useful π-conjugated building blocks with high-
planarity which may facilitate electron/hole mobilities and
eventually expect to improve the photon-to-current efficiencies
while fabricated in photovoltaic devices. Recently, we found
that naphtho[2,1-b : 3,4-b’]dithiophene (NDT) was a popular
candidate since it had been extensively investigated and
employed either as organic light-emitting diode (OLED),[17]

organic field-effect transistors (OFET),[18] organic solar cells
(OSC),[19] or DSSC[20] due to its plain structure and uncompli-
cated synthesis with cost-effective starting materials. Never-
theless, in contrast to above diverse applications, there were
only two articles describing the use of NDT core-based
oligoaryls as hole-transporting material (HTM) for perovskite
solar cells (PSC).[17,21] Itami published a naphtho[2,1-b : 3,4-
b’]dithiophene derivative which was fabricated as hole-trans-
port layer in PSC, showing the PCE of 6.7%.[21] In the light of
Itami’s results and according to our previous publications
regarding the π-spacer effect on the PCE improvement of HTM/
PSC,[22] we anticipated that inserting appropriate π-spacers
between the core- and end-group would substantially promote
the electrical and photovoltaic performances of HTMs. Hence,
instead of choosing the previously used 3,4-ethylenedioxythio-
phene (EDOT) as π-spacers, we intend to introduce a simpler
alkene moiety between NDT and the end-group. Encouragingly,
by inserting two additional olefin moieties into NDT core-based
HTM as π-spacers, preliminary results of the relevant PSC
devices displayed a significant progress in which the PCE was
considerably improved from 6.7% to 17.2% (Figure 1).

Moreover, most of the HTM synthesis relied on Suzuki
reactions or Migita-Kosugi-Stille couplings as key transforma-
tions, which required the prefunctionalization of both reaction
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substrates including borylation, stannylation, and halogenations
(Eq. 1., Scheme 1).[23] Recently, few HTM/PSCs-related papers
avoided the preparation of organometallic reagents, directly
coupling the Csp2� H bond with Csp2� X. This created a series of
step-economical synthetic approaches for high-performance
hole-transport small molecules (Eq. 2., Scheme 1).[24] Accord-
ingly, we wish to challenge and examine the most succinct
synthetic route to build HTM-oriented oligo(hetero)aryls by the
straightforward Csp2� H/Csp2� H coupling reactions (Eq. 3.,
Scheme 1). To the best of our knowledge, no reports on the use
of Csp2� H/Csp2� H cross-dehydrogenative couplings (direct C� H
olefinations) in the design and rapid synthesis of hole-trans-
porting molecules for PSCs have appeared to date.

Results and Discussion

Firstly, as shown in Scheme 2, we demonstrated our synthetic
plan that directly coupled 1 (naphtho[2,1-b : 3,4-b’]dithiophene,
NDT) with vinyl arenes 2 through Pd-catalyzed Csp2� H/Csp2� H
cross-dehydrogenative couplings (CDC), affording various NDT
core-based new HTMs incorporating alkenes as π-spacers
(CCH01-11). Compared to using Heck reactions as key step, this
synthetic approach based on direct C� H olefinations omitted
the halogenation reactions (from 1 to 3).

Next, in order to find the optimum reaction conditions, the
direct C� H olefinations were examined by coupling NDT 1 with
a commercially available 4-vinylanisole 2a (Scheme 3). The
data/results were detailed in Table S1 (Supporting Information,
page S4–S5).

Initially, under a palladium catalysis using pyridine as base,
a series of copper-based salts were investigated as essential
oxidant, respectively, generating the desired product CCH01 in
0–52% yields (entries 1–5). Compared to others, we noticed the
inexpensive Cu(OAc)2 gave a promising isolated yield of 52%
(entry 1). From entries 6 through 11, a variety of silver salts
were evaluated, and we were pleased to find the conditions
with Ag2CO3 showed the highest conversion and afforded
CCH01 in 64% (entry 6). Relatively lower yields were observed
with Ag2O and AgOAc (33% and 38%, entries 7 and 8). Direct
C� H olefinations of 1 using AgOTf, AgSbF6, or AgF did not
proceed at all and the starting materials were recovered
(entries 9–11). Fe(III)-based complexes were also utilized as
oxidants, however, CCH01 was isolated in only trace quantities
(entries 12–14). Further, MnO2, Mn(OAc)2 · 4H2O, or K2S2O8 were
examined individually under similar reaction conditions. It was
found they were ineffective towards present C� H/C� H cou-
plings (trace-16%, entries 15–17). Next, we fixed on the employ-
ment of Ag2CO3 to perform the optimization of bases. However,
except DABCO shown in entry 21 (30%), the dehydrogenation
hardly took place with DMAP, piperidine, or DBU (trace,
entries 18–20). Finally, solvent screenings were conducted. The
results indicated that other low-polarity solvents including
toluene and 1,4-dioxane gave lower yields (29% and 30%,
entries 22 and 23) while compared with m-xylene. Reactions in
polar aprotic ones (DMAc, DMPU) did not make significant
improvements (39% and 35%, entries 24 and 25). Two fluorine-
containing protic solvents (TFE, HFIP) appeared to be inefficient
for current CDC type reactions (0%, entries 26–27). Therefore,
based on above considerations, we decided to use the
optimized parameters acquired in entry 6, and tried a milder
reaction condition (90 °C, 12 h) to see if a comparable yield
would be obtained. However, a poor isolated yield of CCH01

Figure 1. New NDT core-based HTMs incorporating additional olefins as π-
spacers substantially improved the PCE of perovskite solar cells.

Scheme 1. Different synthetic routes to HTM-oriented oligo(hetero)aryls.

Scheme 2. Comparison of the key reactions to access NDT core-based new
HTMs with olefin π-spacers: direct C� H olefinations vs. Heck reactions.

Scheme 3. Optimization of reaction conditions for the direct Csp2� H/Csp2� H
couplings using NDT 1 and olefin 2a as starting materials.
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(12%, entry 28) implied the twofold C� H olefinations require a
higher reaction temperature (125 °C) and a longer reaction time
(24 h).

The reaction conditions shown in entry 6 were used to
investigate the substrate scope of the twofold C� H olefinations
by coupling of 1 (core-group) with a variety of vinyl arenes
(end-groups: 2b–k) (Table 1). 2b–k are all HTM-oriented
molecules consisting of electron-donating units such as
triphenylamine (TPA), carbazole (Cbz), or phenothiazine (PTZ)
derivatives. The substituents attached on 2b–k were classified
as methoxy (� OMe), t-butyl (t-Bu), and methoxy/(poly)fluoro-
merged types. First, under optimum reaction parameters, direct
C� H/C� H couplings of 1 took place with vinyl TPA (2b), vinyl
Cbz (2c), or vinyl PTZ (2d), repectively, which afforded the
desired products CCH02-04 (41%, 60%, 18%). We speculated
that the low isolated yield of CCH04 might result from the
instability of 2d. During the preparation and purification

processes whenever in solutions, we observed an instant color
change from yellow to dark blue while 2d was dissolved in
dichloromethane or chloroform, presumably implying 2d
decomposed rapidly in its solution state. For the t-Bu
substituted end-groups, we employed the derivatives of vinyl
TPA (2e) and vinyl Cbz (2f) to examine the CDC reactions,
which led to the formation of CCH05-06 (71%, 25%).
Furthermore, since the introduction of fluorine atoms onto
small-molecule hole-transport materials has been shown to
exhibit promising photovoltaic performances of PSC devices,[25]

we hereby demonstrated a series of oligoheteroarenes bearing
F- or CF3-substituents on corresponding end-groups from 2g
through 2k. By conducting direct C� H olefinations, new HTM
molecules possessing (poly)fluoro moieties were facilely ob-
tained (CCH07-10, 20–49%). Only trace amount of CCH11 was
isolated because this compound was fairly difficult to separate
from a complex mixture. In general, CCH04, CCH06, CCH08,
CCH10, and CCH11 were produced along with a considerable
quantity of undesired byproducts such as the homocoupled
adducts from the corresponding end-group molecules and the
mono-olefinated NDT (1). This made it more difficult for us to
isolate the target HTMs, thus leading to the relatively lower
yields of above compounds of interest. Besides, the direct C� H
olefination of NDT exhibited high (E)-stereoselectivity since the
formation of (Z)-isomers was hardly observed.

Next, we performed the measurements of optical, electro-
chemical, and thermal stability of CCH01-10 and the results
were collected in Table 2 and illustrated in Figure 2~7. Among
these data, the HOMO energy level (EHOMO) is representative
since it indicates whether each HTM molecule could be
efficiently extract holes from the perovskite layer (CH3NH3PbI3)
of PSC devices. The optimal HOMO energy of HTM is supposed
to be located between the EHOMO of perovskite layer (� 5.43 eV)
and silver electrode (� 4.20 eV). CCH03, CCH06, and CCH10
possessed relatively lower-lying EHOMO (� 5.53~� 5.62 eV) than

Table 1. Investigation of substrate scope with respect to the vinyl arenes
(2b–k).[a]

[a] Unless specified, the direct C� H olefinations were performed with 1
(0.5 mmol) and the corresponding vinyl arenes 2b–k (1.5 mmol) respec-
tively in the presence of Pd(OAc)2 (10 mol%), Ag2CO3 (3.00 equiv.), and
pyridine (3.00 equiv.) in m-xylene (1.0 mL) at 125 °C for 24 h.[b] Isolated
yields.

Table 2. The optical, electrochemical, and thermal properties of CCH01-
10.[a]

HTMs ΔEg
opt

[eV][b]
EHOMO

[eV][c]
ELUMO

[eV][d]
Td

[°C][e]

CCH01 2.61 � 5.41 � 2.80 365

CCH02 2.37 � 5.31 � 2.94 326

CCH03 2.39 � 5.53 � 3.14 412

CCH04 2.41 � 5.25 � 2.84 398

CCH05 2.38 � 5.37 � 2.99 345

CCH06 2.57 � 5.62 � 3.05 415

CCH07 2.40 � 5.36 � 2.96 349

CCH08 2.43 � 5.42 � 2.99 331

CCH09 2.41 � 5.38 � 2.97 338

CCH10 2.50 � 5.55 � 3.05 295

[a] UV-Vis absorption and photoluminescence experiments were measured
in dichloromethane solution. [b] ΔEg

opt was calculated from the absorption
onset of UV-Vis spectra, ΔEg

opt =1240/λonset.
[c] EHOMO = � (Eox,onset (vs. Fc/ Fc

+
) +

5.16) eV. [d] ELUMO =EHOMO + ΔEg
opt. [e] Td was obtained at 5% weight loss of

HTMs.

Wiley VCH Freitag, 05.01.2024

2499 / 334944 [S. 3/9] 1

Chem. Eur. J. 2024, e202302552 (3 of 8) © 2023 Wiley-VCH GmbH

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202302552

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202302552 by E

T
H

 Z
urich, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Figure 2. UV-Vis & photoluminescence spectra of CCH01-04.

Figure 3. UV-Vis & photoluminescence spectra of CCH05-06.

Figure 4. UV-Vis & photoluminescence spectra of CCH07-10.

Figure 5. Cyclic voltammetry spectra of CCH01-04.

Figure 6. Cyclic voltammetry spectra of CCH05-06.

Figure 7. Cyclic voltammetry spectra of CCH07-10.
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the perovskite layer, which implied that an inefficient hole-
extraction would take place while these molecules are used as
hole-transport layers. In addition, by performing the thermal
gravimetric analysis (TGA), we found that CCH03 and CCH06
consisting of carbazole end-groups displayed superior decom-
position temperatures (Td =412 and 415 °C).

The synthesized CCH01-10 were then fabricated as hole-
transport layer in perovskite-based solar devices, respectively,
and the data of corresponding photovoltaic performances were
summarized in Table 3. Devices with spiro-OMeTAD were
utilized as reference cells (open-circuit voltage: Voc =1.07 V;
short-circuit current: Jsc =24.55 mAcm� 2; fill factor: FF=73.30).
Perovskite solar cells (PSC) with CCH01 showed fairly low power
conversion efficiency (PCE=0.03%). We found that the hole-
transport layer of CCH01-based devices was somehow contami-
nated by the Ag electrode, thus causing the damage of whole
spin-coated layers and resulting in the poorest PCE.[26] CCH02
(dimethoxy-substituted triphenylamine)-based PSCs exhibited
outstanding Voc (1.04 V), Jsc (22.61 mAcm� 2), and FF (73.12), thus
producing a promising PCE of 17.22%. It was noteworthy that
in this case no device oxidation process was needed and we
observed an immediate 17.22% PCE (spiro-OMeTAD-based
PSCs usually required at least 12 hours of oxidation treatment
to achieve high PCEs). However, devices with CCH03 or CCH04
demonstrated much lower PCEs (4.95%, 1.03%), presumably
due to their poor solubility in spin-coating solvent (chloroben-
zene) and leading to inferior film formation. Next, end-groups
possessing t-butyl groups (CCH05&06) were examined. These
PSCs also revealed low PCEs (3.33%, 0.10%). Furthermore, we

investigated the HTMs of triphenylamine-based molecules
bearing fluorine substituents (CCH07-10). Notably, PSCs with
CCH07 or CCH08 led to promising PCEs (16.09%, 15.11%).
Similar to the results acquired from CCH02, CCH07-based
devices were able to display an immediate high PCE of 16.09%
without any oxidation process. However, CCH09 and CCH10
with fewer � OMe groups gave unsatisfactory results (PCE=

0.65~3.26%). This indicated that, for current naphthodithio-
phene-based oligoaryls, the presence and quantity of methoxy
groups constituted an important requirement in designing
effective small-molecule organic HTMs.[27]

The photovoltaic performance of perovskite solar cells with
CCH01-10 was also presented by means of the diagram of
photocurrent density-voltage (J-V) curves (Figure 8~10). The
synthesized HTMs were classified according to the substituents
on end-group molecules: CCH01-04 with methoxy groups,
CCH05-06 with t-butyl groups, and CCH07-10 with methoxy
and fluoro groups. CCH02-based PSCs showed superior J-V
values that are comparable to those of spiro-OMeTAD-based
devices (Figure 8). PSCs with CCH07&08 exhibited exceptional
Voc of 1.06–1.07 V which is nearly identical to the Voc of devices
using spiro-OMeTAD as HTM (Figure 10).

Finally, for the devices displaying higher PCEs
(15.11~17.22%), we focused on three corresponding HTMs
(CCH02, 07, and 08) to further examine their hole-extraction
abilities. This was realized by the measurement of steady-state
photoluminescence (PL) and time-resolved photoluminescence
(TRPL) of the devices fabricated in the configuration of glass/
perovskite/HTMs. Spectra provided in Figure 11 revealed that

Table 3. Photovoltaic performance evaluation of the perovskite solar cells using CCH01-10 as HTMs.[a,b]

HTMs Voc

[V]
Jsc

[mAcm� 2]
FF
[%]

PCE
[%]

CCH01 best
average

0.03
0.03�0.01

4.45
2.71�0.85

25.31
25.44�1.30

0.03
0.02�0.01

CCH02 best
average

1.04
1.00�0.03

22.61
22.42�0.36

73.12
66.66�4.48

17.22
15.02�1.52

CCH03 best
average

0.98
0.99�0.05

12.69
11.15�1.16

40.19
34.66�4.04

4.95
3.8�0.73

CCH04 best
average

0.95
0.87�0.12

3.70
3.92�0.61

29.34
31.52�4.32

1.03
1.06�0.17

CCH05 best
average

1.00
0.95�0.07

12.57
10.35�1.64

26.46
23.91�2.13

3.33
2.37�0.61

CCH06 best
average

0.95
0.67�0.32

0.40
0.4�0.10

27.09
27�7.56

0.10
0.07�0.04

CCH07 best
average

1.06
1.05�0.02

22.81
21.85�1.04

66.86
62.77�2.86

16.09
14.46�1.30

CCH08 best
average

1.07
1.07�0.02

21.82
21.95�0.21

64.56
52.84�5.46

15.11
12.44�1.21

CCH09 best
average

0.99
0.83�0.27

10.86
10.39�1.27

30.27
32.64�10.92

3.26
2.58�0.61

CCH10 best
average

0.42
0.34�0.13

4.78
4.28�0.49

32.06
28.86�2.31

0.65
0.43�0.20

spiro-
OMeTAD

best
average

1.07
1.06�0.01

24.55
24.03�0.33

73.30
73.84�1.05

18.89
18.4�0.32

[a] Above statistical data were calculated based on 6–8 cells.
[b] Reverse scans.
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CCH02- and CCH07-based devices exhibited comparable PL
quenching effects, which is stronger than that of the devices
with CCH08. This indicated CCH02&07 had superior capability
of extracting holes at the interface between perovskite- and
hole transport-layers. In addition, the TRPL spectra given in
Figure 12 demonstrated perovskite/CCH02 possessed a rela-
tively shorter average lifetime (τaverage =10 ns; τaverage =14 ns for
perovskite/CCH07; τaverage =15 ns for perovskite/CCH08), imply-
ing that CCH02 could efficiently inhibited the recombination of
electrons and holes generated from the photoactive perovskite-
layer.

Conclusions

In summary, the most atom-economical cross-dehydrogenative
coupling synthetic strategy involving the activation of two
unfunctionalized C� H bonds has been applied in the facile

Figure 8. Photocurrent density-voltage (J-V) curves of perovskite solar cells
using CCH01-04 as HTMs.

Figure 9. Photocurrent density-voltage (J-V) curves of perovskite solar cells
using CCH05-06 as HTMs.

Figure 10. Photocurrent density-voltage (J-V) curves of perovskite solar cells
using CCH07-10 as HTMs.

Figure 11. Steady-state PL spectra of the devices fabricated as glass/
perovskite/HTM(CCH02, 07, or 08).

Figure 12. Time-resolved PL spectra of the devices fabricated as glass/
perovskite/HTM(CCH02, 07, or 08).
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preparation of new hole-transporting materials for the first
time. Hence, direct C� H olefination reactions of naphtho[2,1-
b : 3,4-b’]dithiophene (NDT) were optimized by screening key
reaction parameters including oxidants, bases and solvents,
affording CCH01-10 with olefin π-spacers in 18–71% isolated
yields. Three of the obtained HTMs (CCH02, 07, and 08)
exhibited promising PCEs exceeding 15% while fabricated as
the hole-transport layer in corresponding perovskite solar cells.
Among them, CCH02&07-based PSCs were capable of display-
ing over 16% PCEs without any device oxidation treatment. In
contrast, the most popular and commercially available HTM,
spiro-OMeTAD, required at least 12-hour oxidation to achieve
the highest PCE. This work successfully bridged the most
succinct while challenging Csp2� H/Csp2� H coupling approach in
synthetic chemistry with HTMs/PSCs in the field of organic
optoelectronic materials.

Experimental Section
General Procedure for the synthesis of CCH02: To a solution of
Pd(OAc)2 (12 mg, 10 mol%), Ag2CO3 (414 mg, 3.00 equiv.), and
pyridine (119 mg, 3.00 equiv.) in m-xylene (1.0 mL) in a heat-gun
dried sealed tube were added naphtho[2,1-b : 3,4-b’]dithiophene (1)
(120 mg, 0.50 mmol) and the corresponding vinyl arene (2b)
(497 mg, 1.50 mmol) under N2. The reaction mixture was then
heated at 125 °C under N2 for 24 h. After the reaction mixture had
cooled to room temperature, water (10 mL) was added. The mixture
was extracted with ethyl acetate (2×20 mL), and the combined
organic layers were washed with brine (50 mL), dried (Na2SO4) and
concentrated in vacuo. Purification by column chromatography
(ethyl acetate :hexanes=15 :85) gave the desired product CCH02
(184 mg, 41%, brown solid).
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