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Electron-rich arenes are crucial building blocks in conjugated polymers due to their
strong electron-donating properties and tunable electronic structures, underpinning
diverse applications in organic electronics, biointerfaces, and energy technologies.
However, the pronounced n-delocalization of electron-rich arenes can increase the
arene distortion and reorganization energy required at the transition state, making
efficient C-H activation under typical phosphine conditions challenging, particularly
when polar substituents simultaneously compete for Pd coordination. The absence of a
comprehensive mechanistic understanding of interactions among ligands, catalysts,
arenes, and polar substituents has forced researchers to rely on empirical condition
screening, significantly limiting synthetic efficiency and the scope of functional
polymers. Using 3,4-ethylenedioxythiophene (EDOT) and its derivatives as
representative electron-rich monomers, we demonstrate that the phosphine ligand
coordination strength, quantified by electron-donating strength (EDS), critically
governs both the C-H activation efficiency and the catalyst's tolerance toward polar
groups. Weak-donating ligands facilitate Pd-C formation and disrupt localized =-
delocalization, significantly enhancing C-H activation. Conversely, the more donating
ligands within the weak-donating series, strengthen Pd-phosphine interaction relative
to Pd-polar-group coordination, shifting the coordination balance away from inhibitory
polar-group-bound Pd states and thereby mitigating catalyst poisoning. This
mechanistic insight provides a predictive framework for rational condition selection in
DArP, replacing empirical screening with a design-driven strategy. The resulting
protecting-group-free strategy provides scalable access to high-molecular-weight
conjugated polymers bearing diverse functionalities, including the notoriously catalyst-
deactivating amines, and expands the synthetic toolkit for functional conjugated

polymers in organic electronics, biointerfaces, and energy applications.
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3,4-Ethylenedioxythiophene (EDOT) is a central electron-rich building block for
conducting and semiconducting polymers. EDOT-based polymers, especially PEDOT
and its derivatives, are widely used in organic electronics, bioelectronics, sensing, and
energy-related devices because of their redox stability, electrical conductivity,
electrochemical robustness, and mixed ionic-electronic transport!-'4. Introducing polar
substituents such as hydroxyl, carboxyl, or amine groups into EDOT-based polymers
is attractive because these groups can improve processability, tune interfacial
interactions, modulate charge transfer, and provide chemical handles for further
functionalization. However, the protecting-group-free synthesis of high-molecular-
weight polar-functionalized EDOT polymers remains difficult because it requires
efficient C-H activation of the electron-rich EDOT core while simultaneously
managing polar substituents that can affect solubility, alter catalyst coordination, and
deactivate transition-metal catalysts!>: 16,

Direct arylation polymerization (DArP) is particularly appealing for EDOT-based
polymer synthesis because it forms aryl-aryl bonds directly from arene C-H bonds and
aryl halides, avoiding the organometallic monomers required in Stille, Suzuki, and
Kumada polymerizations!”-4. Several DArP protocols have enabled the polymerization

of EDOT-type monomers, demonstrating that EDOT arylation is feasible under

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

optimized catalytic conditions?>?°. Nevertheless, these successes remain largely
condition-specific, and a predictive framework for selecting ligands for polar-

functionalized EDOT monomers remains lacking. This limitation becomes critical

Open Access Article. Published on 07 May 2026. Downloaded on 5/9/2026 4:33:31 AM.

when hydroxyl, carboxyl, or amine groups are introduced, because catalyst

(cc)

performance then depends not only on C-H activation efficiency but also on resistance
to nonproductive coordination by polar substituents.

In Pd-catalyzed direct arylation, C-H cleavage commonly proceeds through a
concerted metalation-deprotonation (CMD) pathway, in which the Pd center and a
coordinated carboxylate, such as pivalate, cooperate to cleave the C-H bond30-32,
Importantly, CMD is not governed by arene electron density in the manner expected
for electrophilic aromatic substitution; both electron-rich and electron-poor arenes can
undergo CMD-based activation when the catalyst environment is properly matched to
the substrate. Therefore, EDOT-type monomers should not be viewed as intrinsically

unreactive. Rather, our calculations suggest that EDOT's pronounced n-delocalization
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can increase the arene distortion and n-bond reorganization required to reach the, GME)
transition state.

Moreover, polar substituents introduce an additional, mechanistically distinct
complication. Heteroatom-containing groups can serve as directing groups in small-
molecule C-H activation, but under DArP conditions, they may instead act as
competitive ligands that bind Pd in off-cycle states and suppress catalytic turnover33-3°.
Primary amines are particularly problematic because their strong 6-donating ability and
high affinity for Pd(II) can severely deactivate the catalyst. Protecting groups can mask
these interactions, but they add synthetic steps and reduce the step-economy advantage
of DArP.

Here, we address this challenge through ligand-coordination-tuned DArP using
polar-functionalized EDOT derivatives as representative monomers. Across eleven
phosphine ligands, combined experimental and computational analyses identify
phosphine electron-donating strength (EDS) as a practical descriptor that regulates both
CMD-based C-H activation and tolerance toward coordinating polar groups. More
weakly donating ligands strengthen Pd(4d)-C(2p) interaction at the CMD intermediate
and transition state, promoting Pd-C bond formation and the arene distortion that locally
disrupts n-delocalization. More donating ligands, in contrast, strengthen Pd-phosphine
coordination relative to Pd-polar-group coordination, shifting the coordination
equilibrium away from persistent off-cycle polar-group-bound Pd species. Balancing
these opposing effects through precise tuning of ligand EDS explains why ligands with
moderate-donating strength achieve optimal performance, simultaneously enabling
efficient arene activation and DArP and minimizing catalyst deactivation. This
mechanistic framework shifts ligand selection in DArP of electron-rich arenes from
empirical trial-and-error toward rational and design-driven synthesis. We envision that
the resulting ligand-coordination-tuned approach provides a general, sustainable, and
predictive strategy for accessing diverse high-molecular-weight conjugated EDOT
polymers, significantly expanding synthetic capabilities and advancing materials

development in organic electronics, biointerfaces, and energy applications.

Results and Discussion
Modulating DArP of EDOT monomers via ligand electron-donating strength

We selected eleven monophosphine ligands, including strong-donating alkyl
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phosphines (L1-L3), moderate-donating aryl phosphines (L4-L6), and weak-donating;) e soos
aryl phosphines (L7-L11), as ligands for the Pd catalyst to activate the C-H bonds of
electron-rich EDOT derivatives and polymerize them. We first evaluated their EDS
qualitatively by measuring the coupling constants (Jxy.p) in the 3'P NMR spectra of their
complexes with rhodium ([RhCI(CO)(Ln);]) (Figure 2B), as a weaker coordination

strength typically leads to a higher Jx,.p*°. However, for L6, its methoxy substituent
competes with the phosphorus atom to interact with rhodium, reducing the phosphorus's
contribution and causing Jry_p to deviate. In addition to electronic properties, the steric

profile of the ligands (particularly those with aryl ortho-substituents, i.e., L5, L6, L7,

and L11) also influences their coordination behavior.

The functionalized EDOT-based polymers were synthesized via a general palladium-
catalyzed cross-coupling polymerization. The degree of polymerization (DP) of the
hydroxyl-functionalized EDOT (EDOT-OH) and EDOT copolymers (PEE-OH),
synthesized at 120 °C for 1 hr (L4-L11), was determined using solution-state 'H NMR
spectroscopy, as GPC measurements did not yield reliable results, likely due to column
adsorption caused by hydrazine, which was used to reduce the polymers and improve
their solubility. DPs increased dramatically with the Jgy,.p values of the ligands L4-L11
(Figures 2C and D). Specifically, weak-donating ligands were associated with

significantly higher polymer yields and degrees of polymerization than the more

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

strongly donating ligands. Their UV-Vis spectra confirmed this trend, demonstrating a

general red shift in Ay, with higher Jgr,p values (Figure 2E), consistent with the

Open Access Article. Published on 07 May 2026. Downloaded on 5/9/2026 4:33:31 AM.

extended conjugation typical of higher molecular weights in conjugated polymers. The

yields for those reactions with weak-donating ligands were also higher. No products

(cc)

were available with the strong-donating alkyl-phosphine ligands (L1-L3).

The DP value of the polymer synthesized with the L11 ligand was 30, with an 88 %
yield. To verify this unique ligand effect with a different aryl bromide, we replaced 2,5-
dibromo-3,4-ethylenedioxythiophene with 1,4-dibromobenzene and synthesized its
copolymer with EDOT-OH (PPE-OH) by reacting them at 120 °C for 1 hr. The weak-
donating ligands again produced polymers with much higher molecular weights and
higher yields (Figure 2F). The DP value of PPE-OH, which differed from that of PEE-
OH, exhibited exponential growth as the Jryp value increased (Figure 2G). The UV
results further verified this trend (Figure 2H). This result indicated that the PPE-OH
growth was more sensitive to the ligand EDS than the PEE-OH growth. We attribute
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this enhanced sensitivity to the electron deficiency and weak coordinating ability, 0f7/ ¢ 5oosu
benzene relative to EDOT, which mimics the behavior of weak-donating ligands. The

DP reached an impressive value of 972, with a 92% yield, when using L.11. Additionally,

no significant side-group interference was detected during the polymerization of PEE-

OH and PPE-OH. Furthermore, PPE-OH was polymerized via DArP under ligandless
conditions (a DP of 108) and with azacyclo-auxiliary ligands (e.g., pyridine, resulting

in a DP 0of 9), both of which demonstrated substantially lower polymerization efficiency
compared to using L11. This result suggests that tuning the ligand EDS, particularly

when using phosphine-based ligands, plays a critical role in enhancing polymerization
performance.

To further evaluate the L11 conditions, we examined PEE-OH at extended reaction
time and PPE-OH at shortened reaction time. The DP of PEE-OH increased
significantly to 86, with a 91% yield after extending the reaction time to 24 hrs (Table
S3). PPE-OH still achieved a high DP value of 176, with an 83% yield after reducing
the reaction time to 30 mins (Table S4). These results demonstrate, respectively, the
durability and reactivity of the L.11-based system. Additionally, the DPs of PEE-OH
(86) after 24 hrs and PPE-OH (972) after 1 hr under L11 conditions are significantly
higher than those obtained under ligand-free conditions (77 and 108, respectively),
despite identical reaction parameters (Tables S3/54).

To benchmark our L11 system against efficient DArP conditions reported for EDOT-
type monomers, we performed comparative experiments using literature-adapted
Pd,(dba);/o-methoxytriphenylphosphine (L6)/PivOH/toluene conditions?® 4143, For
PEE-OH, the benchmark system using 2 mol% Pd,(dba);, 4 mol% L6, Cs,CO3, and
PivOH in toluene at 110 °C gave DPs of 23 and 29 after 1 and 48 h, with yields of 31%
and 32%, respectively (Table S3), lower than the DP of 86 obtained with L11. For PPE-
OH, the same benchmark conditions gave DPs of 14 and 17 after 1 and 48 h,
respectively (Table S4), far below the DP of 972 achieved with L11.

A higher-loading variant of the L6/toluene system using 10 mol% Pd,(dba);, 20 mol%
L6, and KPivO led to extensive toluene-derived end-capping or solvent incorporation
for both PEE-OH and PPE-OH, making reliable DP determination difficult. In contrast,
the L11/Pd(OAc),/DMACc/KPivO system showed no detectable solvent- or ligand-
derived incorporation and afforded higher-DP polymers with cleaner end-group

behavior.
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We then used carboxyl-functionalized EDOT (EDOT-COOH) as an arylations; & s ooams
substrate instead to synthesize copolymers with EDOT/benzene (PEE-COOH/PPE-
COOH) and found that L5, L6, L7, and L11 gave no products (Figures 3A and B). A
common feature of these ligands was their ortho substituents on their phenyl rings,
which provided significant steric hindrance to prevent EDOT-COOH from approaching.
As evaluated by the Tolman cone angles** 4, the ortho-substituted phosphine ligands
with cone angles > 135°, i.e., L5, L6, L7, and L11, gave no PEE-COOH or PPE-COOH
product, while L10, with a slightly smaller cone angle of 134°, retained partial activity
(Figure 3C). We considered that under basic conditions, EDOT-COOH would complex
with Pd through the carboxylate and ester oxygen to form a stable five-membered
chelate (Figure 3D) and thus amplify the steric effect of the ligands on the reactivities
of intermediates?¢. PEE-COOH and PPE-COOH only dissolved in aqueous hydrazine.
However, it is difficult to measure their molecular weights from the '"H NMR spectra
of their aqueous solutions, as the diagnostic a-proton resonance of the terminal EDOT
unit cannot be observed, plausibly because of H/D exchange with the deuterated solvent.
The similar UV absorption maxima of PEE-COOHs suggest comparable conjugation
lengths under the tested conditions, likely limited by poor solubility in DMAc. In
contrast, the red-shifted absorption of PPE-COOHs with decreasing ligand EDS
qualitatively indicates extended conjugation and more efficient EDOT-COOH arylation

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

under selected ligand conditions, consistent with the weak-ligand-enhanced activation

trend discussed above (Figures 3E and 3F).

Open Access Article. Published on 07 May 2026. Downloaded on 5/9/2026 4:33:31 AM.

Activating the primary amine-functionalized arene remains a considerable challenge,

as it competes with the arene substrates for tight coordination with Pd, typically

(cc)

deactivating the Pd catalyst. Consistent with this expectation, the copolymer of amine-
functionalized EDOT (EDOT-NH,) with EDOT (PEE-NH,) gave low DPs and yields
under the conditions optimized for PEE-OH (L7 and L11), even when the reaction time
was extended to 6 h (Figures 3G and I). The small molecule model also confirmed that
the L7 and L11 conditions are inactive in arylating EDOT-NH, with 2-bromo-5-
methylthiophene and bromobenzene (Figures S2 and S3). As ligand EDS increased,
however, the DPs of PEE-NH, rose sharply, implying partial or complete release of
primary amine groups from the Pd catalyst. After the DPs and yields reached their
maximum at L9, they decreased with further increases in ligand EDS. A similar

phenomenon was also observed in synthesizing the copolymer of EDOT-NH, and
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benzene (PPE-NH,) (Figure 3H). A striking DP (711) was achieved for PRE:NH3/  t 5oomu
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synthesized with L8, with a yield of 73%. Furthermore, this unique dependence of
molecular weight on EDS was further confirmed by the results of the 1 hr and 3 hr
reactions (Tables S7 and S8).

To determine whether this volcano-shaped trend reflects intrinsic arylation chemistry
rather than polymerization-specific effects, we conducted model reactions of EDOT-
NH, with 2-bromo-5-methylthiophene or bromobenzene under analogous conditions.
These reactions reproduced the same ligand dependence, with L7 and L11 showing
little activity, L8 and L9 giving the highest EDOT-NH, consumption, and more
donating ligands such as L4 showing reduced activity (Figure S5). Because these model
reactions do not involve chain growth, the trend cannot be mainly attributed to chain-
extension kinetics, solubility changes, or accumulation of amine-containing repeat units.

We propose that amine coordination is also strongly influenced by the ligand's EDS
but in a manner opposite to the DArP activity of electron-rich arenes, necessitating a
trade-off between the two processes to facilitate efficient polymerization. Accordingly,
the highest DPs for both the EDOT-NH, copolymers were achieved using an optimized
ligand with a medium EDS (Figures 31 and J). These results highlight the importance
of balancing between the amine coordination and the DArP activity of electron-rich
arenes by tuning the ligand's EDS to overcome amine-induced catalyst poisoning.
Matched-cone-angle comparisons (Tables S7 and S8) further show that the ligand effect
cannot be explained by steric effects alone, as L8 greatly outperforms L4 in PPE-NH,,
despite nearly identical cone angles, and L9 similarly outperforms L4 in PEE-NH,. This
electronic-effect explanation is further supported by the ligand-free benchmark, which
gave moderate activity for PEE-OH and PPE-OH polymerization but only low DPs (3
and 20) and yields (23% and 41%) for PEE-NH, and PPE-NH,, respectively (Tables
S7 and S8).

Weak ligand coordination promotes deprotonation

To uncover the unique effect of ligand EDS on the DArP activity of electron-rich
EDOT substrates, we employed DFT to compute Gibbs free-energy profiles for the C-
H activation step across the L4—L11 ligand series, focusing on the concerted metalation-
deprotonation (CMD) pathway as the operative mechanism. A typical CMD process for
the C-H activation of EDOT alpha carbon, where two intermediates (Pre-TS and Post-
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TS) occur before and after the transition state (TS)*, is shown in Figure 4A. Fhe AGH s eecoooamn
values for both direct arylations of EDOT with EDOT and benzene reached the
minimum when the weakest-donating ligand (L11) was used (Tables S10 and S12).

These results strongly corroborate the experimental findings, underscoring the pivotal

role of the ligand EDS in facilitating the C-H activation of electron-rich EDOT
derivatives.

To gain deeper insight into the CMD processes, we performed natural bond orbital
(NBO) analysis on the EDOT-EDOT coupling at both the Pre-TS and TS stages. The
more weakly donating ligands (those with higher Jyy, p values) corresponded to lower
Wiberg bond orders (WBOs) for the Pd-P bond at Pre-TS. This weakening of the Pd-P
interaction coincided with a strengthened Pd-C bond, directly supporting the notion that
weaker ligands promote stronger Pd-C bonding (Figure 4B). A similar trend was
observed at the TS stage, where both Pd-C and Pd-P WBOs showed a consistent
dependence on ligand EDS. Consistent results were also obtained from the NBO
analysis of EDOT-benzene coupling, further reinforcing the observed trends (Figure
4C). We also conducted NAO analyses to decompose the Pd-P and Pd-C WBOs*"- 48,
and found that the Pd-P WBO primarily arises from hybridization between the Pd 4d
and P 3p orbitals, while the Pd-C WBO is mainly due to hybridization between the Pd
4d and C 2p orbitals. Analysis of their dependences on ligand electron-donating
strength (EDS) revealed that decreasing the ligand EDS weakens Pd(4d)-P(3p)
hybridization while strengthening Pd(4d)-C(2p) hybridization (Figure 4D). A

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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comparable trend was observed in the NAO analysis of the coupling between EDOT
and benzene substrates (Figure 4E). All the above findings indicate that reducing ligand

(cc)

EDS promotes Pd-C bond formation by attenuating the Pd-P interaction.

The EDOT distortion energies at the Pre-TS for both the EDOT-EDOT and EDOT-
benzene couplings are directly proportional to the corresponding Pd-Ca WBOs
(Figures 4F and G), consistent with the observation that both the distortion energies
(Figure S6) and Pd-Co WBOs (Figures 4B and C) at the Pre-TS exhibit linear
correlations with the ligand EDS. This key finding supports the conclusion that stronger
Pd-C bonds, resulting from weakened Pd-P interactions, lead to more pronounced
EDOT distortion. We further found that this characteristic EDOT distortion at the Pre-
TS with the weak-donating ligand (L11) directly coincides with a significant reduction

in localized n-delocalization near Ca, as evidenced by comparisons between EDOT and
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and HOMO-3) (Figure 4H; Tables S27 and S28). To better understand this phenomenon,
we analyzed the correlation between the contribution of Ca(2pz)-CB(2pz) orbital
hybridization to m-delocalization in the pre-transition state (Pre-TS) and the Pd-Ca
WBOs, revealing a clear inverse linear relationship (Figures 41 and J).

Based on these results, we propose that decreasing ligand EDS attenuates Pd(4d)-
P(3p) hybridization and allows greater Pd(4d)-C(2p) interaction between the Pd(II)
intermediate and the electron-rich EDOT Ca carbon, thereby strengthening Pd-C bond
formation during CMD. This interaction distorts the C—H bond and diminishes the
adjacent n-delocalization, in turn facilitating proton shuttling from EDOT substrates to
the carboxylates. The same EDS principle also rationalizes the inactivity of the strong-
donating alkyl phosphines L1-L3 in the EDOT-rich PEE series, where insufficient
activation of the EDOT C-H bond becomes the dominant limitation. This mechanistic
insight provides predictive guidance for rational ligand design to achieve high
molecular weight EDOT polymers, offering greater flexibility in addressing

compatibility challenges associated with polar side groups, as discussed below.

Mitigating catalyst poisoning of polar groups

Heteroatoms bearing lone electron pairs can compete with the arene substrate for
coordination at Pd, lowering reactivity and deactivating the catalyst. No catalyst
poisoning was observed for the EDOT-OH polymerization, consistent with the weakly
coordinating nature of the hydroxyl group (Figure 5A). In contrast, polymerization of
EDOT-COOH was completely suppressed when ortho-substituted aryl-phosphine
ligands were used (Figures 3A and B). This result was attributed to the enhanced steric
sensitivity of the Pd(II) catalyst once the five-membered carboxylate chelate has formed
by the complexation of EDOT-COOH with Pd under basic conditions (Figure 5B).
However, weak-donating ligands of reduced steric profile (e.g., L9) can alleviate the
geometric constraint imposed by the five-membered chelate, allowing productive Pd-
Ca bond formation. In this regime, the Pd-bound EDOT-COOH does not need to
dissociate; instead, its carboxylate functions as the proton-shuttle ligand for CMD.

Not surprisingly, EDOT-NH, exhibited the strongest catalyst poisoning due to its
robust coordination with Pd, forming a stable mono-amine Pd(Il) complex (Figure 5C).

This complexation substantially suppressed catalytic activity, resulting in poor yields

10
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and low molecular weights for the copolymers of EDOT-NH, with EDOT or henzene’ ;.55 ooans
substrates when synthesized under conditions (L7 and L11) optimized for the EDOT-

OH copolymer (Figures 3G and H). This issue was mitigated by L8 and L9, the more

donating members of the weak-donating ligand class, which strengthen Pd-phosphine
interaction relative to the most weakly donating ligands L7 and L11, while retaining
sufficient weak-donating character to support CMD-based EDOT activation (Figures

3l and J).

We hypothesized that ligands with relatively stronger donating character within the
productive series, i.e., higher EDS than L7 and L11, would promote dissociation of the
Pd-amine bond by enhancing the competing Pd-phosphine interaction. To verify this,
we performed NBO analyses on mono-amine Pd(II) complexes. The NBO analysis of
the mono-amine Pd(II) complexes shows that, as ligand EDS increases, the Pd-
phosphine Wiberg bond order rises while the Pd-amine WBO falls in parallel, with the
two trends strongly negatively correlated for both EDOT-EDOT and EDOT-benzene
couplings (Figures 5D-G). This coordination-sphere redistribution shifts the catalyst
away from persistent Pd-amine-bound off-cycle states.

Therefore, ligand EDS not only tunes the electronic environment of the Pd center but
also governs the suppression of catalyst poisoning by polar functional groups such as

amines. By promoting selective dissociation of inhibitory ligands through competitive

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

coordination, the moderately donating ligands within the weak-donating class (L8 and

L9) restore the catalytic competence of Pd(II) and enable efficient polymerization. This

Open Access Article. Published on 07 May 2026. Downloaded on 5/9/2026 4:33:31 AM.

mechanistic insight is particularly significant for expanding the substrate scope of direct

arylation polymerization (DArP) to include functionalized arenes, thus providing a

(cc)

foundation for rational design of conjugated polymers with diverse polar side chains
and tailored properties.
Conclusions

In this study, we systematically elucidated, through experimental and computational
investigations, how phosphine ligands interact with electron-rich EDOT derivatives and
diverse polar side groups through coordination to Pd. We further showed how the
electronic nature of these ligands dictates both arene activation and catalyst deactivation
in DArP. By parameterizing ligand coordination strength in terms of EDS, we show
that more weakly donating phosphines enhance Pd-C bond formation and attenuate

local m-delocalization, thereby promoting C-H activation. However, weaker ligand
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donation also makes the Pd catalyst more susceptible to coordination by polar, groups,
which can lead to catalyst deactivation. Further analyses show that catalyst poisoning
from strongly coordinating side groups, such as amines, can be effectively mitigated by
employing the moderately donating ligands within the weak-donating class. These
ligands redistribute the Pd coordination sphere toward stronger Pd-phosphine
interaction relative to Pd-amine coordination, helping mitigate amine-induced catalyst
poisoning and restore catalytic turnover. Striking this optimal balance through precise
tuning of ligand EDS proved essential for overcoming the dual challenges of activating
electron-rich arenes and suppressing deactivation caused by polar functionalities.
Finally, this ligand-coordination-tuned strategy enables the synthesis of high-
molecular-weight functionalized conjugated polymers with excellent tolerance to
hydroxyl and amine groups, as well as moderate, ligand-dependent compatibility with
carboxylic acid functionalities that is sensitive to both steric and electronic ligand
effects. This mechanistic clarification of how ligand electronic properties govern both
DATrP reactivity and catalyst stability establishes a predictive framework for rational
ligand selection, transforming ligand design from empirical trial-and-error into a
design-driven strategy. These findings advance the mechanistic understanding of DArP
for electron-rich arenes and provide a versatile platform for synthesizing functional
conjugated polymers with tailored side groups for organic electronics, biointerfaces,

and energy applications.

Experimental

Polymer synthesis via DArP

The monomers, including 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT),
hydroxyl-functionalized EDOT (EDOT-OH), carboxyl-functionalized EDOT (EDOT-
COOH), and amine-functionalized EDOT (EDOT-NH,), were synthesized according
to previously reported procedures*->!. For polymer synthesis, a general method was
employed: in a glovebox, a Schlenk tube was charged with functionalized EDOT
monomer (1 equiv), arene dibromide (1 equiv), palladium acetate (10 mol%), potassium
pivalate (2 equiv), phosphine ligand (20 mol%), and DMAc (0.125 M monomer) at a
0.25 mmol scale, along with a magnetic stir bar. The mixture was heated in an oil bath
at the specified temperature with vigorous stirring for a specified time, then cooled to

ambient temperature. Full polymerization details are available in the Supporting

12
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Calculation methods

All quantum chemical calculations were performed using Gaussian 0932, Density
functional theory (DFT) at the MO6L level>® was employed: geometry optimizations
and frequency analyses were performed using the SDD basis set for Pd and 6-31G(d)
for all other atoms. Single-point energy calculations were then conducted with SDD for
Pd and 6-311++G(d,p) for the remaining atoms. Gibbs free energy corrections were
obtained by combining these single-point energies with thermal corrections from the
frequency calculations, and solvation effects were included using the PCM model with
DMAc as solvent to describe the concerted metalation-deprotonation process.
Transition states were verified by intrinsic reaction coordinate (IRC) calculations.
Electrostatic potential (ESP) mapping, Tolman cone angle estimation®*, frontier orbital
visualization, and Wiberg bond order evaluation based on natural bond orbital (NBO)
and natural atomic orbital (NAO) were further carried out>. Full computational details

are provided in the Supporting Information.
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Figure 1. ligand-coordination-tuned direct arylation polymerization for synthesizing
functionalized EDOT polymers. (A) The two challenges for the synthesis of functionalized EDOT
polymers by palladium-catalyzed direct arylation polymerization are poor activation of electron-
rich EDOT derivatives and catalyst poisoning of side polar groups. (B) Tuning the electron-donating
strength of phosphine ligands facilitates the concerted metalation-deprotonation of EDOTs and
direct arylation polymerization of functionalized EDOT polymers.
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Figure 2. Effect of ligands' electron-donating strength (EDS) on the direct arylation
polymerization of hydroxyl functionalized EDOT (EDOT-OH). (A) The phosphine ligands used
in this study. (B) EDS values of aryl-phosphine ligands evaluated by the coupling constants (Jrp_p)
of [RhCI(CO)(Ln),]s in their 3'P NMR spectra. (C) The degrees of polymerization (DPs) and the
yields of the copolymers of EDOT-OH with EDOT (PEE-OHs) synthesized using the phosphine
ligands shown in Figure 2A. PEE-OHs were synthesized on a 0.25 mmol scale using EDOT-OH (1
eq.), dibromo-EDOT (1 eq.), Pd(OAc), (10 mol %), phosphine ligand (20 mol %), and KPivO (2
eq.) in DMAc (0.125 M) at 120 °C for 1 hr. (D) The plot of the PEE-OH DPs as a function of Jgy.p.
(E) The UV spectra of PEE-OHs in DMSO/N,H,4-H,0 (85 %) (v/v = 100:1). (F) The DPs and the
yields for the copolymers of EDOT-OH with benzene (PPE-OHs) synthesized using the phosphine
ligands shown in Figure 2A. PPE-OHs were synthesized on a 0.25 mmol scale using EDOT-OH (1
eq.), dibromobenzene (1 eq.), PdA(OAc), (10 mol %), phosphine ligand (20 mol %), and KPivO (2
eq.) in DMAc (0.125 M) at 120 °C for 1 hr. (G) The plot of the PPE-OH DPs as a function of Jry.p.
(H) The UV spectra of PPE-OHs in DMSO/N2H4-H20.
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Figure 3. Compatibility of carboxyl and amine groups with palladium catalyst in direct
arylation polymerization. (A and B) The yield for (A) the copolymers of EDOT-COOH with
EDOT (PEE-COOHs) and (B) those of EDOT-COOH with benzene (PPE-COOHs) using
phosphine ligands listed in Figure 2A. PEE-COOHs and PPE-COOHs were synthesized on a 0.25
mmol scale using EDOT-COOH (1 eq.), arene dibromide (1 eq.), Pd(OAc), (10 mol %), phosphine
ligand (20 mol %) and KPivO (2 eq.) in DMAc (0.125 M) at 120 °C for 1 hr. (C) The plot of the
yields of PEE-COOHs and PPE-COOHs as a function of the cone angle of phosphine ligands. The
embedded graph illustrates the Tolman cone-angle representation for L1, with the M-P distance
fixed at 2.28 A. The geometry optimization of phosphine ligands was done using MO6L/6-31G(d),
and the Tolman cone angles were calculated by Solid-G software. (D) Schematic illustration of how
ortho-substituents on the aryl-phosphine ligands sterically block approach of the EDOT-COOH
substrate to the Pd center. (E and F) The UV spectra of the synthesized (E) PEE-COOHs and (F)
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PPE-COOHs in NyH;-H,0 (85 %) solutions. (G and H) The DPs and the yields for{(G) the’)cecoooain
copolymer of EDOT-NH, with EDOT (PEE-NH,) and (H) that of EDOT-NH, with benzene (PPE-

NH,) using phosphine ligands listed in Figure 2A. PEE-NH, and PPE-NH,s were synthesized on a

0.25 mmol scale using EDOT-NH, (1 eq.), arene dibromide (1 eq.), Pd(OAc), (10 mol %),

phosphine ligand (20 mol %) and KPivO (2 eq.) in DMAc (0.125 M) at 120 °C for 6 hrs. (I and J)

The plots of the (I) PEE-NH, DPs and the (J) PPE-NH, DPs as a function of Jryp. (K and L) The

UV spectra of the synthesized (K) PEE-NH, and (L) PPE-NH, in DMSO / N,H4-H,0 (85 %) (v/v

=100:1).
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Figure 4. Weak ligand coordination facilitates deprotonation. (A) The typical concerted

metalation-deprotonation (CMD) pathway for EDOT activation, where a prior intermediate (Pre-

TS) occurs ahead of the transition state (TS). (B and C) The plots of the Wiberg bond orders (WBOs)
of the Pd-C and Pd-P bonds as a function of Jryp for the Pre-TS and TS of coupling between (B)

EDOT/(C) benzene (oxidative addition substrate) and EDOT (arylation substrate). The solid lines

represent WBOs at Pre-TS; the dotted lines represent those at TS. EE/PE indicates the CMD

processes involving EDOT/benzene (oxidative addition substrate) and EDOT (arylation substrate).

(D and E) The plot of the atomic orbital pair contribution of Pd(4d)-C(2p) to the Pd-C WBO and

that of Pd(4d)-P(3p) to the Pd-P WBO as a function of Jgyp for the pre-TS and TS of the coupling

between (D) EDOT/(E) benzene (oxidative addition substrate) and EDOT (arylation substrate). The

solid lines represent the WBO contributions of the atomic orbital pair at Pre-TS; the dotted lines

represent those at TS. Data for L6 were excluded from the linear JRh-P fit, as Jgy, p failed to evaluate

the L6 EDS due to the competitive interaction of its methoxy substituent. (F and G) The plots of
the EDOT distortion energies as a function of the WBOs for the Pre-TS of the coupling between (F)

EDOT/(G) benzene (oxidative addition substrate) and EDOT (arylation substrate). (H) The

comparison between EDOT and Pre-TS EDOT in the second and fourth highest occupied molecular

orbitals (HOMO-1 and HOMO-3). (I and J) The plots of the atomic orbital pair contribution of
Ca(2pz)-Cy(2pz) to the C,-Cg WBO as a function of Jgy.p for the pre-TS and TS of the reaction

between (I) EDOT/(J) benzene (oxidative addition substrate) and EDOT (arylation substrate).
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Figure 5. Tuning ligand properties to achieve compatibility with polar side groups. (A-C) The
schematic presentations indicate (A) weak ligand coordination facilitates the C-H arylation of
electron-rich EDOT-OH through strengthening the Pd-C bond and promoting deprotonation without
the competitive coordination effect from hydroxyl groups due to their weak electron-donating
strength (EDS), (B) a combination of weak ligand coordination and small ligand steric hindrance is
necessary to activate EDOT-COOH due to the strong electrostatic association of COO™ with
palladium, and (C) a phosphine ligand with medium coordination can foster the dissociation of the
mono-amine Pd(II) complex and subsequently deprotonation, thus effectively activating EDOT-
NH,. (D and E) The plots for the Pd-N and Pd-P WBOs as a function of Jgyp for the mono-amine
Pd(II) complexes involving (D) EDOT/(E) benzene (oxidative addition substrate) and EDOT-NH,
(arylation substrate). The descriptions of EE and PE have been provided in Figure 4B and 4C. (F
and G) The plot of the Pd-N WBO as a function of the Pd-P WBO for the mono-amine Pd(II)
complexes involving (F) EDOT/(G) benzene (oxidative addition substrate) and EDOT-NH,
(arylation substrate). The geometry of mono-amine Pd(II) complexes was optimized using MO6L/6-
31G(d) and SDD on Pd. The data of L6 was excluded from being used to fit the linear Jgy.p
dependence, as Jgy, p failed to evaluate the L6 EDS due to the competitive interaction of its methoxy

substituent.

22


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00984k

Page 23 of 23

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 07 May 2026. Downloaded on 5/9/2026 4:33:31 AM.

(cc)

Chemical Science

View Article Online
DOI: 10.1039/D6SC00984K

Data Availability Statement
The data supporting this study’s findings are available from the

corresponding author upon reasonable request.

Bo ZHU, PhD

Professor, Associate Dean

School of Materials Science and Engineering
Shanghai University

Email: bozhu@shu.edu.cn & titbiam@gmail.com



mailto:bozhu@shu.edu.cn
mailto:titbiam@gmail.com
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00984k

