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ABSTRACT: The Carothers equation is often used to predict the Pd/Ag co-catalyzed cross dehydrogenative coupling
utility of a small molecule reaction in a polymerization. In this [ F}/ {\\F 1% cross coupling F\i/ 1 2™ cross coupling R {;s ,,,,\
study, we present the mechanistic study of Pd/Ag cocatalyzed cross |—s” * -~/ N & P s Wan\
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dehydrogenative coupling (CDC) polymerization to synthesize a
donor—acceptor (D—A) polymer of 3,3’-dihexyl-2,2'-bithiophene /
and 2,2',3,3',5,5',6,6"-octafluorobiphenyl, which go counter to the g
Carothers equation. It is uncovered that the second chain extension
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cross-coupling proceeds much more efficiently than the first cross- RN 2 [ 2 cross coupling I©

. . . . 1% cross coupling | ) pling |
coupling and the homocoupling side reaction (at least 1 order of ) , ~10times faster | [
magnitude faster) leading to unexpectedly low homocoupling am / \F A F

defects and high molecular weight polymers. Kinetic analyses show |ag< ) — ~_ RE TR

7 M s r” P
that C—H bond activation is rate-determining in the first cross- KF F ap g o' il ang y
coupling but not in the second cross-coupling. Based on DFT

calculations, the high cross-coupling rate in the second cross-coupling was ascribed to the strong Pd-thiophene interaction in the Pd-
mediated C—H bond activation transition state, which decreases the energy barrier of the Pd-mediated C—H bond activation. These
results have implications beyond polymerizations and can be used to ease the synthesis of a wide range of molecules where C—H
bond activation may be the limiting factor.

B INTRODUCTION dioxole and 3 equiv of diphenol were used,’ when an M, of
0.693 kg/mol was predicted by the Carothers equation. This
was ascribed to the rate acceleration during the polycondensa-
tion, where the rate of the first condensation reaction to form
the dioxole-diphenol dimer was 27 times slower than that of
the second condensation reaction between the dioxole—
diphenol dimer and another diphenol. Conversely, significantly
lower molecular weights than predicted by the Carothers
equation can be achieved if the reactivity of the functional
groups decreases as the polymerization proceeds.’
Donor—acceptor (D—A) conjugated polymers are attractive
semiconducting polymers that have a wide range of
applications in organic electronics such as organic light
emitting diodes (OLEDs), organic field-effect transistors
(OFETs), organic photovoltaics (OPVs), and biomedical
sensors.” > The current synthetic methods for D—A
conjugated polymers are usually Suzuki coupling," Stille
coupling,'* and more environmentally preferable direct

In polycondensations, the number-average degree of polymer-
ization (DP) can be expressed as DP = (1 + r)/(1 + r — 2rp),
where p is the extent of the polymerization and r is the
stoichiometric ratio between the comonomers. This equation
was originally proposed b??r Carothers and is often referred to as
the Carothers equation.”” The Carothers equation is based on
the assumption of equal reactivity of functional groups, which
means that the reactivity of one functional group of a
bifunctional monomer is the same irrespective of whether
the other functional group has reacted, and the reactivity of a
functional group is independent of the size of the molecule to
which it is attached."” For polymerizations such as
polyesterifications or polycondensation to synthesize nylon,
the molecular weights of the product can be accurately
predicted using the Carothers equation, since the reactivity of
the functional groups in these polymerizations does not change
significantly (the change of the rate constant is within 3-fold)
with the size of the reactants.” In some polymerizations,
however, the molecular weight of the polymer products can be
significantly higher than predicted by the Carothers
equation.”™” For example, Endo et al. reported a poly-
condensation between 2,2-dichloro-1,3-benzodioxole and
4,4'-isopropylidenediphenol. A number-average molecular
weight (M,) of 120 kg/mol was obtained when S equiv of
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Scheme 1. (a) Proposed Mechanism for the Au/Ag Cocatalyzed CDC,*** and Results of the Polymerization;® (b) Proposed

Mechanism for the Pd/Ag Cocatalyzed CDC,** and Results of the Polymerization®’

a) Au/Ag co-catalyzed CDC
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Scheme 2. Small Molecule Model Reactions for Au/Ag Cocatalyzed CDC Polymerization

a) Small molecule model reaction of the 15t cross-coupling/initial step of the CDC polymerization
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¢) Small molecule model reaction of the 2" cross- coupling/chain extension at the thienyl chain end
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d) Small molecule model reaction between 1,2,4,5-tetraf|uorobenzene and 2 equivalent 2-methylthiophene
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stannylation, and/or halogenation. These extra prefunctional-
ization steps lead to generation of a large amount of hazardous

arylation polymerization (DArP),"> all of which require
prefunctionalization of the monomers such as boronation,
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Scheme 3. Small Molecule Model Reactions for Pd/Ag Cocatalyzed CDC Polymerization

a) Small molecule model reaction of the 15t cross-coupling/initial step of the CDC polymerization
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b) Small molecule model reaction of the 2" cross-coupling/chain extension at the fluorophenyl chain end
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¢) Small molecule model reaction of the 2" cross-coupling/chain extension at the thienyl chain end
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d) Small molecule model reaction between 1,2,4,5-tetrafluorobenzene and 2 equivalent 2-methylthiophene
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chemical waste and high costs of the polymer products, which
hinders their industrial scalability and commercial viability."®
Cross dehydrogenative coupling (CDC), also known as
oxidative CH/CH cross-coupling, can potentially serve as an
ideal approach to D—A polymer synthesis, since it eliminates
all prefunctionalization steps of monomers by directly
activating C—H bonds and subsequently forming C—C
bonds in situ during the polymerization.

A high-performance D—A polymer usually requires a large
molecular weight and perfect alternation of electron-donor and
electron-acceptor repeating units along the polymer back-
bone.'”'® Unfortunately, development of an efficient CDC
polymerization, also known as oxidative direct arylation
polymerization (oxi-DArP), to synthesize high-performance
D—A conjugated polymers remains challenging. It is difficult to
achieve high chemo- and regioselectivity during the polymer-
izations in the presence of multiple reactive sites (C—H
bonds). Specifically, the metal catalysts typically are not
sufficiently selective to distinguish between the electron-rich
and electron-poor monomers, which leads to homocoupling
defects in the D—A polymer products.'” Thus far, limited
progress has been made in this field.**°~**

Here, we present two CDC polymerizations that defy the
Carothers equation. First, we briefly discuss a Au/Ag
cocatalyzed CDC polymerization previously reported by our
group® and developed based on an efficient and highly selective
small molecule CDC reported by Larossa et al.”* Then, a Pd/
Ag cocatalyzed CDC polymerization is investigated in detail.”’
Despite both polymerizations occurring by a similar sequence
(Schemes 1a and b) where the C—H bond of the electron-poor
monomer is activated by Ag and the C—H bond of the
electron-rich monomer is activated by the Au or Pd, we find
dramatically different polymerization results. The Au/Ag

2313

cocatalyzed CDC results in low molecular weight polymers
(7.5 kg/mol) with homocoupling defects (~30%) despite the
small molecule coupling reaction proceeding efficiently
(Scheme 2a). The functional groups (i.e., the C—H bond)
become less reactive after the first cross-coupling reaction
because the tetra-fluorobenzene chain ends on the oligomer
are less electron-poor than the fluorobenzene monomers, and
the thiophene chain ends on the oligomer are less electron-rich
than the thiophene monomers.””* Conversely, in the Pd/Ag
cocatalyzed system, we find that the functional groups become
more reactive after the first cross-coupling step. Specifically, in
the first cross-coupling reaction, Pd-mediated C—H activation
is the rate-determining step, whereas in the proceeding chain
extending cross-coupling reaction, the energy barrier to break
the C—H bond is reduced due to the presence of the
thiophene substituent on the fluorinated benzene. While this
finding has important implications in polymerizations leading
to unexpectedly high molecular weight polymers and reduced
homocoupling defects, these findings could affect the design of
substrates in late-stage C—H functionalization.

B RESULTS AND DISCUSSION

Small Molecule Model Reactions for the Au/Ag
Cocatalytic System. Scheme 2 shows a series of small
molecule model reactions for the Au/Ag cocatalyzed CDC
polymerization. Scheme 2a represents a model reaction of the
first cross-coupling of the CDC polymerization. The cross-
coupling yield in this was as high as 88%, and the
homocoupling yield was low (3%). The small molecule
model reactions shown in Schemes 2b and 2c represent the
chain extension in the CDC polymerization, in which the CDC
occurs between the cross-coupled dimers (3a and 3b) and the
monomers. This second cross-coupling generated the cross-

https://doi.org/10.1021/jacs.1c12599
J. Am. Chem. Soc. 2022, 144, 2311-2322
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Scheme 4. Stepwise CDC Sampling Experiments to Determine the Mechanistic Sequence of the Pd/Ag Cocatalyzed Chain

Extension CDC
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coupled trimers 5 and 6 in low yield, and unreacted starting
materials 3a and 3b remained. Scheme 2d and 2e show the
small molecule model reactions that model the overall CDC
polymerization. In these reactions, the yields of 3a and 3b were
much higher than § and 6 confirming that the second cross-
coupling reaction is less effective than the first.

Small Molecule Model Reactions for the Pd/Ag
Cocatalytic System. Similarly, the results of the small
molecule model reactions for the Pd/Ag cocatalyzed CDC
polymerization are shown in Scheme 3. Scheme 3a shows the
small molecule model reaction for the initial step of the CDC
polymerization (the first cross-coupling). There is almost no
chemoselectivity, and the product yields are low. In Scheme
3b, the chain extension step (the second cross-coupling), the
trimerization of cross-coupled dimer 3a displayed an excep-
tional reactivity and cross chemoselectivity (the yield of cross-
coupled trimer 5 was close to 100%). In Scheme 3d the yield
of the trimer 5 (88%) is much higher than that of the dimer 3a
(12%). We speculated that, in Scheme 3d, once 3a was formed,
it immediately reacted with another monomer 1a to produce
the cross-coupled trimer S, which drove the reaction forward.
For Scheme 3c and 3e, no desired product was detected by
NMR spectroscopy because both C—H bonds at the a- and S-
positions of the thiophene moiety that is attached to an
electron-withdrawing group (3b) can be activated during the
reaction leading to the formation of insoluble polymeric
materials.” Generally, Scheme 3 shows that the chain
extension CDC proceeded more readily than the first CDC
which is opposite to what was observed in the Au/Ag system in
Scheme 2.

By comparing the small molecule model reactions between
the Au/Ag and Pd/Ag systems, it was confirmed that the
functional groups become less reactive in the Au/Ag
cocatalyzed CDC polymerization, while the functional groups
become more reactive in the Pd/Ag cocatalyzed CDC
polymerization.

The Au/Ag cocatalyzed CDC has been studied in detail, and
we can rationalize why the C—H bond of the cross-coupled
dimer 3a is less reactive than that of the monomer—the
selectivity of the reaction is driven by the acidity of the proton
with the acidity decreasing upon the addition of the thiophene
to tetrafluorobenzene.”** We now focus on the mechanistic
investigation of the Pd/Ag cocatalyzed chain extension CDC
(Scheme 3b) to elucidate the factors that contribute to the
high molecular weight polymer with minimal homocoupling
defects using both experimental and computational methods.

Stepwise Sampling Experiments to Determine the
Mechanistic Sequence of the Pd/Ag Cocatalyzed Chain
Extension CDC. Our mechanistic studies for the chain
extension CDC started with the stepwise CDC sampling
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experiment (Scheme 4). The yield of each species was tracked
using '’F NMR and is shown in Table 1.

Table 1. Yield of Each Species in the Stepwise CDC
Sampling Experiment Shown in Scheme 4

3a Pd-(3a),
Sampling (%) Ag-3a (%) Pd-3a (%) (%) 5 (%)
1 920 10 - - -
2 9 Not detected 11 60 -
3 14 Not detected  Not detected 12 64

In this sampling experiment, 3a and Ag,CO; and other
additives were first mixed and heated at 100 °C for 1 h. Then,
the first aliquot (sampling 1) was taken. Next, Pd(OAc), was
added, the reaction continued for another hour, and the
second aliquot (sampling 2) was taken. Finally, 1a was added,
and after 15 min the third aliquot (sampling 3) was taken. The
F NMR spectrum of each sampling is shown in Figure 1. In
sampling 1, we observed the formation of Ag-3a, which
indicated that the Ag-mediated C—H bond activation on 3a
occurred. After adding Pd(OAc), and heating the reaction for
1 h (sampling 2), the peaks corresponding to Ag-3a
disappeared, and the peaks corresponding to Pd complexes
(Pd-3a and Pd-(3a),) appeared (Figure 1, middle spectrum),
which suggested that transmetalation between Ag-3a and
Pd(1I) occurred in this step. Sampling 2 also showed that the
bifluoroaryl Pd-(3a), was more prevalent than the mono-
fluoroaryl Pd-3a. In sampling 3, the cross-coupled trimer
product S was detected, which implied a C—C bond formation
between 3a and 1a. Based on the results above, we conjectured
that the mechanistic sequence of the Pd/Ag cocatalyzed chain
extension CDC is (1) Ag-mediated C—H bond activation on
electron-poor 3a to form Ag-3a; (2) Transmetalation between
Ag-3a and Pd(II) to form Pd-3a and Pd-(3a),; (3) Pd-
mediated C—H bond activation of the electron-rich 1a; (4)
Reductive elimination to form the cross-coupled product S;
and then (5) Oxidation of Pd(0) by Ag(I) to reactivate the Pd
catalyst. This is consistent with the mechanistic sequence of
the first cross-coupling reaction uncovered by the Kanbara
group (Scheme 1b).*

To confirm this proposed mechanistic sequence of the chain
extension step, controlled stepwise CDC sampling experiments
were conducted (Scheme $). The yield of each species is
summarized in Tables S3, S4, and S5, and the NMR spectrum
of each sampling is shown in Figures SI, S2, and S3 in
Supporting Information. When the sequence of adding 1a and
2a was reversed (Scheme Sa), no cross-coupled product 3 was
observed in sampling 3 according to 'H NMR, which means
the mechanistic sequence shown in Scheme Sa can be ruled

https://doi.org/10.1021/jacs.1c12599
J. Am. Chem. Soc. 2022, 144, 2311-2322
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Figure 1. "”F NMR spectrum of each sampling in the stepwise CDC sampling experiment shown in Scheme 4 with 2,3,5,6-tetrafluoro-p-xylene

(—140.95 ppm in DMSO-dj) as an internal standard.

out. It is worth noting that no homocoupled thiophene dimer
4 was present in any sampling in Scheme Sa, which will be
explained later. When the sequence of adding Ag,CO; and
Pd(OAc), was reversed (Scheme Sb), 72% 5 was formed in
sampling 3, and no Ag-3a was observed in any sampling
according to 'F NMR. The generation of Pd-3a and Pd-(3a),
in sampling 1 indicates that Pd-3a and Pd-(3a), can form in
the absence of the Ag additive. After addition of Ag,COj;, the
yield of Pd-(3a), increased slightly, and Pd-3a disappeared
(sampling 2). Compared to the experiment where Ag,CO; was
added first, and Pd(OAc), was added second (Scheme 4), the
yields of Pd-3a and Pd-(3a), were much lower (11% and 60%
vs 3% and 28%), which suggests that the presence of Ag
additive can promote the formation of fluoroaryl Pd
intermediates by activating the C—H bonds of fluoroarenes.
Therefore, based on the results in Scheme Sb, the proposed
mechanistic sequence of the chain extension CDC still stands.
In the sampling experiment shown in Scheme Sc, where the
addition of Ag,CO; was skipped, only 11% cross-coupled
trimer § was produced in sampling 2, and the yield of Pd-(3a),
decreased only a little. The results in Scheme Sb and Sc
indicate that the Ag additive is required for the CDC to
proceed mainly because the active intermediate Pd-3a, which is
responsible for C—H bond activation of 1la, cannot be
generated from the inactive intermediate Pd-(3a), in the
absence of the Ag additive. This was also observed in the
mechanistic study of the first cross-coupling step performed by
the Kanbara group.”® Overall, the controlled stepwise CDC
sampling experiments (Scheme 5) supported the proposed
mechanistic sequence of the chain extension step (Scheme 4).

2315

Kinetic Analysis. To obtain more information about the
chain extension CDC, we performed kinetic analysis via
reaction progress kinetic analysis (RPKA) and variable time
normalization analysis (VINA) based on the standard
conditions shown in Scheme 6.°7*% The
experiment confirmed that there was no catalyst deterioration
or product inhibition during the reaction (Figure 2a). The rate
dependence of the important reagents was determined via
VTNA. The order of zero was obtained for both 1a and 3a,
which indicated that neither 1a nor 3a was involved in the rate-
determining step (RDS) (Figure 2b and 2c). The first order in
[Pd] was determined in Figure 2d. The second order in [Ag]
was obtained by measuring the initial reaction rates under
different AgOPiv loadings due to the poor solubility of Ag,CO;
in the reaction system (Figure 2e). The first order in [Pd] and
the second order in [Ag] implied that both Pd and Ag catalysts
were involved in the RDS. The second order in AgOPiv
indicated that 2 equiv of AgOPiv were participating in the
RDS.

The kinetic isotope effect (KIE) studies were also carried
out via VINA. As shown in Scheme 7 (note that 2 equiv of
K,CO; were added to reach kinetic saturation), the KIE value
for the CDC between la and 3a/3a-d; (Scheme 7a) was
measured to be 1.1. The KIE value for the CDC between 3a
and 2-hexylthiophene/2-hexylthiophene-d; (Scheme 7b) was
measured to be 1.3. The use of 2-hexylthiophene instead of 1a
was chosen because of the difficulty in synthesizing and
isolating the deuterium 2-methylthiophene (1a-d,). The results
of the KIE studies verified that the RDS was not the C—H
bond activation of either coupling partner.

« »
Same excess
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Scheme 5. Controlled Stepwise CDC Sampling Experiments to Verify the Proposed Mechanistic Sequence of the Chain
Extension Step; (a) the Sequence of Adding 1a and 2a Was Reversed; (b) the Sequence of Adding Ag,CO; and Pd(OAc), Was

Reversed; (c) the Addition of Ag,CO; Was Skipped
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Scheme 6. Chain Extension Step CDC under Standard
Conditions for Kinetic Analysis
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Origins of the High Molecular Weight/More Reactive
Chain Extension CDC. The fact that neither 1a nor 3a was
involved in the RDS, but the Ag and Pd catalysts were both
involved in RDS led us to the possibility that the oxidation of
Pd(0) by Ag(I) was the RDS in the chain extension CDC. It is
worth noting that in the kinetic profile of the first CDC
reported by the Kanbara group,”® the Pd-mediated C—H bond
activation of the electron-rich thiophene species was
determined to be the RDS, and that the homobifluoroaryl
Pd complex (Pd—(Ar*), [Ar"f = perfluoroarene]) was
demonstrated to be a stable resting state. However, in the
chain extension CDC, we found that the oxidation of Pd(0) by
Ag(I) was likely the RDS. Under the same reaction conditions,
the rate of oxidation is expected to remain the same in both the
initial and chain extension steps. Therefore, it was surmised
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that the thienyl substituent on fluorobenzene (3a) may have
accelerated the Pd-mediated C—H bond activation on the
electron-rich thiophene species in the chain extension CDC,
leading to the change of RDS. This also implies that the overall
rate of the chain extension CDC is faster than that of the initial
step CDC. In addition, the corresponding homobifluoroaryl Pd
complex (Pd-(3a),) may no longer be the resting state in the
chain extension CDC since the concentration of fluorobenzene
does not exhibit a negative rate dependence. Therefore, the
chain extension CDC proceeds more efficiently than the initial
step CDC, which results in high molecular weights of the D—A
polymers synthesized via Pd/Ag cocatalyzed CDC. Based on
our findings so far, we proposed a Pd/Ag cocatalytic cycle for
the mechanism of chain extension CDC as well as the
background homocoupling cycle of thiophene species (Scheme
8). The mechanism of the homocoupling side reaction of
thiophene species was putatively proposed based on previous
reports, where the Ag additive was determined to be the C—H
bond activation reagent.”****°

Origins of the Minimal Homocoupling Defects/High
Cross Chemoselectivity. To understand of the origins of the
extraordinary cross chemoselectivity in the chain extension
CDC, we conducted two additional stepwise CDC sampling
experiments (Scheme 9). We mixed Ag,CO5, 3a or 2a, 2-(2-
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Figure 2. (a) Same excess experiment and determination of the order in (b) 1a, (c) 3a, (d) Pd(OAc),, and (e) [Ag] (due to the poor solubility of
Ag,CO; in DMF, a soluble Ag salt, AgOPiv, was used to determine the order in [Ag]).

Scheme 7. KIE Studies: (a) the Reaction between la and
3a/3a-d; and (b) the Reaction between 3a and 2-
Hexylthiophene/2-Hexylthiophene-d;

a) F, F 3eqAg,CO;3 2 eqPivOH R F
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fluoroethyl)thiophene (2-FET), and other additives together
at the beginning of the sampling experiments and tracked the
yield of each species using '"H NMR in DMSO-d; ("H NMR
spectra are shown in Figures S11 and S12 in the Supporting
Information). We chose to use 2-(2-fluoroethyl)thiophene (2-
FET) over 2-methylthiophene here to allow for reaction
monitoring using '’F NMR spectroscopy. The yields of all the
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species in each sampling are summarized in Tables 2 and 3.
Examination of sampling 2 in Tables 2 and 3 revealed that only
the fluoroaryl Ag intermediates (Ag-2a and Ag-3a) were
observed. This observation was unexpected because according
to our deuterium studies shown in Tables SI and S2 and
Schemes Sla and Slc in the Supporting Information, Ag,CO;
was able to cleave the C—H bonds of both thiophene and
fluorobenzene arenes. Therefore, we speculated that the
absence of Ag-2-FET is related to the relative thermodynamic
stability of aryl Ag intermediates.”® The fact that the yield of 2-
FET was still ~100% in sampling 2 in both Tables 2 and 3
suggests that, during the 1 h between sampling 1 and sampling
2, Ag-2-FET was formed after C—H bond activation, but it
immediately reacted with a proton source in the reaction
mixture (most likely PivOH) to regenerate 2-FET. After the
addition of Pd(OAc), (sampling 3 in Tables 2 and 3), only
cross-coupled products, some leftover fluoroarenes (2a and
3a), and homobifluoroaryl Pd complexes (Pd-(3a), and Pd-
(2a),) were detected. No homocoupled 2-FET dimerization
product in any of the samplings in Tables 2 and 3 implied that
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Scheme 8. Proposed Mechanisms of Pd/Ag Cocatalyzed Chain Extension Step CDC as well as the Background Homo-coupling

of Thiophene Species
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the formation of the homocoupled thiophene dimer requires
the initial Ag-mediated C—H bond activation of the thiophene

species, followed by immediate transmetalation with a Pd(1I)
catalyst to generate the thienyl Pd intermediate. This
supported the homocoupling catalytic cycle proposed in
Scheme 8. The above observations and discussion also
explained the absence of homocoupled product in Scheme
Sa. The absence of Pd-2-FET in sampling 3 in both Tables 2
and 3 was probably the consequence of the instability of the
thienyl Pd intermediate under the reaction conditions because
Pd(II) was known to be capable of activating the C—H bonds
of thiophene species.””*"** The absence of 2-FET in sampling
3 in Tables 2 and 3 suggests that the disappearance of Pd-2-
FET did not regenerate the 2-FET and that deterioration was
likely to happen to Pd-2-FET.

Based on the kinetic profiles of both the initial and chain
extension CDCs and the discoveries about the homocoupling
mechanism, the reasons for the extremely high cross
chemoselectivity in the chain extension CDC as well as the
nearly unnoticeable chemoselectivity in the initial step CDC
can be deduced. At the beginning of either the initial or the
chain extension CDC reaction, both thienyl Ag and fluoroaryl
Ag intermediates can be formed via Ag-mediated C—H bond
activation. In the chain extension CDC, the thienyl substituent
of 3a accelerates the rate of the whole cross-coupling cycle,
which makes the cross-coupling cycle much more efficient than
the background dimerization of 1la. Consequently, the

Table 2. Yield of Each Species in the Stepwise CDC Sampling Experiment Shown in Scheme 9a

3a Ag-2-FET Pd-2-FET Pd-(3a),” Cross-coupled product 2-FET dimerization
Sampling (%) 2-FET (%) (%) Ag-3a (%) (%) Pd-3a (%) (%) (3a-2-FET) (%) product (%)
1 100 100 Not Not - — - Not detected Not detected
detected detected
2 91 100 Not 9 - - - Not detected Not detected
detected
3 19 Not Not Not Not Not 12 48 Not detected
detected detected detected detected detected

“The yield was obtained via F NMR using the same NMR sample.
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Table 3. Yield of Each Species in the Stepwise CDC Sampling Experiment Shown in Scheme 9b

2a“ Ag-2-FET Ag-2a“ Pd-2-FET Pd-2a“ Pd-(2a),” Cross-coupled product 2-FET dimerization
Sampling (%)  2-FET (%) (%) %%) (%) (%) (%) (2a-2-FET) (%) product (%)
1 100 100 Not Not - - - Not detected Not detected
detected detected
2 69 98 Not 30 - - - Not detected Not detected
detected
3 26 Not Not Not Not Not 38 25 Not detected
detected detected detected detected detected
“The yield was obtained via "’F NMR using the same NMR sample.
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Figure 3. Computational studies of the substituent effect on the Pd-catalyzed C—H bond activation of thiophene.

fluoroaryl Ag intermediate (Ag-3a) outcompetes the thienyl Ag
intermediate (Ag-la) in the subsequent transmetalation with
the Pd catalyst (only S mol % in the reaction). The remaining
unreacted Ag-la will react with the proton source PivOH in
the reaction to regenerate la. This is in contrast to the initial
CDC where the cross-coupling cycle with 2a progresses
relatively slowly. This gives the Pd catalyst enough time to
undergo transmetalation with Ag-la and the homocoupling
cycle before Ag-1a is consumed by the proton source PivOH
in the reaction. The extraordinary cross chemoselectivity in the
chain extension CDC leads to minimal content of homocou-
pling defects in the D—A polymer product.

Density Functional Theory (DFT) Calculations. To
further understand the origins of the substituent effect of the
thienyl group of 3a on the Pd-mediated C—H bond activation,
we next explored the free energy changes using density
functional theory (DFT) calculations. Figure 3a shows the
DFT-computed free energy changes of the sequential C—H
bond activation and reductive elimination in the cross-coupling
reaction with pentafluorobenzene 2a. From the intermediate
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Int6-A, DMF first coordinates to generate the intermediate
Int7-A, which allows the C—H bond activation of thiophene
via TS8-A. This overall C—H bond activation requires a barrier
of 25.2 kcal/mol as compared to Int6-A. Subsequently, a
secondary DMF exchanges the coordination of HCOj;7,
leading to the biaryl Pd(II) intermediate Int10-A. This
intermediate undergoes the aryl—aryl reductive elimination
via TS11-A to produce the cross-coupling product-coordinated
complex Int12-A. From Intl12-A, the product liberation and
oxidation of Pd(0) can occur to release the observed cross-
coupled dimer product 3 and regenerate the active Pd(II)
catalyst. Figure 3b shows the DFT-computed free energy
changes of the same processes with the cross-coupled dimer
coupling partner 3a. Comparison with Int6-A revealed Int6-B
has an extra thienyl substituent on the para-position of the
fluorophenyl group. Int6-B undergoes the DMF exchange and
subsequent C—H bond activation of thiophene via TS8-B to
generate the biaryl Pd(II) intermediate Int9-B. This C—H
bond activation process requires a barrier of 23.5 kcal/mol as
compared to Int6-B. Subsequent aryl—aryl reductive elimi-
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nation through TS11-B leads to the product-coordinated
complex Intl12-B, which further liberates the cross-coupled
trimer product S.

Our computational results corroborated the above mecha-
nistic proposal that the additional thienyl substituent in the
CDC extension steps accelerates the Pd-mediated C—H bond
activation and promotes the chain growth of the polymer-
ization. Without the thienyl substituent, the C—H bond
activation via TS8-A requires a barrier of 25.2 kcal/mol as
compared to the thiophene-coordinated intermediate Int6-A.
With the additional thienyl substituent, the Pd-mediated C—H
bond activation in the CDC extension steps now requires a
barrier of 23.5 kcal/mol (Int6-B to TS8-B), which
corresponds to about 1 order of magnitude rate acceleration.
We also verified this barrier change with calculations using
additional functionals (Table S6 in Supporting Information).
We believe that the additional thienyl substituent promotes the
Pd—thiophene interaction in the C—H bond activation
transition state TS8-B, which leads to the rate acceleration.
This rationale is supported by the TS bond energy analysis of
TS8-A and TS8-B (Figure 3c). TS bond energy analysis,
developed by Ess and co-workers,”” calculates the bond energy
between the thiophene and Pd complex fragments in the C—H
bond activation transition state, which provides a straightfor-
ward analysis of the strength of interaction in the transition
state and has been successfully applied in the analysis of other
C—H bond activation transition states. In TS8-A, the TS bond
energy of the Pd—thiophene bond is 52.8 kcal/mol, while the
same bond in TS8-B has a 56.3 kcal/mol interaction energy
(Figure 3c). Therefore, the additional thienyl substituent in the
CDC extension process strengthens the Pd—thiophene
interaction in the transition state of C—H bond activation of
2-methylthiophene (1a). This rate acceleration of the C—H
bond activation makes the chain growth faster than the initial
step of the polymerization and suppresses the homocoupling
side reactions, eventually resulting in the excellent polymer-
ization performance.

B CONCLUSIONS

In summary, this study shows that the Pd/Ag cocatalyzed
CDC system exceeds the expectations of the Carothers
equation because the reactivity of C—H bond is enhanced in
the cross-coupled dimer due to the presence of the thienyl
substituent. The stepwise CDC sampling experiments revealed
a Pd/Ag cocatalytic cycle of the chain extension CDC, where
Ag catalyst activates the C—H bond of the electron-poor
fluoroaryl species, Pd catalyst activates the C—H bond of the
electron-rich thiophene species, and homobifluoroaryl Pd
complex is formed during the reaction as an inactive
intermediate. This sequence is the same as the reaction
pathway of the first CDC which was uncovered by the Kanbara
group.”® However, delving into the kinetics of the Pd/Ag
cocatalyzed CDC system, we discovered the accelerated Pd-
mediated C—H bond activation during the second cross-
coupling, which results in the faster chain extension CDC than
the initial CDC. This explains the high molecular weight of the
produced D—A polymer. It was also demonstrated that the
homocoupling pathway requires the initial Ag-mediated C—H
bond activation of thiophene species, followed by immediate
transmetalation with Pd catalyst. From all the findings above, it
is deduced that the high cross chemoselectivity in the chain
extension CDC, which leads to a perfectly alternating D—A
polymer, is caused by the cross-coupling cycle in the chain
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extension CDC being more efficient than the thiophene
homocoupling cycle, so that in the chain extension step the
cross-coupling cycle outcompetes the homocoupling cycle.
Finally, free energy changes calculated by DFT revealed that
the accelerated Pd-mediated C—H bond activation in the chain
extension CDC is a result of the lowered energy barrier
required for the Pd-mediated C—H bond activation (25.2
without the thienyl substituent, 23.5 kcal/mol with the thienyl
substituent). The lowered energy barrier is attributed to the
stronger Pd—thiophene interaction in the C—H bond
activation transition state in the presence of an additional
thienyl substituent on the fluoroaryl coupling partner. The
work provides valuable insight for future studies in obtaining
high-molecular weight D—A semiconducting polymers. More
broadly speaking, this work has implications in small molecule
synthesis—introduction of the thiophene has a significant
effect on the chemoselectivity in the CDC reaction offering a
method to engineer the substrate structure to enhance the
utility of C—H activation.
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