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Abstract

Direct arylation polymerization (DArP) offers a streamlined alternative to Stille coupling for synthesizing n-conjugated
donor—acceptor (DA) polymers by forming C—C bonds through formal C—-H/C—X coupling, eliminating the need for toxic
organotin reagents. Early DArP systems often failed to achieve both high molecular weight and low defect levels because of
insufficient catalyst efficiency and selectivity. This Focus Review summarizes the development of highly efficient and
selective palladium catalysts supported by the hemilabile phosphine P(2-MeOC¢H,4); (IL1). L1 is used alone or with the
coligands N,N,N',N'-tetramethylethylenediamine (TMEDA) or 2-dicyclohexylphosphino-2’,4/,6/-triisopropylbiphenyl
(XPhos). L1 maintains reactive mononuclear Pd species for efficient C—H activation; TMEDA suppresses side reactions
such as homocoupling and branching; and XPhos facilitates the oxidative addition of less reactive C—X bonds. These ligand
systems enable high-molecular-weight polymers (number-average molecular weight up to 347,700, yields up to 100%) with
well-defined structures (cross-coupling selectivity as high as >99%) across a broad monomer scope. Devices based on these
materials deliver up to 9.9% power conversion efficiency in organic photovoltaics and hole mobilities 0.3 cm*V~'-s! in
organic thin-film transistors, comparable to those from Stille coupling. These advances firmly position DArP as a practical,

tin-free platform for the precise synthesis of high-performance n-conjugated DA polymers.

Introduction

n-Conjugated donor—acceptor (DA) polymers underpin
much of the current organic electronics. Combining donor
and acceptor units enables control over the band gap, charge
balance, and solid-state packing, allowing for high-
performance organic photovoltaics (OPVs) [1], organic
thin-film transistors (OTFTs) [2], and related devices [3].
These applications demand synthetic routes that deliver
high-molecular-weight, compositionally precise polymers
in a solution-processable form.

To meet these requirements, Stille cross-coupling poly-
merization has long been a mainstay for the synthesis of DA
polymers because it couples monomers prefunctionalized
with organotin groups in a highly reliable manner (Fig. 1A)
[4, 5]. However, the preparation of these organotin
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monomers—often via multistep synthesis and purification
—adds a significant synthetic burden. Moreover, the
method generates stoichiometric amounts of toxic bypro-
ducts (e.g., SnMesBr), raising environmental concerns. To
address these issues, palladium-catalyzed direct arylation
polymerization (DArP) has emerged as a promising alter-
native for forming C—C bonds directly through C-H acti-
vation, thereby streamlining synthesis and eliminating the
need for organotin reagents (Fig. 1A) [6—13].

Although direct arylation for small-molecule synthesis is
well established [14-18], its application to polymerization
has proven challenging. In early DArP, limited catalyst
efficiency and selectivity led to low molecular weight and
structural defects, undermining functional performance
(Fig. 1B; see Section “Requirements for Precision Polymer
Synthesis by DArP” for details). To overcome these lim-
itations, we developed palladium catalyst systems that
enable the precise synthesis of DA polymers with perfor-
mance comparable to that of Stille-derived materials.

This Focus Review traces the evolution of our catalyst
design around three elements: P(2-MeOC¢H,); (L1) for
high efficiency, diamine coligands to enhance selectivity,
and complementary phosphines for high efficiency with less
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Fig. 1 A Synthetic routes to DA polymers; B side reactions to be
suppressed in DArP; and C proposed catalytic cycle of DArP

reactive C—X bonds. These strategies broaden the monomer
scope, improve both efficiency and selectivity, and enhance
control over the polymer microstructure.

The following sections outline the mechanistic features
underlying the efficiency and selectivity of DArP and then
describe the development and scope of our catalyst systems,
emphasizing the structure—property relationships in DA
polymers.

Mechanistic basis and catalyst design
principles of DArP

DATrP is proposed to proceed via four elementary steps
(Fig. 1C) [18]:

(i) C-X bond activation: oxidative addition of an aryl
halide (Ar—X) to a Pd(0) complex (C1) yields an
aryl-Pd(IT) halide (C2).

(ii) Anionic ligand exchange: the halide in C2 is rapidly
replaced by a carboxylate ligand to form a
carboxylate—Pd(II) species (C3).
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heteroarenes (H-Ar') occurs via a six-membered,
carboxylate-assisted concerted metalation—deprotonation
(CMD) transition state, yielding diaryl-Pd(II) complex
C4. The CMD barrier decreases with increasing C-H
acidity and n-electron density; greater acidity facilitates
proton abstraction by the carboxylate, whereas higher
electron density stabilizes Pd—C bond formation to the
electrophilic Pd(I) center in the CMD transition state.
Consequently, electron-rich heteroarenes such as thio-
phene undergo regioselective C2/C5 activation without
directing groups, enabling linear 2,5-coupling to con-
struct ni-conjugated backbones.

(iv) Reductive elimination: C4 undergoes reductive elimina-
tion to give the biaryl product (Ar-Ar’), regenerating
Pd(0) (C1).

For efficient catalysis, ligands must balance electronic
and steric demands across all steps: an electron-rich Pd(0)
accelerates oxidative addition [19], while a slightly
electron-poor Pd(IT) lowers the CMD barrier [20]. Ligands
must be bulky enough to stabilize reactive mononuclear
Pd species but not so hindered as to block substrate
binding; in many catalytic manifolds, increased steric
demand can facilitate reductive elimination [21, 22]. This
electronic and steric balance is essential for fast, regiose-
lective coupling across diverse monomers. The Pd/L1 sys-
tem exemplifies this balance: its hemilabile phosphine
framework provides electronic tunability with moderate
steric bulk, affording high reactivity and broad monomer
compatibility, thereby establishing it as a robust platform
for precision DArP.

For completeness, other DArP strategies—such as pre-
metalation with strong bases (e.g., Grignard reagents)
[23, 24] or dual-metal (Pd/Cu, Pd/Ag) systems [25, 26]—
are noted but not described in detail here, as this Review
focuses on CMD-type activation.

Requirements for precision polymer
synthesis by DArP

Two criteria are critical for the precise synthesis of n-
conjugated polymers via DArP:

(1) High-Molecular-Weight. DArP proceeds via a step-
growth mechanism; therefore, the molecular weight
follows the Carothers equation: DP = 1/(1-p), where
DP is the degree of polymerization and p is the degree
of monomer conversion. Accordingly, achieving a
high molecular weight requires a catalyst that enables
near-quantitative conversion while maintaining the
solubility of the growing chains.
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(2) Rigorous Structural Control. Side reactions—such
as homocoupling (causing sequence errors) or non-
selective C—H activation at undesired positions (e.g.,
C3 or C4 of thiophene)—introduce irreversible
defects (Fig. 1B). These defects degrade electronic
properties [27, 28] and, through branching or
cross-linking, can render the polymer insoluble and
unusable in device fabrication. Therefore, catalysts
must achieve exceptionally high selectivity to sup-
press these pathways.

Our studies show that judicious selection of ligands and
solvents is essential for balancing efficiency and selectivity.
The following sections illustrate how these factors were
applied in the development of highly efficient and selective
Pd catalyst systems for precision DArP.

Comparison of Fagnou-type and Pd/L1
catalysts

To achieve both high molecular weight and minimal defects,
two representative palladium catalysts dominate DArP:
Fagnou-type conditions and Pd/L1-based systems. Both
employ a carbonate base and a carboxylic acid additive (often
BuCO,H) to promote CMD-type C-H activation but differ
markedly in ligand architecture and solvent compatibility.

(1) Fagnou-Type Conditions. Originally developed by
Fagnou for small-molecule C—H arylation [29], these
conditions typically employ Pd(OAc), with bulky
trialkylphosphines PRj3 (e.g., PCy; and PrBu,Me) in
polar amide solvents such as N,N-dimethylacetamide
(DMAC). Their extension to polymer synthesis—most
notably Kanbara’s DArP of 1,2,4,5-tetrafluorobenzene
[12]—demonstrated that tin-free cross-coupling can
produce m-conjugated alternating copolymers [10].
Under these conditions, the substrate class dictates the
solvent/ligand regime; heteroarenes with acidic C-H
bonds (e.g., 1,2,4,5-tetrafluorobenzene) and electron-
rich thiophenes (e.g., 3,4-ethylenedioxythiophene)
react readily in DMAc but stall in toluene [30, 31]. In
polar amides, competitive amide coordination is well
documented; catalytically competent amide-ligated Pd
species form even in the presence of PR3 [32], which is
consistent with the high reactivity in DMAc. In
contrast, electron-deficient monomers such as thieno-
pyrroledione (TPD) couple efficiently in toluene, where
PR; ligation is maintained, but show little or no
reactivity in DMAc [30, 31]. These contrasting trends
indicate that solvent effects reflect both catalyst
speciation (amide- vs. PRs-ligated Pd) and the match
between catalyst form and the rate-determining step. In

addition to these substrate-dependent effects, coordi-
nating polar media such as DMAc can promote CMD,
yet their poor solubility for many DA polymers often
limits the molecular weight and increases structural
defects [6, 33, 34]. In contrast, low-polarity, polymer-
solubilizing media support a higher molecular weight
when catalysis remains efficient.

(2) Pd/L1-based Systems. To overcome these challenges,
we developed a complementary system based on
Pd,(dba);-CHCIl; (dba: dibenzylideneacetone) and
P(2-MeOC¢Hy); (L1) (Fig. 2) [9]. The use of ancillary
ligands such as TMEDA or XPhos further suppresses
side reactions and enhances monomer compatibility.

Rather than treating the Fagnou-type and Pd/L1 systems
as mutually exclusive, their comparison clarifies design
priorities. In the next section, we analyze the polymerization
outcomes and mechanistic features for each Pd/L1-based
mode. All the polymers discussed (P1-P16) are shown in
Fig. 2 along with their outcomes under Pd/L1 catalysis, and
key data—including ligand effects and comparisons with
Stille and Fagnou-type conditions—are summarized in
Table 1. This dataset serves as the basis for discussing
design principles specific to the Pd/L1 platform.

DArP catalyzed by Pd/L1-based catalysts
Catalytic behavior and selectivity of Pd/L1

The Pd/LL1 system exhibits high efficiency and selectivity
in low-polarity, polymer-solubilizing solvents such as
tetrahydrofuran (THF) and toluene. This system is com-
patible with a broad range of donor- and acceptor-type
monomers, enabling the synthesis of high-molecular-
weight polymers with low structural defect levels
(Fig. 2) [35-37]. For example, P1 was obtained by poly-
merizing dibromofluorene with 1,2,4,5-tetrafluorobenzene
using Pd,(dba);-CHCI3/L1/tBuCO,H/Cs,CO; in THF
(1 mol% Pd, Pd/LL1=1/2), yielding a number-average
molecular weight (M, =347,700) that was more than
eleven times greater than that under Fagnou-type condi-
tions (entries 1 and 2; Table 1) [35]. Replacing tBuCO,H
with MeCO,H gave similar results, and comparable M,
values were also achieved in toluene, confirming catalytic
efficiency in low-polarity media (runs 1-3; Table 2).
Ligand screening underscores the unique effectiveness of
L1 (Table 2) [35]. Substituting PCy;, PrBu,Me, or
Buchwald-type ligands (e.g., XPhos and SPhos) gave
M, < 10,000 (runs 4-8). Even phosphines with fewer ortho-
methoxy substituents than L1 showed reduced perfor-
mance: PPh(2-MeOCgHy), gave M, = 31,300, while PPh;
gave M, <10,000 (runs 9-10). P(2-Me,NC¢H,); gave no
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Fig. 2 Selected examples from the substrate scope of DArP with Pd/
L1-based catalysts. Representative polymerizations of X-Ar-X (red)
with H-Ar'-H (blue) using L1 alone, L1 + TMEDA, or L1 + XPhos.
Standard conditions: Pd,(dba);-CHCI; (1-2 mol% Pd), L1 (Pd/L1 =1/
1-2), with or without coligands [TMEDA (Pd/L1/TMEDA = 1/2/
10-30) or XPhos (Pd/L1/XPhos = 1/2/2)], tBuCO,H (1 equiv),
Cs,CO; (3 equiv), THF or toluene at 100-110 °C for 24—-120 h. The

polymer, and both P(2-MeC¢H,); and P(4-MeOCgHy);
yielded M, values less than 10,000 (runs 11-13). These
results highlight the crucial electronic and steric roles of the
ortho substituents of L1.

The Pd/LL1 system also polymerizes electron-deficient
monomers such as TPD and thiophene-flanked
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P9; 97% yield
M, = 24,500 (D =2.7)
homocoupling: 1.6%

P12; 93% yield
M, =15,700 (B = 2.3) H
homocoupling <1%
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P15 96% yield
M, =61,200 (D =3.1)
homocoupling <1%

P16; 97% yleld

M, = 24,500 (P =2.7)
homocoupling <1%

M, and D were determined by GPC (polystyrene standards) in o-
Cl,CeHy at 140 °C; homocoupling defect levels were estimated by
'"H NMR in C,D,Cl; at 130°C or 0-CL,C¢D, at 140 °C. *Values
were determined by GPC (polystyrene, THF, 40 °C). **Reactions
run with PdCI,(NCMe), in place of Pd,(dba);-CHCI;. Side-chain
definitions: R! = 2-ethylhexyl; R? = 2-hexyldecyl; R* = 2-octyldode-
cyl; R* = 2-decyltetradecyl

thiazolothiazoles to yield P2-P7 (Fig. 2) [36, 37]. The mole-
cular weight distribution of these polymers was highly solvent
sensitive. P2 synthesized in THF showed a monomodal profile,
whereas the same polymer synthesized in DMAc under Fagnou-
type conditions exhibited a bimodal distribution skewed toward
lower M, (36,800 vs. 15,100; entries 3 and 4, Table 1).
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Table 1 Comparison of representative polymerizations by DArP (Pd/L1, Pd/L1 + TMEDA, and Fagnou-type conditions) and Stille cross-coupling

entry polymer® polymerization method yield M, (D) homocoupling (%)*  insoluble device characteristics” Ref®
(%) material®
Ar-Ar Ar'-Ar’ total
1 P1 DArP (Pd/L1) 96 347,700 2.8)" — — — no 35
2 P1 DArP (Fagnou) 81 31,500 (3.5)” — — — no 12
3 P2 DATP (Pd/L1) >99 36,800 2.2) — — — 1o 36
4 P2 DATrP (Fagnou) 99 15,100 2.6) — — — no 36
5 P5 DATP (Pd/L1) 99 42200(1.9) 08 1.0 18 no 37
6 P5 Stille >99 21,800 (1.9) 28 15 43 no 37
7 P8 DArP (Pd/ 88 20,000 (3.3) <0.1 1.0 1.0 no 44
L1+ TMEDA)
8 P8 DArP (Pd/L1) 18 14,900 22) 12 3.7 49 yes 44
9 P9 DArP (Pd/ 97 24500 2.7) 02 14 1.6 no 45
L1+ TMEDA)
10 P9 DArP (Pd/L1) 85 3,100 (12) 48 7.7 12.5 yes 45
11 P11 DArP (Pd/ 70 43,800 (3.5) — — — no PCE=9.0+0.1% 47
L1+ TMEDA)
12 pi1 DArP (Pd/L1) 71 47,600 (5.00 — — yes PCE=8.0+0.1% 47
13 Pl Stille 81 43,600 2.4) — — no PCE=9.3+0.2% 47
14 P12 DArP (Pd/ 93 15,700 2.3) <0.1 <0.1  <0.1 no un=0.31cm? Vs (avg) 48
L1+ TMEDA)
15 P12 Stille >99 17,700 (1.7) <0.1 <0.1  <0.1 no un =028 cm> Vs (avg.) 48
16 P13 DArP (Pd/ 89 31,500 (4.1) 1.7 03 20 no PCE=9.5+0.3% 46
L1+ TMEDA)
17 P13 Stille 93 32,100 22) 63 85 14.8 no PCE=9.4+0.1% 46

#Polymer ID corresponds to the structures numbered in Fig. 2. bYield of soluble products refers to material soluble in hot CHCl; or PhCl (as used
in Soxhlet extraction) but not soluble in MeOH; values are taken from the cited reference for each entry. When an insoluble fraction formed, it was
noted in the “insoluble material” column. ‘Determined by GPC calibration based on polystyrene standards (0-Cl,C¢Hy, 140 °C), unless otherwise
noted. “Estimated by "H NMR in C,D,Cly at 130 °C or 0-Cl,C¢D, at 140 °C. “‘yes” indicates that an insoluble fraction remained after Soxhlet
extraction under the workup conditions. For P1, P2, P5, P8, P12, and P13, the solubility was judged on the basis of hot CHCls; for P9 and P11,
hot PhCI was used. Insolubility was determined by residual coloration on cylindrical filter paper after Soxhlet extraction. “no” indicates a fully
soluble product under these respective conditions. /Device characteristics (PCE for OPV; uy, for OTFT) are averages with the corresponding
uncertainty as reported; best values are given in the text of the cited references. Citation number in the main reference list (see References section).
"Determined by GPC calibration based on polystyrene standards (THF, 40 °C). ‘The value could not be determined because of peak broadening

Improved solubility in L1/THF likely suppresses premature
termination, yielding more uniform, higher molecular weights.
In addition to the choice of solvent, the nature of the Pd pre-
cursor also influenced the M,: for P2, a M, of 25,500 was
achieved with Pd,(dba);-CHCls, which increased to 36,800 with
PdCL,(NCMe),. P3 and P4, tested only with PdCL(NCMe),,
showed similarly high M,, values, confirming the benefit of this
precursor [36]. A recent study by another group further
demonstrated that well-defined palladacycle precatalysts can
increase M, levels, emphasizing the importance of precursor
selection [38].

Relative to Stille cross-coupling, Pd/LL1 delivers a higher M,
and fewer defects (e.g., PS: M, 42,200, <2% homocoupling vs.
Stille M, 21,800, 4.3%) (entries 5 and 6; Table 1) [37]. In the
Stille process, methyl migration from SnMes-substituted
monomers limits chain growth and introduces defects. Direct
comparisons indicate a practical advantage of Pd/LL1 for preci-
sion polymer synthesis under the tested conditions.

Taken together, these results support Pd/L1 as a versa-
tile, reliable DArP catalyst under low-polarity conditions.
With broad monomer scope, high efficiency, and low defect
levels, Pd/L1 is now recognized as a benchmark platform in
the field [6-8].

Mechanistic insights into enhanced reactivity

To probe the origin of Pd/L1 reactivity, we isolated
aryl-palladium(Il) carboxylate complexes [PdAr(O,CR)
(L)] (Fig. 3; C3; Ar = Ph, R = Me in this study; L =L1,
PPh3) [39, 40]. Among these, mononuclear species with
bidentate carboxylate ligation [PdAr(O,CR-x20)(L)] (C3-
k20) are considered catalytically competent for C-H
activation [17, 18], yet are coordinatively unsaturated and
prone to aggregation. For example, the PPh; complex was
isolated as a dinuclear species, [PdPh(,uz—OZCMe)(PPh3)]2
(C3b,), which remained aggregated in solution, with little

SPRINGER NATURE
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Table 2 DATrP of 2,7-dibromofluorene and 1,2,4,5-tetrafluorobenzene®

F F
F F

CgHi7 CgHy7
Pd,(dba)g CHCl R F
ligand 72\ 72\
Cs,C04, RCOH _ _ f
THF, 100 °C .
CgHq7 CgHy7
Run Ligand RCO,H Yield (%) M, (D)*
1 L1 tBuCO,H 96 347,700 (2.8)
2 L1 BuCO,H 87 106,900 (2.2)
3 L1 MeCO,H 87 132,800 (2.6)
4 PCy, MeCO,H 1 _
5 P/Bu,Me MeCO,H 63 5,300 (1.7)
6 P/Bu, MeCO,H 86 7,700 (2.0)
7 XPhos MeCO,H 49 2,900 (1.3)
8 SPhos MeCO,H 0 —
9 PPh(2-MeOCgH,), MeCO,H 84 31,300 (2.7)
10 PPh; MeCO,H 84 9,300 (2.3)
1 P(2-Me,NC4H,)s MeCO,H 0 —_
12 P(2-MeCgHy)s MeCO,H 66 4,600 (1.7)
13 P(4-MeOCgH,)s MeCO,H 53 3,100 (1.4)

#Reactions were run at 100 °C for 24 h in THF (1 mL), using monomers (0.5 mmol each), Pd,(dba);-CHCIl; (1 mol% Pd), ligand (2 mol%),
RCO,H (0.5 mmol), and Cs,CO; (1.5 mmol), except run 2. "Reaction was run in toluene. “Estimated by GPC calibration based on polystyrene

standards (THF, 40 °C)

to no formation of the mononuclear complex (C3b-x20).
In contrast, the L1 analog, although dinuclear in the solid-
state (C3a,), dissociated in solution into a dynamic equi-
librium between mononuclear species: a k>-PO complex
(C3a-x0O; monodentate carboxylate) and a xP complex
with a bidentate carboxylate ligand (C3a-x?0), the latter
representing the catalytically active species [17, 18]. This
dynamic coordination mode of L1 suppresses aggregation
and sustains a reactive mononuclear population, unlike the
persistent dimeric form of the PPh; complex.

This structural observation offers a plausible explanation for
the higher reactivity of the L1 complex in direct arylation
(Fig. 3): the L1 complex reacts with 2-methylthiophene in THF
with a pseudo-first-order rate constant (k) nearly an order of
magnitude greater than that of the PPh; complex. Moreover, the
reactivity of the L1 complex remains consistent across THF,
toluene, and DMAc, whereas the PPh; complex shows strong
solvent dependence—high in DMAc but low in low-polarity
media—highlighting the advantage of L1 in polymer-solubi-
lizing, low-polarity environments.

The acceleration observed with L1 also appears to arise
from its ability to generate Pd(II) centers of moderate
electrophilicity, which favor CMD-type C-H activation. In
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contrast, strongly electron-donating ligands reduce Pd
electrophilicity and disfavor CMD. In support of this, a Pd-
XPhos complex—typical of electron-rich phosphines—
exhibited more than 20-fold lower reactivity toward
2-methylthiophene than the L1 analog did [41].

Collectively, the superior performance of Pd/L1 in DArP
stems from its hemilabile coordination, which stabilizes
mononuclear Pd species, suppresses aggregation, and
minimizes solvent sensitivity, and from its balanced elec-
tronic properties, which promote efficient CMD. Together,
these features enable selective polymerization under prac-
tical, low-polarity conditions.

Highly selective mixed-ligand catalysts

Monomers bearing multiple reactive C—H sites (bolded in
Fig. 2) are prone to indiscriminate activation, causing
branching and cross-linking. However, these C-H sites
often confer advantages—Ilow steric hindrance and intra-
molecular heteroatom—H interactions—that promote back-
bone planarity and extended m-conjugation, thereby
enhancing charge transport [42]. This trade-off complicates
monomer design. Although structural modification can
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of the direct arylation product (2-methyl-5-phenylthiophene)
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Fig. 4 Suppression of defect formation by TMEDA. A '"H NMR
spectra of P9 obtained with (a) Pd/L1 and (b) Pd/L1+ TMEDA
(C,D,Cly, 130°C, 800MHz). B Proposed cascade leading to

suppress side reactions, the electronic or optical properties
are often compromised. To address this trade-off without
altering the monomer, we developed a mixed-ligand cata-
lyst that combines L1 with TMEDA, which directs selective
arylation while suppressing side reactions [43—49].

Suppression of insolubilization and homocoupling

The benefit of TMEDA was first demonstrated in the
DATrP synthesis of P8 (entries 7 and 8; Table 1) [43, 44].
Under standard conditions (Pd,(dba);-CHCI5/L1/tBuCO,H/
Cs,COj3 in toluene), the product was mostly insoluble

homocoupling and branching. C Proposed catalytic cycles: productive
cross-coupling via the cis-route, and Ar-X reduction — Ar'-Ar’
homocoupling via the trans-route in DArP

(74%), and the soluble fraction contained substantial
defects. Adding TMEDA (Pd/L1/TMEDA = 1/2/10) affor-
ded a fully soluble polymer in 88% yield, reducing homo-
coupling from 4.9% to 1.0% and increasing the M, from
14,900 to 24,500. Similar improvements were observed for
diketopyrrolopyrrole-based DA polymers P9 and P10
(entries 9 and 10, Table 1), where TMEDA suppressed
insolubilization and structural defects [44]. This effect is
illustrated by the "H NMR spectra of P9 (Fig. 4A). Without
TMEDA (Fig. 4A-a), the polymer exhibited intense signals
from homocoupling (B and C; 12.5%) and branching (D)
and was partly insoluble. With TMEDA (Fig. 4A-b),
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homocoupling was reduced to 1.6%, branching dis-
appeared, and the M, increased from 3,100 to 24,500—
likely by suppressing Ar—X — Ar-H reduction, a chain-
terminating side reaction.

Side-reaction pathways and suppression mechanism

Product analysis revealed a cascade pathway (Fig. 4B)
[43-45]: (a) reduction of Ar-X to Ar—H with concomitant
homocoupling of H-Ar’ to Ar'-Ar’; (b) coupling of accu-
mulated Ar—H with Ar—X to give Ar—Ar; and (c) branching
and cross-linking. Similar pathways have been reported by
others [50], supporting the generality of this cascade side
reaction. TMEDA plausibly suppresses this cascade by
intercepting the initial step (a).

Catalytic cycle and site-selective C-H activation

On the basis of these results, we propose the catalytic cycle
shown in Fig. 4C, differentiating productive and unpro-
ductive pathways involving aryl-Pd(I) carboxylate (C3)
[44, 50]. In this intermediate, CMD-type C—H activation
can occur at either the cis or trans position relative to the
aryl ligand (cis and trans route).

In the cis route, CMD yields cis-C4, which undergoes
reductive elimination to give Ar—Ar’. In the trans
route, CMD yields trans-C4, which resists reductive
elimination and instead undergoes protonolysis—the
microscopic reverse of CMD—forming Ar-H and Pd-Ar’
(C3h0mo), Which may react further to form homocoupling
defects (Ar'-Ar’). Both the cis and trans routes
are supported as accessible by independent DFT
studies [50].

Accordingly, we hypothesize that TMEDA selectively
blocks the trans route. In the trans configuration, TMEDA
may coordinate to Pd (frans-C4rygpa) and compete with
the carboxylate in deprotonating the C—H bond, suppressing
trans-C—H activation. In contrast, in the cis configuration
(cis-Cdrpmepas), TMEDA remains trans to the substrate and
is uninvolved in CMD. Such site-selective blocking likely
explains why monoamines such as trimethylamine, which
lack bidentate coordination, are ineffective [44].

Scope expansion and selectivity tuning in Pd/L1-TMEDA
catalysis

Pd/LL1 4 TMEDA is applicable to diverse monomers. For
example, the polymerization of 2,2'-bithiophene (BT),
which typically suffers from extensive branching under
Fagnou-type conditions [34], proceeds cleanly to yield P11
(M, 43,800) with no insoluble byproducts [47]. Similarly,
dithienylethene (DTE) and 2,6-di(5-thienyl)benzodithiophene
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(DTBDT) give P12 and P13 with 98—> 99% selectivity and a
M, up to 31,500 [46, 48, 49]. These high-performance OTFT/
OPV polymers, previously accessible only via Stille coupling
[51-53], can now be obtained by DArP. This advance is
particularly significant given the prominence of DTBDT-based
OPV materials [54]. Device metrics for these materials appear
in Section “Device Performance of Defect-Suppressed
Polymers”.

The general benefit of TMEDA in DArP has been con-
firmed by other groups [55-57], although this benefit varies
with the steric and electronic properties of the monomer
[58, 59]. Therefore, for optimal performance, tailoring the
ligand set to each monomer class remains essential. Com-
plementary strategies reported by other groups include steric
tuning of L1 (e.g., cycloheptyloxy in place of methoxy) [60] or
modification of the carboxylic acid (e.g., neodecanoic acid in
place of BuCO,H) [61, 62]. Such fine-tuning of steric and
electronic parameters may further expand the Pd/LL1 platform
to otherwise incompatible monomers.

Highly efficient mixed-ligand catalysts

Conventional DArP catalysts perform well with aryl bro-
mides and iodides but are generally ineffective toward more
abundant and less expensive aryl chlorides. This limitation
arises because no single ligand efficiently promotes both
key rate-determining steps: oxidative addition of the C—Cl
bond and CMD-type C—H bond activation. As discussed in
Section “Mechanistic Basis and Catalyst Design Principles
of DArP”, electron-rich phosphines, including Buchwald-
type ligands (e.g., XPhos, fBuXPhos, and BrettPhos),
accelerate C—Cl oxidative addition [63]. In contrast, the less
o-donating, hemilabile ligand L1 facilitates C—H activation.

This trade-off is effectively addressed by a mixed-ligand
strategy: combining L1 and XPhos (Pd/L1/XPhos = 1/2/2)
[41]. Whereas previous DArP methods for aryl chlorides
required Pd/Cu dual catalysis with Cu(I) salts [26], our Cu-
free system enables efficient synthesis of DA polymers
P14-P16 (M, up to 191,000, selectivity > 99%) (Fig. 2).
Control experiments revealed that neither L1 nor XPhos
alone yielded high-M,, polymers under identical conditions;
instead, only low-conversion oligomers were obtained.
Notably, P16—known for its high solar-cell performance
[64]—was  synthesized directly from inexpensive
p-dichlorobenzene.

Mechanistic studies support a step-specific synergy
between L1 and XPhos (Fig. 5A). C—Cl oxidative addition
of chlorobenzene to Pd(0) proceeds ~20 times faster with
XPhos than with L1 (Cly; vs. Clxppes), While C—H bond
activation of 2-methylthiophene is ~15 times faster with L1
than with XPhos (C3;; vs. C3xphos)- -'P NMR reveals
rapid ligand exchange, with equilibria of Pd(0) and
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Fig. 5 Step-specific ligand synergy and dynamic relay. A Plausible
pathway for direct arylation with an aryl chloride under the mix-
ed-ligand catalyst. *Relative activities were estimated from pseu-
do-first-order rate constants for the reactions of [Pd(dba)(L),]
(L=XPhos, n=1;, L=L1, n=2) with chlorobenzene and
[PdPh(O,CMe)(L)] (L =XPhos or L1) with 2-methylthiophene in
THE-dy at 60 °C. **Determined by *'P NMR: THF-dy for [Pd(dba)(L)
o] (L =XPhos, n=1; L=L1, n=2) and CD,Cl, for [PdPh(O,CMe)
(L)] (L = XPhos or L1) at 25 °C. B Crystal structures of representative
complexes [Pd(dba)(XPhos)] (Clxppes; CCDC 2254607) and [Pd(2,6-
Me,C¢H3)(O,CMe)(LL1)] (C3r;; CCDC 1046469)

Pd(II) species bearing both ligands (C1y,1:Clxppes = 30:70;
C3L1:C3xpnos = 47:53). These observations indicate fre-
quent ligand exchange during catalysis, allowing each step
to proceed in its optimal ligand environment (Fig. 5B).
XPhos, a strong o-donor and “soft” K-P,n chelate (phos-
phorus plus biphenyl n system), stabilizes the soft Pd(0)
center, promoting C—Cl oxidative addition. After this step,
steric congestion reduces XPhos affinity, enabling ligand
relay to L1. L1, which coordinates in a K‘Z-P,O mode via its
hard methoxy oxygen and phosphorus, is well suited to
stabilize the harder Pd(II) center and facilitate CMD. This
dynamic ligand relay enables efficient, selective coupling of
aryl chlorides.

In contrast to XPhos, related ligands such as rBuXPhos
and BrettPhos failed to support efficient catalysis under
otherwise identical conditions, highlighting the need for a
finely tuned steric and electronic profile. Although the pro-
posed mechanism is well supported by experimental evi-
dence (Fig. 5), further studies could refine our understanding
of intermediate speciation and ligand dynamics. This
mechanistic insight underpins the broader significance of the

present work, which provides one of the most thoroughly
characterized examples of a mixed-ligand catalyst achieving
high performance through step-specific ligand roles. Given
the limited mechanistic understanding of mixed-ligand cata-
lysis [65—67], our findings may offer valuable guidance for
future catalyst design.

Device performance of defect-suppressed polymers

High-selectivity DArP can deliver polymers with device
metrics comparable to those from conventional cross-
coupling (Fig. 6; entries 11-17; Table 1). All the poly-
mers were treated with diethyldithiocarbamate to minimize
residual palladium, as residual Pd above ~10% ppm is known
to reduce the power conversion efficiency (PCE) in OPVs
[68]. In a representative case, the residual Pd content in the
polymer decreased from >1500 ppm to 11-60 ppm, with
~90% polymer recovery [45].

DA polymer P11, which is based on unsubstituted
BT, provides a performance benchmark (Fig. 6A, B)
[47]. DArP using PdL1 gave a M,=47,600 but a
limited PCE (8.0 +0.1%) in bulk-heterojunction (BHJ) OPVs
with PC;;BM, which is consistent with the defect-induced
shortening of effective conjugation and increased energetic
disorder, degrading charge transport. In contrast, Pd/L1 +
TMEDA afforded P11 (M, =43,800) free of branching,
achieving PCEs up to 9.0 +0.1% (best 9.2%), which are com-
parable to those of the Stille analogs (9.3 +0.2%, best 9.8%)
under identical device architectures.

In contrast to P11, the DTBDT-based polymer P13
showed high tolerance to structural defects [48]. The sample
prepared with Pd/LL1 + TMEDA had M,, = 31,500 and 2.0%
homocoupling, versus 14.8% for the Stille counterpart.
Despite this significant difference, BHJ devices with ITIC
exhibited nearly identical PCEs (Figs. 6C, D); the DArP
polymer averaged 9.5 +0.3% (the best was 9.9%), and the
Stille polymer averaged 9.4 +0.1% (the best was 9.8%).
This case illustrates that some systems are defect-tolerant;
however, in many others, even minor homocoupling can
severely impair device function [27].

Consistent with this general principle, our OTFT studies
show that lowering the defect density improves charge
transport [46]. For example, DTE-based P12 synthesized by
DArP exhibited an average hole mobility of
un=0.31cm>V1s7! whereas the corresponding Stille
polymer, despite a comparable average mobility
(un=10.28 cm>Vls 1), showed double-slope transfer
curves, which are indicative of trap-limited transport
(Fig. 6E, F) [69]. Both polymers showed no detectable
homocoupling peaks by 'H NMR; however, unassigned
minor peaks in the Stille-derived sample suggest subtle
backbone irregularities that may account for the observed
differences in charge transport.
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(1) OPV performance of P11/PC,1BM
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Fig. 6 Device performance of defect-suppressed DA polymers syn-
thesized by DArP compared with Stille coupling. (1) OPV perfor-
mance of P11/PC;BM: J-V curves (a) and external quantum
efficiency (EQE) spectra (b) show that TMEDA suppresses branching
and restores OPV efficiency to Stille levels. (2) OPV performance of
P13/ITIC: Despite large differences in homocoupling, the PCE
remains unaffected, indicating defect-tolerant behavior. The J-V

Beyond defect consideration, the highest reported device
metrics—up to 16.4% PCE in BHJ OPV and ambipolar
OTFT mobilities (ue/up, = 5.86/3.40 cm? V157" [70, 71],—
were achieved using fluorinated BT and DTE with Pd/L1
alone. This does not imply a limitation of TMEDA,; rather,
these monomers are inherently selective and undergo CMD
cleanly without coligands. Applying TMEDA or related
ligands to such monomers may further suppress rare defects
and test the generality of selective DArP across more
challenging backbones.
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curves (c) and EQE spectra (d) are nearly identical for both methods.
(3) OTFT performance of P12: Transfer curves for DArP (e) are
cleaner than those for Stille coupling (f), whose double-slope profile
indicates trap-limited transport likely arising from subtle backbone
irregularities (Vp = drain voltage, Ip = drain current, and Vg = gate
voltage). ITIC and PC;,BM refer to typical fullerene and nonfullerene
acceptors, respectively

Collectively, these results show that advances in Pd/L1-
based catalysis yield high-M,,, defect-suppressed DA poly-
mers, broadening the scope of systematic structure—property
studies and the translation of molecular design into high-
performance devices.

Substrate scope and remaining challenges

The current Pd/L1-based catalysts exhibit high selectivity
and broad substrate compatibility. They effectively couple a



Development of highly efficient and selective catalysts for direct arylation polymerization (DArP) 113

wide range of C-H substrates, such as thiophenes (e.g.,
alkylthiophenes and EDOT), thiazoles (at the 5-position),
and fluorinated arenes, as well as C-X electrophiles,
including aryl iodides, bromides, and chlorides. These
advances provide a solid foundation for the precise synth-
esis of m-conjugated polymers and underscore the robust-
ness of modern catalyst systems.

Despite this breadth, notable gaps remain. The parent
thiophene—although among the most widely used donor
building blocks in conjugated-polymer design [1-3]—has
not, to the best of the current knowledge, been demonstrated
as the C-H partner in precision alternating DArP. Likely
causes include C2/C5 equivalence, which promotes multi-
site activation and branching; intrinsically lower C-H acti-
vation reactivity relative to electron-rich thiophenes (e.g.,
EDOT); and practical volatility (bp = 84 °C) at elevated
temperatures (2100 °C), which are often required for
efficient DArP.

Thiazoles also present challenges; C2 arylation is often
sluggish owing to N—Pd coordination, which results in the
formation of a stable complex and increases the CMD
activation barrier, thus slowing turnover [37, 72]. Similarly,
benzothiadiazoles show low reactivity, and even in the rare
cases where polymer formation is achieved, higher Pd
loadings are typically needed [73], possibly because of
coordination effects, although this has not been clearly
reported. Such cases suggest that CMD may be highly
sensitive to both electronic effects and inner-sphere
coordination.

On the electrophile side, pseudohalides remain under-
utilized [74]. Among these, aryl triflates (X = CF3S03) have
begun to show workable reactivity in DArP, as recently
demonstrated by our group [75]. In contrast, tosylates
(X =4-MeC¢HySO3), whose C-O bonds are strong, are
even less reactive.

These limitations point to three major challenges for
future DArP development: (i) enabling low-temperature
C-H activation (<80°C) to accommodate volatile or
intrinsically less-reactive partners (e.g., the parent thio-
phene); (i) suppressing coordination-induced CMD retar-
dation while enforcing positional selectivity in heteroarenes
with multiple reactive sites (e.g., thiazoles, benzothiadia-
zoles); and (iii) activating strong C—X bonds under milder
conditions, including pseudohalides (e.g., aryl triflates
and aryl tosylates). Addressing these issues will require
further optimization of ligand and additive systems, parti-
cularly through modulation of the speciation and reactivity
of key intermediates. Step-specific ligand pairing, as in the
L1/XPhos system, offers one promising route, with the
added potential to reduce Pd loading below 0.1 mol%.
Continued progress along these lines will be essential to
fully realize the potential of DArP across diverse m-
conjugated systems.

Conclusion

This Focus Review outlined the evolution of DArP catalysts
centered on the Pd/L1 platform, identifying three main
regimes: L1 alone (effective when CMD proceeds cleanly),
L1+ TMEDA (suppresses branching via site-selective
activation), and L1 + XPhos (facilitates C—Cl oxidative
addition). Together, these systems deliver a high M, (up to
~3.5 x 105), >99% selectivity, and efficient performance at
<2 mol% Pd. For the benchmark systems examined here, the
device data show PCEs approaching 10% and hole mobi-
lities >0.30 cm2~V*1-s*1, which are comparable to those of
Stille-prepared analogs but without tin waste.

Continued progress in highly selective DArP catalysts
not only enables the synthesis of defect-suppressed m-con-
jugated polymers but also improves the accuracy of
structure—property studies by reducing synthetic variability
—an essential factor in establishing well-defined correla-
tions between molecular architecture and optoelectronic
function.

Catalyst systems that combine exceptional site- and regios-
electivity with efficient turnover—potentially including those
enabling catalyst-transfer polymerization (CTP)—could offer
additional control over molecular weight and chain-end fidelity
[76]. Although CTP is well established in conventional cross-
coupling under mild conditions [77, 78], its extension to DArP
remains limited [79], mainly owing to the harsher conditions
required for C—H activation. This barrier could be overcome
through targeted advances in ligand design.

Taken together, these findings show that rational ligand
design has addressed the long-standing limitations of DArP,
positioning DArP as one of the benchmark methodologies
for the precise synthesis of n-conjugated polymers.
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