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n-Conjugated polymers are materials of interest for use in organic electronics. Within these polymers, donor-acceptor
polymers are favorable for solar cell applications due to improved charge mobility, better absorption in the low energy
region of the solar spectrum, and tunable band gaps. One of the barriers to commercializing these donor-acceptor materials
is that their synthetic pathways are complex because of the alternating repeat units in the polymer. To address this, the
application of cross dehydrogenative coupling (also called oxidative CH/CH cross-coupling) toward the synthesis of donor-
acceptor polymers was explored. In this work, the roles of specific reagents in a one-pot gold- and silver-catalyzed cross
dehydrogenative coupling and the factors that contribute to selectivity for cross-coupling rather than homo-coupling are
analyzed. Based on our results, we postulate that the percentage of alternating repeat units in the final polymer is affected
by the increased reactivity of the dimer that forms in the initial stages of the polymerization compared to the monomer,

which ultimately may be exploited to control the ratio of electron-rich to electron-poor monomers.

Introduction

Donor-acceptor (D-A) polymers are a class of semiconducting
polymers that have attracted interest in the organic electronics
field, due to their favorable properties such as high charge
mobility, solution-processability, and low band gaps.1—3 One of
the factors that has slowed down commercialization of such
polymers in large scale applications is the lack of scalable
synthetic methods. In general, D-A polymer syntheses rely on
polycondensations  that require halogenations  and
organometallic  pre-functionalization  steps, such as
stannylations for Stille couplings (Figure 1A). Stille couplings are
favored for synthesizing D-A polymers because of their high
conversion and low catalyst requirements, but the hazardous
by-products are undesirable for industrial scale syntheses.
Recently, there has been growing use of direct heteroarylation
polymerization (DHArP) for the synthesis of D-A polymers
(Figure 1B).47 DHArP involves C-H activation of just one of the
aromatic coupling partners while the other is typically
halogenated. Thus, DHArP reduces the number of monomer
pre-functionalization steps required by eliminating the need for
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specific organometallic functionalization, but still requires
halogenation to produce one of the monomers. The use of cross
dehydrogenative coupling (CDC), or oxidative CH/CH cross-
coupling, in which both coupling partners are selectively C-H
activated and then cross-coupled would be far more appealing
since neither monomer would have to be pre-functionalized
(Figure 1C). Recently, Kanbara et al. demonstrated such a
synthetic method with a palladium-catalyzed system in the
presence of silver salts to synthesize a copolymer of
2,2',3,3',5,5,6,6'-octafluorobiphenyl and  3,3'-dihexyl-2,2'-
bithiophene.® Though a successful polymerization of an
alternating copolymer was achieved, it remains unclear what
the sources of selectivity and the roles of each additive were.
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Figure 1 Synthetic pathways for donor-acceptor polymers.
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Recently, Larossa et al. developed a gold-catalyzed aromatic
CDC method for small molecules and observed selectivity in the
reactivity of TIPS-protected indoles toward fluorinated
benzenes.? This methodology achieved direct cross-coupling of
simple electron-poor and electron-rich (hetero)arenes with
selectivity for the cross-coupled product over the two possible
homo-coupled products (Scheme 1). Additionally, the method
did not require the use of directing groups and retained
selectivity for the cross-coupling product at close to
stoichiometric ratios of the arenes, which has been a challenge
for similar Pd-catalyzed systems where typically a large excess
of one of the coupling partners is used.1011 With seemingly
orthogonal reactivity based on substrate electronics, these
conditions appeared promising for synthesizing D-A polymers.
To this end, the use of the aforementioned method for D-A
polymer synthesis was explored, and small molecule model
studies were used to elucidate the factors that contribute to the
selectivity in the polymerization.
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Scheme 1 Proposed mechanism for Au(l) and Au(lll) catalyzed CDC. A
represents the electron-poor (acceptor) monomer and D represents the
electron-rich (donor) monomer.

Results and Discussion
Preliminary small molecule screening

Our work began by exploring reaction conditions to use for our
polymerizations that would maximize cross-coupling. While
significant optimization work had been carried out previously,®
the optimization was primarily performed using TIPS-protected
indoles or 1,3-dimethoxybenzene as the electron-rich arene. As
such, we chose to use a model system comprising of 2-
methylthiophene (A) and pentafluorobenzene (B), serving as
the electron-rich and electron-poor coupling partners,
respectively (Scheme 2) to mimic the subsequent synthesis of
conjugated D-A polymers (poly(thiophene-alt-fluorobenzene)).
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Both reagents were selected to prevent any trimer formation,
which was observed when the same reactions were run with
1,2,4,5-tetrafluorobenzene as the electron-poor
Although trimer formation is promising in the context of
polymerization, we elected to block additional reactive sites for
this study in order to observe the extent of cross-coupling
selectivity between the two coupling partners. These two
aromatic compounds were cross-coupled in the presence of
AgOPiv, triphenylphosphinegold(l) catalyst (PPhsAul), and PBX
as the oxidant (Table 1, representative 1H NMR spectrum used
for analysis shown in ESI Figure S1). Overall, cross-coupling
yields increased with increasing AgOPiv loading (Table 1,
compare Entries 2, 4, 5 and 7, 9, 10) regardless of the A:B ratio
used, which was also observed previously although the use of
AgOPiv beyond 0.35 eq was not reported.? There was no
measurable presence of homo-coupled product of B by GC-MS
for all entries.

arene.

R F AgOPiv R F
Iy F PPhaAuL B
S S
F F PBX F F
4-nitrotoluene
A B c

1,4-dioxane, 20 h, 110 °C

Scheme 2 Small molecule CDC model reaction using 2-methythiophene (A)
and pentafluorobenzene (B).

Table 1 Optimization of small molecule cross-coupling reaction. Reactions
were run on 0.1 mmol scale of A, using 5 mol % Au-catalyst and PBX (1.5 eq).
Reported yields are averages of 3 runs per reaction. The yields were
determined by *H NMR using 4-nitrotoluene as an internal standard following
reported procedures.® There was no measurable presence of homo-coupled
product of B. Yields of homo-coupled product of A were up to 13 % for entries
6-11 and 5 % for entries 1-5.

Entry Eq. of Eq. of L Eq. of % yield | Rxntime

A B AgOPiv of C (h)
1 1 5 Cl 0.35 36+7 20
2 1 5 OAc 0.35 5915 20
3 1 5 OAc 0.35 8212 40
4 1 5 OAc 0.7 87+2 20
5 1 5 OAc 1 94+6 20
6 1 1 cl 0.35 27+8 20
7 1 1 OAc 0.35 2047 20
8 1 1 OAc 0.35 5245 40
9 1 1 OAc 0.7 4149 20
10 1 1 OAc 1 66112 20
11 1 1 OAc 1 6613 40

Using optimized conditions with increased AgOPiv loading,
polymerizations were attempted using 3,3’-dihexyl-2,2’-bithiophene
as the electron-rich monomer and 1,2,4,5-tetrafluorobenzene
(Scheme 3A) or 2,2°,3,3',5,5’,6,6’-octafluorobiphenyl (Scheme 3B) as
the electron-poor monomer. 3,3’-dihexyl-2,2’-bithiophene was
chosen to increase polymer solubility as the polymer grew by
incorporating alkyl chains along the polymer backbone, and to
eliminate any regioselectivity issues by using a symmetrical
monomer that would otherwise arise by the use of a 3-
alklythiophene monomer. H NMR assignment (ESI Figure S5 and
Figure 2) of the peaks were made following literature® and our small
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molecule model studies (discussed further in Scheme 7, ESI Figure
S9). Previous work had

A)
R F  AgOPiv(2eq.)
7\ s @ PPhzAu(OAc) (5 mol %)
s\ / T
F F PBX (2 eq.)
4-nitrotoluene (1 eq.)
1,4-dioxane, 110 °C
Polymer A
B)
R FR F AgOPiv (2 eq.)
Y\ s PPhsAu(OAc) (5 mol %)
F FF F PBX (2 eq.)
4-nitrotoluene (1 eq.)
1,4-dioxane, 110 °C Polymer B
Scheme 3 Polymerization scheme with 1,2,4,5-tetrafluorobenzene
(polymerization A) and with  2,2’,3,3,5,5,6,6’-octafluorobiphenyl

(polymerization B) as the electron-poor monomer. All polymerizations were
run on a 1 mmol scale with 1:1 comonomer ratios

indicated that the aromatic peak from the terminal fluorinated
aromatic group could be observed at 7.3 ppm. However, in our
spectra (Figure 2), we observe a doublet in this region, which we
assign to terminal thiophenes suggesting that our polymer chains are
terminated by thiophene units on both chain ends. For polymer B,
there are overlapping signals in the nearby region. As such, we
cannot entirely eliminate the possibility of fluorinated aromatic end-
groups. However, given the greater incorporation of the bithiophene
monomer into the polymer chain (discussed further below),
statistically, there is a greater probability that the polymers are
terminated by thiophenes.

The degree of polymerization (DP) and thus number-average
molecular weight (M,) values were determined using end-group
analysis via 'H NMR spectroscopy (ESI Equations S1 and S2,
respectively), and dispersity () values were determined using size-
exclusion chromatography (SEC). The resonances of a thiophene
positioned between two thiophenes (e.g., TT-TT, where T =
thiophene) appear at 7.01-7.09 ppm for Polymer A and 7.04-7.10
ppm for Polymer B (labelled Hy in Figure 2), while the resonance of a
thiophene located between a fluorinated benzene and a thiophene
(e.g., -F-TT-F-, where F = tetrafluorobenzene) appears at 7.50-7.59
ppm for Polymer A and 7.59-7.63 ppm for Polymer B (labelled Hc in
Figure 2). The presence of the Hy, peaks indicate that there is a higher
degree of homo-coupling observed in the polymerization than was
observed in the small molecule studies. We also see two different
thiophene end-group peaks depending on whether or not the end-
group is adjacent to a fluorinated benzene or a bithiophene as a
result of homo-coupling. Specifically, the proton signals from the
end-groups of bithiophenes adjacent to a fluorinated benzene
appear as doublets at ~7.35 (H,) and ~7.00 ppm (H), while those
adjacent to another bithiophene appear as doublets at ~7.3 (Hy) and
~6.98 ppm (Hy). The ratio between the H. peaks vs. all end-group
peaks gives us the number of alternating units along the polymer
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backbone, and multiplying this value by two provides the total
number of both bithiophene and fluorinated benzene units that
make up the alternating units. Furthermore, the ratio between the
Hh peaks vs. all end-group peaks gives us the number of additional
bithiophene units that were incorporated into the polymer chain.
The sum of these provides a value for DP and the equation is shown
in the ESI as Equation S1. This analysis can then be used to calculate
M, (Equation S2).

n = 6: Polymer A
n=12: Polymer B
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Figure 2 Example H NMR showing the region used for M, DP, and % alt
calculation. The *H NMR corresponds to aliquots at 168 h time point.

Based on this analysis, the resulting M, of Polymers A and B were
calculated to be 5.1 kg/mol and 9.4 kg/mol, respectively, with DPs of
18 and 28, respectively. The yields for Polymers A and B were 47%
and 63%, respectively, with the P for both measured to be 1.2. The
percentage of alternating units in the polymer sequence (% alt) was
calculated by comparing the ratio of the number of alternating units
(Hc) vs. all repeat unit peaks in the aromatic region of the 1H NMR
(ESI Equation S3 and Figure 2). A perfectly alternating polymer would
have a % alt of 100 %. Noticeably, the % alt of both polymers
remained constant at around 70 % throughout the polymerization
process (Table 2, ESI Table S3) regardless of reaction time. These %
alt values are supported by the MALDI data (ESI Tables S1 and S2,
Figure S4) that show that more bithiophene units are incorporated
into the polymer compared to the fluorinated benzene units. The
presence of multiple peaks in the 1°F NMR (ESI Figure S6) of the
polymers also reflect the fact that 100% alternation was not
achieved.® The lower than expected % alt showed that the selectivity
observed in the small molecule reaction did not transfer to the
polymer synthesis suggesting three possibilities: (i) the terminal
protons at the polymer chain-ends would become more
electronically similar due to increased conjugation thereby reducing
selectivity as the polymer grew; (ii) the previously proposed
mechanism as shown in Scheme 1 was not occurring and required
further investigation; (iii) the dimers generated at the early stages of
the polymerization are more reactive than the monomers. We
believe that the first possibility can be ruled out for two reasons. First
of all, the two adjacent hexyl groups of the bithiophene unit in
polymers would cause the polymer backbone to twist, which would
lead to ineffective m-conjugation along the polymer backbone.
Secondly, for Polymer B, the twist between the two benzene rings in
the octafluorobiphenyl unit would reduce the effective conjugation
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length even more.13 If the extended conjugation as the polymer grew
was indeed detrimental to the selectivity of the CDC reaction, higher
% alt in Polymer B than in Polymer A should have been observed, and
% alt should have decreased with increasing chain length. However,
as summarized in Table 2, it can be seen that the % alt remain similar
for both systems and does not change significantly as the
polymerization proceeds.

Table 2 Results of polymerization comparing 1,2,4,5-tetrafluorobenzene
(polymerization A) to 2,2°,3,3’,5,5’,6,6’-octafluorobiphenyl (polymerization B)
as the electron-poor monomer. Co-monomer ratio loading was 1:1. M, shown
in ESI Table S3.

observed increase in yield with increased AgOPiv loading (Table
1, Entries 4, 5, 9, and 10), we speculate that both AgOPiv and B
may play a role in the rate-determining step of the reaction.
However, more detailed kinetic studies are required to confirm
this.

Table 3 Control experiments for CDC reaction. Reactions were run on 0.1
mmol scale of A (1 eq) for 20 h using 5 mol % Au-catalyst. Reported yields are
averages of 3 runs per reaction. The yields were determined by 'H NMR using
4-nitrotoluene as an internal standard, as reported by Larrosa et al.® There
was no measurable presence of homo-coupled product of B.

% yield of
. o )
. . % alt for % alt for Entry Eq. L Eq. of | Additive % yield homo
Timepoint (h) - . of B PBX (eq) of C coupled
polymerization A polymerization B
product of A
24 71 67 AgOPiv
48 73 71 1 5 cl 1.5 (0.35) 36+7 2.3+1.5
AgOPi
96 72 68 2 5 | oac| 15 EOFV 1 5935 3.0£1.0
(0.35)
120 72 69
144 76 70 3 5 Cl 1.5 None <1 <1
168 67 69 4 5 | OAc | 1.5 None <1 <1
192 69 69 AgOPi
v
5 5 OAc 0 (0.7) <1 <1
AgOPi
6 1 | o | 15 ((g) 35')" 2748 2.310.6
Cross-coupling mechanism studies A bp_
gOPiv
- . 7 1 OA 1.5 2017 3.7£1.2
In order to understand the source of selectivity loss in ¢ (0.35)
polymerization, the mechanism of the polymerization was 8 1 cal 15 None <1 <1
explored further. No reaction was observed when control
polymerizations were performed in the absence of Ag and Au 9 1 OAc 1.5 None 1.1+0.6 <1
showing that the decline in selectivity is not due to oxidative AgOPiv
h . ey 10 1 OAc 0 <1 <1
omo-coupling of the bithiophene caused by PBX. We propose (0.7)
. . . _ AgOPi
that there are two possible mechanisms for this CDC cross 1 1 OAc 15 gO7IV 4149 6.7+1.5
coupling based on previous work: (i) where Au(l) is responsible (0.7)
. . . . . . AgOPi
for activating the electron-poor species, and Au(lll) is activating 12 1 OAc 1.5 g(l) v 66112 13.0%1.0
the electron-rich species as shown in Scheme 1; or (ii) where Ag NaOPiv
was mainly responsible for the C-H activation of the electron- 13 1 OAc 1.5 (1) <1 4.7+0.8

poor arene, and Au(lll) activated the electron-rich arene, which
was suggested as a possibility previously but not experimentally
confirmed.® To this end, a series of experiments were run using
slightly altered conditions to Scheme 2 (Table 3) in an attempt
to elucidate the role of silver salts in this reaction. Silver salts
have been the subject of increased studies in recent reports in
in Pd-catalyzed C-H activation.12-14 |t has been proposed that
the silver salt could act as an oxidant, as a ligand source, halide
scavengers and/or a C-H activating agent.14 Similarly, for this
gold-catalyzed method, AgOPiv could be playing multiple roles.
From Table 3 and previous work,? it is clear that AgOPiv was not
simply a ligand or base source, or a halide scavenger as the
reaction still required the presence of Ag to proceed no matter
whether PPhsAuOAc or PPhsAuClwas used (Table 3, Entries 3, 4,
8, and 9) and even when a stoichiometric amount of pivalate
was added in the absence of Ag (Table 3, Entry 13). It was also
shown that the AgOPiv was not a sufficient oxidant, as the
reaction did not proceed without PBX, even in the presence of
excess AgOPiv (Table 3, Entries 5 and 10). There was also an
observed decrease in yield with the reduction of the B to A ratio
(Table 3, Entries 1, 2, 6, and 7). In combination with the
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To determine which metal species was responsible for the CH-
activation of both the electron-rich and electron-poor species,
deuterium studies were performed. By reacting each of the
starting materials (i.e., A and B) separately with different
combinations of additives in the presence of deuterium oxide,
the degree of deuteration was quantified (Schemes 4 and 5, ESI
Figure S7, Equation S4). For both A and B, NaOPiv yielded no C-
H activation confirming that pivalate on its own could not
deprotonate the starting arenes (Table 4, Entry 2; Table 5, Entry
2). In the case of pentafluorobenzene B, results in Table 4
indicate that AgOPiv itself can act as a C-H activating agent with
a deuterium conversion of 23 % (Table 4, Entry 3), whereas no
deuterium conversion in the presence of PPhsAu(l)OAc or Au(lll)
chloride (AuCls) (Table 4, Entry 4-7) was detected. In the case of
2-methylthiophene (A), while some deuterium conversion was
observed in the presence of AgOPiv or PPh3AuOAc, 10 % and 4
% respectively (Table 5, Entries 3 and 7), while significantly
higher conversion of 42 % was observed in the presence of
AuCls (Table 5, Entry 4). Upon the addition of pivalic acid, there
was an increase in deuterated product, 69 %, showing that the
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addition of a carboxylate ligand to the gold catalyst increases its
ability to C-H activate A (Table 5, Entry 5). A surprising
observation was made in both reactions with A and B
separately, in that the combination of AuCl; and AgOPiv
resulted in reduced C-H activation (Tables 4 and 5, Entry 6).
Furthermore, these reactions also exhibited the formation of
the vessels, indicating a
decomposition pathway resulting in the formation of elemental
silver. Silver mirror formation was not observed in the overall
cross-coupling reactions, in which the Au(lll) species would have
carboxylate anions in place of chloride anions. Therefore, we
believe that such a decomposition pathway is unique to the
highly halogenated Au(lll) chloride and is not occurring in the
cross-coupling reaction. These deuterium studies show that Ag
is capable of activating both the electron-poor and electron-rich
arenes and that the activation of the electron-poor arene is
more favourable (23 % vs. 10 %). They also suggest that Au(lll)
has a high reactivity for the C-H activation of the electron-rich
species but low reactivity for the electron-poor species.
However, these studies cannot definitively show that Au(l) does
not participate in the CH-activation. Specifically, if the Au(l)-CeFs
complex is stable under the reaction conditions shown in
Scheme 4, then the deuterium studies would provide an
inaccurate representation of the degree of CH-activation.
Indeed, when the Au(l)-C¢éFs complex was synthesized
independently and subjected to reaction conditions shown in
Scheme 4 without additives, the formation of CsFsD was not
observed by NMR suggesting that the reason for the lack of
deuterium incorporation shown in Tables 4 and 5, Entry 7 could
be a result of the stability of the Au(l)-arene complexes rather
than the inability of Au(l) to perform CH-activation under the
cross-coupling reaction conditions.

To overcome this issue, we chose to directly monitor the
formation of the Au(l)-C¢Fs complex (ESI Figure S8) by 1H NMR
using similar conditions used for the cross-coupling but in the
absence of PBX, AgOPiv, and the cross-coupling partner, while
using a stoichiometric amount of PPhsAuOAc. The formation of
Au(l)-C¢Fs complex was not observed unless a strong base, such
as sodium tert-butoxide (ESI Figure S8) was added, which has
been shown previously.1> This suggests that Au(l) can not
activate the CH-bond under the cross-coupling reaction
conditions used, leading us to conclude that AgOPiv likely
activates the C-H bond of the electron-poor arene, while the
electron-rich species is CH activated by Au(lll).

silver mirrors on reaction

R F Additive(s) R F
gk pis
F F 14-dioxane, 22 h, 110°C F F

Scheme 4 Deuterium study of pentafluorobenzene.

Table 4 Deuterium study results of pentafluorobenzene. Reactions were run
on 0.1 mmol scale of B. Reported yields are averages of 3 runs per reaction.
The yields were determined by using an internal standard of DMSO-d®, using
similar conditions as those previously reported by Sanford et al.*?
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- Deuterium
Entry Additive Incorporation (%)
1 None 0
2 0.35 eq. NaOPiv 0
3 0.35 eq. AgOPiv 23.1
4 0.05 eq. AuCls 0
5 0.05 eq. AuCls, 0.05 eq. 0
PivOH
0.05 eq. AuCls, 0.35 eq
6 AgOPiv 19
7 0.05 eq. PPhsAuOAc 0
0.05 eq. PPh3sAuOAc, 0.35 eq.
8 AgOPiv 177
Additive(s)

/@ D,0 g

S
1,4-dioxane, 22 h, 110 °C
Scheme 5 Deuterium study of 2-methylthiophene.

Table 5 Deuterium study results of 2-methylthiophene. Reactions were run
on 0.1 mmol scale of A. Reported yields are averages of 3 runs per reaction.
The yields were determined by using an internal standard of DMSO-d®, using
similar conditions as those previously reported by Sanford et al.*?

Entry Additive Inc:r‘:)l:)tr::iil:)r: %)
1 None 0
2 0.35 eg. NaOPiv 0
3 0.35 eq. AgOPiv 10.0
4 0.05 eq. AuClz 41.8
5 0.05 eq. AuCls, 0.05 eq. PivOH 69.3
6 0.05 eg. AuCls, 0.35 eq. 0

AgOPiv
7 0.05 eq. PPhsAuOAc 4.4
3 0.05 eq. PPh3AuOAc, 0.35 eq. 6.6
AgOPiv

Based on the results from the above studies, we propose that
the cross-coupling mechanism consists of two overlapping cyclic
pathways (Scheme 6). To the extent of our knowledge, there is
only one case of polymerization method for a semiconducting
polymer that utilizes a dual catalytic mechanism and this was
used to synthesize a homopolymer of poly(3-hexylthiophene).16
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We also hypothesize that transmetalation likely occurs between
Ag and Au(l) rather than Ag with Au(lll), the latter requiring Au(l)
to be oxidized to Au(lll) first. This hypothesis is based on the
yields observed for homo-coupling of the thiophene species
(Table 3 and ESI Scheme S1). The homo-coupling product could
arise via three pathways: (i) activation of two thiophene species
by Ag followed by transmetalation; (ii) oxidation of Au(l) to
Au(lll), followed by activation of two thiophenes species by
Au(lll) and subsequent transmetalation; (iii) pathway shown in
Scheme 6 but where pentafluorobenzene is replaced by
thiophene. While we cannot completely eliminate the
possibility of all three pathways since homo-coupling is
observed in the absence of Ag (Table 3, Entry 13), we believe
that pathway (i) is not a dominant pathway because the homo-
coupling of pentafluorobenzene is never observed. Additionally,
since the yield for homo-coupling of thiophene increases with
silver loading (Table 3, Entries 7,11, and 12), we believe that a
pathway involving silver is more dominant (pathway (iii)) than
pathway (ii). It should be noted that we see a similar trend in
homo-coupling in the polymerization as well where a %alt of
77% was achieved when 1 eq of AgOPiv was used instead of 2
eq of AgOPiv, although M, decreased significantly because of
overall lower monomer conversion, which is also seen in the
small molecule studies.

FF R\H/OH
. /s\ - o
AR C &
AULO FF
E O)\R Ag
Fﬁ
PRSP ( F

\ o R R\ F
For Au 7
I
PhgP—Au' F F F
g F
F F .
s Pth\Aum <F/<F
SN oS P
= O 0
S ump et
o] | i
S,
o)
Scheme 6 Simplified proposed mechanism of gold- and silver-catalyzed
dehydrogenative cross-coupling.

Consequence of the dual cycle on the polymerization

The newly proposed mechanism presents a challenge for
transitioning the gold- and silver-catalyzed CDC method from a
small molecule synthesis to a polymer synthesis, as observed by
the increase in amount of homo-coupling occurring in the
polymerization compared to the small molecule coupling
reactions. Polymer chain growth in a perfectly alternating
manner in a dual cyclic mechanism would require both cycles to
turn over in synchrony or for one of the intermediates to be a
persistent intermediate, while also ensuring that each metal
can only selectively activate one monomer over the other.1” The
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deuterium exchange studies indicated that Ag can activate both
the electron-rich and electron-poor species giving rise to the
homo-coupling of the electron-rich species in the small
molecule studies, but our polymerizations indicated that the
selectivity worsened in the polymerization mixture. We
hypothesized that this was because once a thiophene coupled
with the electron-poor species, the thiophene end could show
increased reactivity towards Ag because of the electron-
withdrawing effect from the fluorinated benzene, and/or that
the generated M-bithiophene-fluorinated benzene species,
where M = Au or Ag, was more reactive than M-bithiophene.

To test this hypothesis, we performed a CDC reaction of 3,3’-
dihexyl-2,2’-bithiophene with B using similar reaction
conditions to Scheme 2 and measured the mol % of the different
products in the reaction mixture (Scheme 7). A 1:1 ratio of 3,3’-
dihexyl-2,2’-bithiophene to B was used to mimic the
polymerization conditions as much as possible, while
preventing a polymerization from taking place by using
pentafluorobenzene B. We observed the formation of four
products by GC-MS, and the conversion of 3,3’-dihexyl-2,2’-
bithiophene in this reaction was 67 % as observed by 'H NMR
(ESI Figure S9). While the primary product was the cross-
coupled product D, the mol % of product G was as high as that
of product F supporting our hypothesis that D or M-D is more
reactive than the bithiophene or M-bithiophene, and shows
similar reactivity as pentafluorobenzene of M-
pentafluorobenzene, thereby increasing the amount of homo-
coupling in the polymerization. We believe that the electron-
withdrawing effect from the fluorinated benzene is limited to
two bithiophene units because of the twist in the monomer
units, thus allowing one to maintain % alt of ~70% throughout
the polymerization. This new understanding of the selectivity in
D-A polymer synthesis via CDC provides us with a potential for
controlling the incorporation ratio of donor vs. acceptor
monomers. For example, choosing and designing monomers
with larger differences in their electronic properties could
enhance the selectivity of Ag. Also, since we had observed that
increased loading of electron-poor species resulted in higher
yields of the cross-coupled product for the small molecule
reactions, using different feed ratios of the two monomers
would be another way to adjust % alt of the polymers leading to
the development of synthetic methodologies to achieve
sequence-specific polymers.
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Scheme 7 CDC reaction between 3,3’-dihexyl-2,2’-bithiophene and B (1:1
ratio), and the resultant products as well as their mol % in the reaction
mixture as determined by *H NMR (ESI Figure S9).

Conclusions

In conclusion, we applied the gold- and silver-catalyzed CDC
method to D-A polymer synthesis which, to the best of our
knowledge, is the first example where a dual-catalytic system
being applied to the synthesis of D-A conjugated polymers via
CDC method. Through small molecule model studies, the roles
of the various reagents in the reaction were elucidated.
Specifically, we provide further experimental support to the
suggestion that Ag is playing a role in the CH-activation.® Our
control experiments also suggest that the Ag-mediated C-H
activation of the electron-poor species may be the rate-limiting
step, but kinetic studies need to be carried out to confirm this
which are currently ongoing in our lab. By performing the CDC
reaction between 3,3’-dihexyl-2,2’-bithiophene and
pentafluorobenzene, we suggest that the selectivity loss when
applying this reaction to polymer synthesis is primarily due to
the increased reactivity of the bithiophene-fluorinated benzene
species compared to the bithiophene monomer. The originally
proposed monometallic Au(l)/Au(lll)-catalyzed mechanism may
have appeared ideal for an (-AB-), alternating copolymer
synthesis, but ultimately these studies show that the
multimetallic nature of the mechanism may provide a new tool
for the facile synthesis of sequence-controlled polymers.
Ongoing studies in our lab include development of ligands on Ag
and Au to increase their selectivity and turnover, use of
different metal combinations to improve selectivity, and the
exploration of the use of monomer with greater differences in
electron density to achieve a higher % alternation as well as
higher MWs.

Experimental
General procedures and materials

All manipulation of air- and/or moisture-sensitive compounds
were carried out using standard Schlenk and glovebox

This journal is © The Royal Society of Chemistry 20xx

techniques under a dry nitrogen atmosphere. Anhydrous 1,4-
dioxane, chloro(triphenylphosphine)gold(l), deuterium oxide,
3,3’-dihexyl-2,2’-bithiophene, gold(ll1) chloride, 2-
methylthiophene, 4-nitrotoluene, 2,2’,3,3’,5,5,6,6"-
octafluorobiphenyl, pentafluorobenzene, pivalic acid, sodium
trimethylacetate hydrate, and 1,2,4,5-tetrafluorobenzene were

used as purchased. Pivaloyloxy-1,2-benziodoxol-3(1H)-one
(PBX),° silver pivalate (AgOPiv),18 and
acetate(triphenylphosphine)gold(l) (PPh3sAuOAcC)?® were

synthesized using previously reported methods.

Cross-coupling studies

A 4 mL amber vial and an acid-washed stir bar were oven dried
overnight. PPhsAuOAc (2.59 mg, 5.00 umol), silver pivalate (14.6
mg, 70.0 umol), 4-nitrotoluene (13.7 mg, 100 umol), and PBX
(52.2 mg, 150 umol) were added to the previously mentioned
vial and sealed with a septa cap. Vial was evacuated and refilled
with nitrogen three times. Under nitrogen pressure, anhydrous
1,4-dioxane (0.5 mL), pentafluorobenzene (16.8 mg, 100 pumol),
and 2-methylthiophene (9.82 mg, 100 umol) were injected into
the reaction flasks in succession. The reactions were heated at
110 °C overnight. The resulting mixtures were passed through a
celite plug using hexanes, washed with 1 M HCI, followed by 1
M NaOH aqueous solution, and then the organic layer was dried
using anhydrous Na;S04. The remaining solvent was removed
under reduced pressure. The resulting mixtures were analyzed
by NMR.

Deuterium studies

A 4 mL amber vial and an acid-washed stir bar were oven dried
overnight. Varied combinations of additives were added and
then the vial was evacuated and refilled with nitrogen three
times. Under nitrogen pressure, anhydrous 1,4-dioxane (0.5
mL), 2-methylthiophene (9.82 mg, 100 umol) or
pentafluorobenzene (16.8 mg, 100 umol), and deuterium oxide
(10.0 mg, 500 umol) were injected into the reaction flasks in
succession. The reactions were heated at 110 °C overnight. de-
DMSO (10.0 uL, 141 umol) were added. The reaction mixtures
were passed through a celite plug. The mixture was analyzed
using 2H NMR, by comparing the deuterated aryl peak against
the dg-DMSO peak.

Cross Dehydrogenative Coupling Polymerization

A 20 mL amber vial and an acid-washed stir bar were oven dried
overnight. PPh3sAuOAc (25.9 mg, 50.0 umol), silver pivalate (418
mg, 2.00 mmol), 4-nitrotoluene (137 mg, 1.00 mmol), and PBX
(696 mg, 2.00 mmol) were added to the previously mentioned
vial and sealed with a septa cap. Vial was evacuated and refilled
with nitrogen three times. Under nitrogen pressure, anhydrous
1,4-dioxane (5 mL), 2,2’,3,3’,5,5,6,6’-octafluorobiphenyl (298
mg, 1.00 mmol) or 1,2,4,5-tetrafluorobenzene (150 mg, 1.00
mmol), and 3,3’-dihexyl-2,2’-bithiophene (334 mg, 1.00 mmol)
were injected into the reaction flasks in succession. The
reactions were heated at 110 °C. The reaction was quenched
with 1 M HCI. The resulting mixture was washed with saturated
EDTA solution, and then precipitated into excess MeOH. Then
the resulting polymer was Soxhlet extracted with MeOH, then
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collected in chloroform. The remaining solvent was removed
under reduced pressure. The resulting mixtures were analyzed
by NMR, GPC, MALDI.
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