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2-{5-bromo-4-hexylthiophen-2-yl)propan-2-ol, has been used to prepare poly(3-hexylhiophene) (P3HT) as a model
conjugated polymer. P3HT with number-average molecular weights ranging from 8-20 kg/mol (£ 1.4-2.2) was prepared

from 5-bromo-4-hexylthiophen-2-yl)diphenylmethanol with a Pd{OAc)2/PCys/Cs2COs catalyst system. Only oligomerization
of 2-(5-bromo-4-hexylthiophen-2-yl)propan-2-ol (Ma = 3 kg/mol) was observed under similar conditions. Studies with model

compounds suggest that side reactions involving end-group loss limit ultimate molecular weights.

Introduction

n-Conjugated semiconducting polymers have been studied for
use as materials for applications including organic
photovoltaics, organic light emitting diodes,- and organic thin-
film transistors.* 3 While living polymerization methods have
been developed for specific polymers, notably poly(3-
hexylthiophene) derivatives,512 the majority of conjugated
polymers are prepared in a step-growth fashion by palladium-
catalyzed coupling methods, such as Stille cross-coupling?® 14 or
Suzuki-Miyaura cross-coupling,’> 16 because these methods can
generally be applied to a wide range of reactants. Besides those
two classic aryl-aryl cross-coupling reactions, palladium-
catalyzed polymerizations with other classes of monomers,
including unfunctionalized monomers (by CH activation) 17-24
and aurylated monomers,? have been studied.

ipso-Arylative cross-coupling polymerizations use organic
leaving groups (carboxylic acids,2® 2628 silanolates,?%-3!
triflates,? 32 diaryl or dialkylcarbinol groups) instead of the
inorganic groups wused in Suzuki-Miyaura cross-coupling
reactions (boric acids and esters) and Stille cross-coupling
(organostannanes). In addition to diphenylcarbinol groups,
which are lost as benzophenone, dialkylcarbinols such as
dimethylcarbinol, which is lost as acetone, and di-tert-butyl
carbinol, which leaves as di-tert-butyl ketone, have been
reported as leaving groups in the palladium-catalyzed
arylation* 34 and allylation3s- 26 of aryl halides. We have
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Fig. 1 Catalytic cycle for ipso-arylative cross-coupling polymerization (adapted from Bour,
etal.).¥

previously found ipso-arylative coupling of
bis(diphenylcarbinol)-substituted thiophene, selenophene, and
tellurophene units to dibromoarenes to be an effective route to
the synthesis of conjugated molecules and macromolecules,
with the properties of the resulting polymers indistinguishable
from those prepared by Stille and Suzuki-Miyaura coupling
methods.3% 32 Extending ipso-arylative polymerization from the
existing AA + BB monomer polymerization strategies to the
polymerization of AB monomers has the potential to enable the
development of chain polymerization mechanisms that could
lead to better controlled polymerization.

The mechanism of ipso-arylative cross-coupling reaction is
believed to comprise four key steps (Fig. 1):37 (I) oxidative
addition of bromothiophene to active Pd(0) species, (lI)
formation of a palladium alkoxide by addition of carbinol to the
thienyl palladium halide species with loss of hydrobromide, (111)
formation of the dithienyl palladium by extrusion of the carbinol
leaving groups as a ketone, and (IV) reductive elimination of the
new dithienyl species with regeneration of the Pd(0) catalyst.
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To investigate the efficacy of ipso-arylative cross-coupling as
a general strategy for the preparation of conjugated polymers,
we have explored the polymerization of carbinol-functionalized
3-hexylthiophene derivatives to poly(3-hexylthiophene) (P3HT),
a widely studied m-conjugated polymer, as a model for the
synthesis of other conjugated polymers. To use ipso-arylative
cross-coupling with an AB monomer to synthesize P3HT, the
thiophene ring of the monomer needs to be substituted with
both a diphenylcarbinol (or dimethylcarbinol) substituent and a
halide substituent. To this end, (5-bromo-4-hexylthiophen-2-
yl)diphenylmethanol (1) and 2-(5-bromo-4-hexylthiophen-2-
yl)propan-2-ol (2) have been synthesized (Scheme 1) and their
polymerization has been attempted under a range of reaction
conditions (different palladium sources, ligands, solvents,
concentrations, and temperatures; Scheme 2). The purified
polymers have been characterized by 'H NMR, GPC, and MALDI-
TOF. Reactions of non-polymerizable model compounds (2-
bromo-3-hexylthiophene (3) and  (4-hexylthiophen-2-
yl)diphenylmethanol (4)) under optimized polymerization
conditions were conducted to study side reactions that appear
to result in the loss of bromide and carbinol end-groups during
polymerization, thereby limiting polymer molecular weights.

Results and Discussion

The monomers  (5-bromo-4-hexylthiophen-2-yl)diphenyl-
methanol (1), with benzophenone as the leaving group, and 2-
(5-bromo-4-hexylthiophen-2-yl)dimethylmethanol (2), with
acetone as the leaving group, were synthesized by
deprotonation of 2-bromo-3-hexylthiophene (3) followed by
addition of either benzophenone (for 1) or acetone (for 2)
(Scheme 1). Briefly, bromothiophene 3 was slowly added to
lithium diisopropylamide (LDA) to deprotonate the 5-position of
the thiophene ring, and then a solution of benzophenone or
acetone in THF was added. Both monomers were isolated in
high vyields (85-90%). Because of difficulties in removing
unreacted benzophenone, benzophenone (0.8 equiv. relative to
3) was used as the limiting reagent in the synthesis of
diphenylcarbinol 1, which minimized the amount of residual
benzophenone and increased the purity of 1. For the synthesis
of dimethylcarbinol monomer 2, the ease with which residual
acetone could be removed allowed the use of bromothiophene
3 as the limiting reagent.
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Scheme 2 General polymerization scheme. Asterisks indicate varied end groups.

A range of conditions were examined for the polymerization
of monomers 1 and 2 (Scheme 2). In a typical polymerization
procedure, monomer 1 or 2, precatalyst (Pd(OAc;), PEPPSI-iPr,
or Pd(CNPh).Cl,), ligand (PCys, PPhs, tBusP, or 1,3-bis-(2,6-
diisopropylphenyl)imidazolinium chloride (IPr-HCl)), and base
(Cs2C0O;3 or CsF) were mixed in o-xylene under nitrogen and the
resulting mixtures were stirred and heated at the specified
temperature (80-170 °C) for 24-96 h. For each polymerization,
the crude polymerization mixture was allowed to cool to room
temperature and precipitated in methanol. The resulting solid
was collected by filtration, then extracted sequentially with
methanol, to afford a low molecular weight fraction, and
chloroform, to isolate a higher molecular weight fraction.

Polymerization of diphenylcarbinol monomer 1

Ligands. The effect of different ligands on the polymerization of
diphenylcarbinol monomer 1 with Pd(OAc): (2 mM) and Cs>CO3
(0.15 M) for 72 h was examined (Table 1: entries 1-7). PCys; and
PPhs are regularly used in ipso-arylative cross-coupling
reactions.#? NHC ligands (such as IPr-HCl) and tBusP have been
reported to promote chain-growth behavior in Suzuki-Miyaura
coupling polymerizations of borylated arenes and
heteroarenes.®. 42 The NHC/Pd complex [1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene](3-chloropyridyl)-
palladium(ll) dichloride (PEPPSI-iPr) has also been reported to
promote chain-growth behavior in some palladium-catalyzed
polymerizations of stannylated and aurylated aryl monomers.?*
43

Of the phosphine ligands examined, PCys resulted in P3HT
with significantly higher molecular weight (M, = 8.3 kg/mol) and
yield (58% for CHCI; fraction) than the other ligands (Table 1:
entries 1-3). PCys has been reported to more effectively

Table 1. Effect of ligand on polymerization of 1t

Ph,C=0

-78°C > RT
86%

S\ _Br LDA,-78°C

-78°C > RT
89%

Scheme 1
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Entry T Ligand®! Mn pld CHCls
(°c) (kg/mol)! Fraction
Yield (%)
1 170 PCys 8.3 1.4 58
2 170 PPhs 5.6 15 6
3 170 tBusP 3.0 24 12
4 80 PEPPSI-iPr 9.1 15 25

[a]l 1 (0.1 M), Pd[OAc)z (2 mM), ligand (6 mM), and Cs2COs (0.15 M) heated in o-
xylene for 72 h; [b] Polymerizations with the ligands IPr-HCI (170 °C), JohnPhos (140
°C), RuPhos (140 °C and 80 °C), XPhos (140 °C and 80 °C) did not result in the
formation of any isolable polymer upon precipitation of the CHCls fraction into
methanol; [c] number-average molecular weight (Mn) and dispersity (£) of polymer
in CHCls fraction were estimated by GPC in THF with polystyrene standards; [d]
yield of the isolated chloroform fraction based on 100 % conversion; [e] 1 (0.5 M),
PEPPSI-iPr (2.5 mM), and Cs2C0s (1 M) in o-xylene at 80 °C for 72 h.

This journal is © The Royal Society of Chemistry 20xx
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promote C-C (Css (carbinol)-Cspz (thienyl-5C) in this case)
cleavage in ipso-arylative coupling reactions (Fig. 1: 1ll) than
PPhs, which would accelerate the polymerization.3* 4% During
the initial screening of other phosphine ligands (RuPhos,
JohnPhos, and XPhos) at 140 °C, no isolable polymer resulted
upon attempted precipitation of the polymerization mixtures,
suggesting that these ligands may not suitable for ipso-arylative
polymerization, so higher temperatures were not investigated
(Table 1). RuPhos and XPhos were also screened at a lower
temperature (80 °C), but no isolable polymer was obtained after
precipitation of the polymerization mixtures with these ligands
(Table 1).

With analogous Pd-catalyzed Suzuki-Miyaura condensation

polymerization systems, ligands such as tBusP*' and N,N'-
bis(isopropyl)imidazol-2-ylidene (IPr)*2 have been found to
contribute to controlled polymerizations under certain
conditions. With monomer 1, no evidence of controlled chain-
growth polymerization was observed with either tBusP (£ > 2)
or IPr-HCI activated with Cs2C0O3* (no polymer isolated) (Table
1: entries 3 and 4). In the polymerizations with tBusP% and
NHC,*? even uncontrolled polymerization was not observed,
which may suggest that tBusP and NHC do not promote the
ipso-arylative coupling reaction effectively under the conditions
examined. While the use of PEPPSI-IPr25 43 (2.5 mM, 0.5 mol%)
as a catalyst resulted in polymer with a molecular weight (M, =
9.1 kg/mol) comparable to that produced with PCys, though in
a lower yield (25%), the lack of any reduction in dispersity (P =
1.5) suggested no improvement in control over the
polymerization with this catalyst system (Table 1: entry 4). The
use of a higher concentration of PEPPSI-IPr (5 mM, 1 mol%) did
not result in any isolable polymer after precipitation in
methanol.
Monomer concentration, temperature, and time. Increasing
monomer concentration can increase polymerization rates, but
can reduce rates at higher conversions if solution viscosity
becomes too high. Catalyst solubility can also be reduced at
higher monomer concentrations. Higher temperatures and
longer polymerization times may accelerate the decomposition
of palladium catalysts and promote the occurrence of side
reactions. 4547 To further optimize polymerization conditions,
polymerizations were conducted with PCys as the ligand at four
different temperatures (80, 100, and 140 °C, in addition to the
170 °C run described in Table 1, entry 1) and three different
monomer concentrations ([1] = 0.1, 0.3, or 0.5 M) in an effort to
further increase molecular weights and reduce dispersities
(Table 2).

At the lowest monomer concentration examined ([1] = 0.1
M), polymerization at 140 °C produced P3HT of higher
molecular weight (M, = 11.4 kg/mol, 51% CHCl; yield) after 24
h (Table 2: entry 2) than was observed at 170 °C after 72 h (M,
= 8.3 kg/mol, Table 1: entry 1), suggesting that catalyst
deactivation is an issue at the higher temperature.
Polymerization at 140 °C for a longer period of time (72 h) did
not result in a significant increase in molecular weight,
suggesting either the loss of chain-end functional groups or
catalyst decomposition (Table 2: entry 3). Polymerization at 120

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Effects of concentration, temperature, and time on polymerization of 1.1

Entry [1] T t Ma P CHCIs Fraction
M) ("Q (h) (kg/mol)d Yield (%)
1(T2-1)® 0.1 70 72 83 14 58
2 01 140 24 11.4 15 51
3 01 140 72 11.2 17 55
4 01 120 48 11.4 15 28
5 01 100 48 8.8 15 27
6 0.1 80 9% 7.2 1.6 48
7 03 140 48 16.0 1.6 52
8 05 140 48 19.7 1.8 57
9 05 140 9 19.5 1.6 45
10 05 120 9 15.0 17 44
11 05 100 9 15.0 2.2 42
12 1.0 140 48 5.5 1.4 24

[a] Monomer 1 (1 equiv.), Pd(OAc)z (0.03 equiv.), PCys (0.06 equiv.), and Cs2COs
(1.5 equiv.) heated in o-xylene; [b] identical to entry 1 in Table 1. Effect of ligand
on polymerization of 1%; [c] number-average molecular weight (Mn) and dispersity
(B) of polymer in CHCls fraction were estimated by GPC in THF with polystyrene
standards; [d] yield of the isolated chloroform fraction based on 100 % conversion.

°C resulted in comparable M, (11.4 kg/mol) but lower apparent
yield (28%, Table 2: entry 4). Polymerization at 100 °C produced
polymers with slightly lower molecular weights (M, = 8.8
kg/mol) and a similarly low yield (Table 2: entry 5). A
polymerization temperature near 140 °C appears to provide a
more optimal balance between polymerization rate, catalyst
decomposition, and molecular-weight-limiting side reactions
than do higher or lower temperatures.?5-47 At 80 °C, the color of
the reaction solution was reddish rather than the almost black
color observed for polymerizations that proceeded to higher
molecular weights, which was consistent with the formation of
low molecular weight species, but could also imply the
involvement of Pd nanoparticles or Pd black at higher
temperatures (Table 2: entry 6).48

At a higher monomer concentration ([1] = 0.5 M),
polymerization at 140 °C produced P3HT of significantly higher
molecular weight (M, = 19.7 kg/mol, 57% CHCl; yield) after 48
h (Table 2: entry 8) than at higher or lower concentrations ([1]
=0.1 M, 0.3 M, 1 M; Table 2: entries 2, 7, 12), though the
molecular weight observed at [1] = 0.3 M was only slightly lower
(M, = 16 kg/mol; Table 2: entry 7). In general, at a monomer
concentration of 0.5 M, much higher molecular weights (M, up
to 20 kg/mol) and somewhat larger dispersities (9 from 1.8 to
2.2) were observed at temperatures ranging from 100-140 °C
(Table 2: entries 8-11). At higher monomer concentration ([1] =
1 M), only low molecular weight P3HT was collected (M, = 5.5
kg/mol), suggesting that the ultimate molecular weight may be
limited by low solubility of polymer at these concentrations
(Table 2: entry 12). The typical regioregularity of P3HT (Table 2:
entry 8) was 90% head-to-tail, as calculated by comparing the
integrations of peaks at 6§ 2.81 (head-to-tail) and 2.58 ppm
(head-to-head) in 'H NMR spectra of the polymers (Fig $10).4¢
Base concentration. The effect of the amount of base (Cs2C0Os),
which primarily serves to neutralize HBr generated during the
coupling reaction (Fig. 1), on the polymerization of monomer 1

J. Name., 2013, 00, 1-3 | 3
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Table 3 Effect of [Cs,C0s) on polymerization of 1

Entry [Cs2COs)/[ M ol CHCls Fraction
1] (kg/mol)®! Yield (%)
1(r2-8)4 1.5 19.7 18 57
2 1 19.4 15 44
3 0.5 14.3 1.4 57

[a] 1 (0.5 M), Pd(OAc)z (15 mM), PCys (30 mM), and Cs2COs heated in o-xylene at
140 °C for 48 h. The reaction mixture was precipitated in methanol, isolated by
filtration, and then washed with methanol and hexanes in a Soxhlet apparatus
before being collected with chloroform; [b] number-average molecular weight
(M=) and dispersity (D) of polymer in CHC; fraction was estimated by GPC in THF
with polystyrene standards; [c] yield of the isolated chloroform fraction based on
100 % conversion; [d] identical to Table 2: entry 8.

was also examined in an attempt to further optimize the
polymerization conditions (Table 3). Relatively high molecular
weights (M, from 19-20 kg/mol) were observed with 1.0 or 1.5
equivalents of Cs,COs relative to monomer 1, though the larger
amount appeared to result in a slightly higher dispersity (Table
3: entries 1 and 2). Reduction of the base concentration to half
that of monomer resulted in a reduction in M, to 14 kg/mol
(Table 3: entry 3). Substitution of CsF (1.5 equiv), which has
been used to promote conversion in Suzuki-Miyaura and Stille
cross-coupling,% 3! for Cs,CO3 resulted in isolation of only a
small amount of oligomer after 48 h. It seems CsF neither
neutralizes HBr effectively nor promotes the coupling reaction
under the conditions examined.

Polymerization of dimethylcarbinol monomer 2

Monomer 2, with a dimethylcarbinol substituent that is
eliminated as acetone, was synthesized and investigated to
determine if a more volatile leaving group might be beneficial
for ipso-arylative polymerization (Scheme 3). As was done for
the polymerization of diphenylcarbinol 1, a range of ligands,
temperatures, and concentrations were investigated for the
polymerization of 2, however, under the best conditions, only
low molecular weight polymers (M, = 4.4 kg/mol) were
obtained in low yield (2.3%) (Table S1: entry 2). It seems that
the polymerizability of monomer 2 was significantly lower than
1 due to the lower reactivity of dimethyl carbinol groups in
comparison to diphenyl carbinol groups, which is likely the
result of a lower rate of insertion of Pd in step Il of the catalytic
cycle (Fig. 1). Dimethylcarbinol methyl peaks (& 1.68 ppm, peak
h in Fig. S9) were still visible in 'H NMR spectra of the hexane-
soluble oligomer fraction after Soxhlet purification. When
iodothienyl monomer 2-1 was polymerized in an attempt to
increase coupling efficiency, a slightly higher molecular weight
was
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Fig. 2 MALDI-TOF for P3HT prepared by ipso-arylative cross-coupling polymerization of
monomer 1 at 140 °C for 24 h (Table 2, entry 2).

obtained (M, = 6.6 kg/mol; Table S1: entry 7), but the yield
remained low (2.5%).

Model studies of termination reactions.

P3HT with higher molecular weight (M, > 20 kg/mol) has been
reported to result from other palladium-catalyzed cross-
coupling polymerizations.17. 22 42, 43 The plateau in molecular
weight evolution observed at longer polymerization times for
several of the polymerization conditions used with monomer 1
suggests that catalyst decomposition and/or end-group loss are
limiting the ultimate molecular weight.

MALDI-TOF mass spectrometry of P3HT prepared by ipso-
arylative polymerization of monomer 1 at 140 °C shows a single
major series of peaks with a mass difference of 166 Da between
peaks, corresponding to the mass of the 3-hexylthienyl
repeating unit (166.28 g/mol) (Fig. 2). The m/z values for the
peaks in this series do not match the values expected for
polymers with bromide and diphenylcarbinol end groups (Fig. 3,
Br-/-CPh,OH), but can be matched to several possible end-

S OH X* S OH
\ > \
CeH13 CeH13
2 (X=Br) M, < 4 kg/mol
2 (X=1) yield (CHCI3) < 3%

Scheme 3 Polymerization of dimethylcarbinol monomers 2 and 2-1 (see Table 51)
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Fig. 3 Expected polymer end-groups and possible end-groups resulting from side
reactions.
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group combinations: H-/-H resulting from either
protodehalogenation/protodecarbinolation  or  reductive
coupling of thienyl halides®? followed by protodecarbinolation
at both chain ends (for DP = 31, M.a = 5157 Da), or H-/-CPhy*
resulting from protodehalogenation and ionization through loss
of hydroxide anion (for DP = 30, Mcaic = 5156 Da) (Fig. 2). (Mass
spectra for monomers 1 and 2 similarly show the major species
present results from cationization through loss of hydroxide.)

The absence of diphenylcarbinol aromatic protons in 'H
NMR spectra for P3HT prepared from monomer 1 at 140 °C (Fig.
$10) suggests that the major series present has protons at both
termini (H-/-H). The occurrence of these side reactions which
lead to the loss of end-groups under standard polymerization
conditions appears to be a significant factor limiting polymer
growth.

MALDI-TOF spectrograms of polymerizations of monomer 1
run at lower temperatures (80-120 °C, Fig. $12) show that the
major series of peaks at each temperature corresponds to the
H-/-H or H-/-CPhy* series, but two minor series of peaks can be
observed at the lower temperatures, neither with masses
corresponding to Br-/-C(Ph),OH end-groups. One series is 16
amu larger than the major series (Mmajor+16), which likely
corresponds to either H-/-CPh,OH (protodehalogenation) or
Ph2(HO)C-/-CPhy* (reductive coupling) end-groups, which is
supported by the presence of diphenylcarbinol aromatic
protons in the *H NMR spectrum (7.43 and 7.35 ppm) of this
polymer (Fig. S11). The second series (Mmajor+44) does not
match any expected end-group combination. It is plausible that
this series results from either enchainment of monomer
through ortho-arylation, which would result in additional
carbinol groups on each chain, or direct arylation of ortho-
xylene, but further study will be necessary to identify these
species.

As the polymerization temperature is increased from 100 to
140 °C, the relative intensity of the minor series of peaks
decreases (Fig. S12: B, C, and D), suggesting that higher reaction
temperature, while resulting in higher molar masses, may
promote  protodehalogenation/protodecarbinol-ation  or
reductive coupling52/protodecarbinolation to produce chains
with proton end-groups (H-/-H). At a lower temperature (80 °C),
longer reaction times may also favor the formation of proton
end-groups (H-/-H).

To confirm the MALDI-TOF MS end group assignments,
model compounds 3 and 4 were subjected to standard
polymerization conditions (Scheme 4). Control reaction A was
designed to allow investigation of side reactions that can occur
during ipso-arylative coupling between a monofunctional
carbinol and a monofunctional aryl halide (Scheme 4). 2-
Hydroxydiphenylmethyl-3-hexylthiophene (4, 0.1 M), a model
for the diphenylcarbinol chain end, and 2-bromotoluene (0.1 M)
were mixed with Pd(OAc); (3 mM), PCys (6 mM), and Cs2COs
(0.15 M) in o-xylene and heated for 24 h at 140 °C. The resulting
mixture was concentrated and dissolved in CDCls. In the *H NMR
spectrum of the resulting solution, the near quantitative
conversion of the two precursors to 3-hexyl-2-(o-
tolyl)thiophene (5) with no protodecarbinolation was observed.

This journal is © The Royal Society of Chemistry 20xx
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30:9:61

Scheme 4 Model coupling reactions: reactant(s) (0.1 M each), Pd{0Ac); (0.03 M), PCys
(0.06 M), and Cs,CO; (0.15 M) in o-xylene, 140 °C, 24 h.

Control reaction B was designed to determine the extent of
protodecarbinolation during standard coupling conditions in
the absence of an aryl halide (Scheme 4). Carbinol 4 was heated
for 24 h at 140 °C without aryl halide, but otherwise under the
same conditions as reaction A. The formation of 3-
hexylthiophene (~54%, multiplets at 6 7.25 ppm and 6.95 ppm),
the product resulting from protodecarbinolation, and
benzophenone (43%, triplets at 6 7.51 and 7.63 ppm, doublet at
& 7.85 ppm) was observed by *H NMR, in addition to unreacted
4 (~46%, doublets at & 7.13 and 6.98 ppm, multiplets at § 7.35
and 7.42 ppm) (Fig. 4: Spectrum B). In a reaction carried out
under the same conditions as reaction B, but in the absence of
palladium catalyst and phosphine, only unreacted 4 was
observed by *H NMR, confirming that the catalyst system plays

Heo s O He
HO I " Hy
e T X
W st Hy

CeHis My 4
A 4/Pd(OAC)/P(Cy),. 140 CI24 h a
f o-xylene
o RN T,
| |_l_f_[ T 1 cte
| 1 M 1T 1a R
_l‘l. PR 1 T gl \]-
| | il (VLW s Ul

) i)
T Il f?—.l 2

B. 2-Hydroxydiphenylmethyl-

3-hexylthiophene (4) “CeMs

C. 3-Hexylthiophene (3HT)

A

d 'E‘J"f
W ik
Ll S L

79 7.8 .7 7.6 7.5 74 73 72 71 7.0 6.9
ppm

Fig. 4 *H NMR spectra (CDCly, solvent peak at 7.26 ppm) for control reaction B (Scheme
2): (A) Reaction mixture after 2-hydroxydiphenylmethyl-3-hexylthiophene (4) (0.1 M)
was heated with Pd{OAc); (3%), PCys (6%), Cs;CO; (1.5 equiv.) in o-xylene at 140 °C for
24 h; (B) model compound 4; (C) 3-hexylthiophene.
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Fig. 5 *H NMR spectra (CDCly, solvent peak at 7.26 ppm) for control reaction € (Scheme
2): (A) crude product mixture resulting from reaction of 2-bromo-3-hexylthiophene (5)
(0.1 M) with Pd(OAc); (3%), PCys (6%), Cs2C0;3 (1.5 equiv.) in o-xylene at 140 °C for 24 h;
(B) 2-bromo-3-hexylthiophene (5); (C) 3-hexylthiophene.

an important role in the protodecarbinolation reaction.
Together, control reactions A and B suggest that
protodecarbinolation during polymerization is more likely to
occur at higher conversions where the concentration of aryl
halides is low, which is consistent with the finding that carbinol
end group loss appears to increase at higher temperatures and
longer polymerization times. While it has previously been
reported that protodecarbinolation in ipso-arylative cross-
coupling reactions with molecular substrates can be minimized
by the use of PCy; rather than bulkier phosphines,5? these
results suggest that it can occur to a sufficient extent during
polymerization to limit the ultimate molecular weights that can
be realized.Control reaction C was used to examine the
possibility of protodehalogenation wunder ipso-arylative
coupling conditions. 2-Bromo-3-hexylthiophene (3, 0.1 M),
Pd(OAc); (3 mM), PCys (6 mM), and Cs2C03(0.15 M) in o-xylene
were heated for 24 h at 140 °C. The resulting mixture was
concentrated and dissolved inCDCls. In the *H NMR spectrum of
this solution (Fig. 4), 56% of 3 remained unchanged, 28% had
been reduced to 3-hexylthiophene (Fig. 5: Spectrum A, peaks c,
d, and e), and 16% had dimerized to 3,3'-dihexyl-2,2'-
bithiophene (6), likely through Ullman-like reductive
coupling,’* 55 resulting 61:30:9 ratio of unreacted 5, the
dehalogenated product 3-hexylthiophene, and dimer 6.
Palladium-catalyzed dehalogenation of aryl halides has been
purposefully carried out in the presence of primary or
secondary alcohols® 57 or under a hydrogen atmosphere.58 59
Uncontrolled dehalogenation of aryl halides has also been
reported as an undesired side reaction in palladium-catalyzed
cross-coupling reactions in the absence of alcohols or a
hydrogen atmosphere, though the mechanism is unclear.5% 6! In
the ipso-arylative polymerization of 1, the mechanism of
dehalogenation of bromothiophene is still unclear, but it may
be related to the formation of other palladium species or
palladium black since similar undesired end groups (-H) have
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also been observed in other palladium-catalyzed cross-coupling
polymerizations.25 55

Based on the model reactions (Scheme 4),
protodehalogenation, protodecarbinolation, and reductive
coupling reactions occur more slowly than ipso-arylative cross-
coupling, suggesting that these termination reactions are only
significant at higher monomer conversions. The occurrence of
protodecarbinolation and dehalogenation side reactions, as
evidenced by H NMR spectra of the products of control
reactions B and C (Fig. 4 and Fig. 5) and MALDI-TOF MS of
polymerizations at different temperatures, would explain the
increase in proton end groups rather than the expected
diphenylcarbinol or bromide end groups on P3HT prepared by
ipso-arylative coupling.

Conclusions

ipso-Arylative cross-coupling reactions have been applied to the
preparation of P3HT. The chemical structures of those polymers
have been analyzed by 'H NMR and MALDI-TOF and the
polymer molecular weights have been estimated by SEC.
Ligand-screening studies showed that PCys is more suitable for
producing higher molecular weights than other phosphine
ligands. Diphenylcarbinol monomer 1 has been successfully
polymerized over a wide range of temperatures (80-140 °C) to
number-average molecular weights up to 20 kg/mol.
Dimethylcarbinol monomer 2 showed lower polymerizability
than 1 under the same conditions and mostly formed oligomers
(M, = 3 kg/mol).

The occurrence of side reactions that limit molecular weight
in the polymerization of diphenylcarbinol 1 have been studied
with model compounds. The loss of both bromide and
diphenylcarbinol groups under polymerization conditions has
been observed in the model compounds by *H NMR and in
polymers by end-group analysis with MALDI-TOF, suggesting
that P3HT prepared by ipso-arylative polymerization of 1 is
terminated with protons on both ends during the course of the
polymerization, suggesting that the growth of polymer chains is
ultimately halted by the loss of active end-groups. These results
suggest that, without further optimization of ipso-arylation
coupling methods, that the use of this method as a general
route to n-conjugated polymers is likely to be limited to cases
where its advantages over complementary methods (e.g.,
monomer stability, lack of tin by-products) are clear.

Experimental Section
Materials

All reactions were carried out in oven-dried glassware under a
nitrogen atmosphere. Anhydrous and anaerobic solvents were
purchased from commercial sources. N-Bromosuccinimide was
recrystallized from hot water. Other starting materials were
purchased from commercial sources and used without further
purification.

Characterization

This journal is © The Royal Society of Chemistry 20xx
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1H NMR and 3C NMR spectra were collected on a 400 MHz
NanoBay Bruker spectrometer or a 500 MHz Bruker Avance Il
Console with CD.Cl; or CDCl; as the solvent at room
temperature and referenced to either dichloromethane (5.35
ppm for 1H NMR and 54.0 ppm for 13C NMR) or chloroform (7.26
ppm for 'H NMR and 77.2 ppm for 13C NMR) peaks. Matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectra were acquired with a Bruker AutoFlex!l equipped
with a nitrogen laser (A = 337 nm). Time-of-flight mass analysis
were performed in the reflectron mode over an m/z range
10009000 Da. Polymer solutions in chloroform (4 mg/mL) and
matrix  (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenyl-
idene]malononitrile) solutions in chloroform (25 mg/mL) were
mixed in a 1:2 v/v ratio. The mixed solution (1 puL) was applied
to a stainless steel target and air-dried. High resolution mass
spectra were obtained on Agilent LC-MSD consisting an 1100
HPLC and a G1956A mass spectrometer. All size-exclusion
chromatography (SEC) data were acquired at 40 °C with THF
(HPLC grade, J.T. Baker) as the eluent at a flow rate of 1.0
ml/minute. The SEC consisted of a K-501 pump (Knauer), a K-
3800 Basic Autosampler (Marathon), 2 x PLgel 5 um Mixed-D
columns (300 x 7.5 mm, rated for linear separations at polymer
molecular weights from 200 to 400,000 g/mol, Polymer
Laboratories), a CH-30 Column Heater (Eppendorf), a PL-ELS
1000 Evaporative Light Scattering Detector (Polymer
Laboratories), and a PL Datastream unit (Polymer Laboratories).
Narrow polydispersity polystyrene standards with molecular
weights from 580-377,400 g/mol (EasiCal PS-2, Polymer
Laboratories) were used to construct a calibration curve for
data analysis.

Synthetic Procedures

(5-Bromo-4-hexylthiophen-2-yl)diphenylmethanol (1). Lithium
diisopropylamide (LDA) solution (6.0 ml, 1.5 M in THF, 9.0
mmol) was injected into anhydrous THF (20 ml) in a nitrogen-
filled glovebox, then the flask containing the LDA solution was
removed from the glovebox and cooled under nitrogen to -78
°C in an acetonefliquid nitrogen bath. 2-Bromo-3-
hexylthiophene (2.0 g, 8.1 mmol) was dissolved in anhydrous
THF (20 ml). The 2-bromo-3-hexlythiophene solution was added
to the LDA solution with a syringe pump (40 ml/h) at -78 °C.
Then the mixture was allowed to stir for 15 min before a
solution of benzophenone in THF (10 ml, 0.65 M, 6.5 mmol) was
slowly injected by syringe. The mixture was stirred for 1 h at -78
°C and then allowed to warm up to room temperature
overnight. The reaction mixture was neutralized by the addition
of aqueous HCI (1 M, 10 ml). The organic layer was separated
and the aqueous layer was extracted with chloroform (3 x 40
ml). The chloroform extracts and the first organic layer were
combined and dried over anhydrous Na;S0; and then
concentrated under reduced pressure. The crude product was
purified by gravity chromatography (Si0;, hexanes/ethyl
acetate 100:0 to 95:5 as a gradient) to give 1 as a viscous orange
liquid (2.4 g, 86%). 'TH NMR (400 MHz, CDCls, Fig. S1) § 7.40 —
7.31 (m, 10H, -Ph), 6.46 (s, 1H, thienyl 3-H), 2.53 — 2.44 (m, 2H,
thiophene-CH»-), 1.53 (t, 2H, thiophene-CHsCH>-), 1.38 — 1.22
(m, 6H, -(CH2)3CH3), 0.96 — 0.82 (m, 3H, -CHs); 13C NMR (100

This journal is © The Royal Society of Chemistry 20xx

MHz, CDCls, Fig. S2) 6 151.4, 146.1, 141.8, 128.3, 128.0, 127.8,
127.4, 109.4, 80.3, 31.7, 29.83, 29.76, 29.0, 22.8, 14.3.; ESI-MS
HRMS (positive ion mode) (m/z) [M+H-H;0]* calcd. for
C23H2503r05+H—H20, 413.0?58; fclund, 413.0759.
2-(5-Bromo-4-hexylthiophen-2-yl)propan-2-ol (2). LDA
solution (6.0 ml, 1.5M in THF, 9.0 mmol) was injected into
anhydrous THF (20 ml) in a nitrogen-filled glovebox. The flask
containing the LDA solution was removed from the glovebox
and cooled under nitrogen to -78 °C in an acetone/liquid
nitrogen bath. A solution of 2-bromo-3-hexylthiophene (2.0 g,
8.1 mmol) in anhydrous THF solvent (20 ml) was prepared and
slowly added to the LDA solution with a syringe pump (40 ml/h)
at -78 °C. Then the mixture was stirred for 15 min before a
solution of acetone in THF (10.0 ml, 1.22 M, 12.2 mmol) was
slowly injected by syringe at -78 °C. The mixture was stirred for
1 h at-78 °C and then allowed to warm up to room temperature
overnight with stirring. The reaction mixture was neutralized by
addition of aqueous HCI (1 M, 10 ml). The organic layer was
separated and the aqueous layer was extracted with chloroform
(3 x 40 ml). The chloroform fractions and the first organic layer
were combined and dried over anhydrous Na;S0,, and then
concentrated under reduced pressure. The crude product was
purified by gravity chromatography (hexanes/ethyl acetate
90:10 to 75:25 as a gradient) to give 2 as a viscous orange liquid
(2.2 g, 89%). 'H NMR (400 MHz, CDCls, Fig. S3) & 6.65 (s, 1H,
thienyl 3-H), 2.56 — 2.46 (m, 2H, thiophene-CH>-), 1.96 (s, 1H, -
OH), 1.62 (s, 6H, -C(OH)(CH3)2), 1.56 (m, 2H, thiophene-CH2CH;-
), 1.32 (s, 6H, -(CH3)3-CH3), 0.90 (s, 3H, -CH3); 3C NMR (100 MHz,
CDCls, Fig. S4) 6 153.8, 141.8, 123.1, 107.3, 76.9, 71.7, 32.1,
31.8, 29.88, 29.86, 29.1, 22.8, 14.3; ESI-MS HRMS (positive ion
mode) (m/z) [M+H-H;0]* caled. for Ci3H21BrOsS+H-H,0,
289.0443; found, 289.0445.
(3-Hexylthiophen-2-yl)diphenylmethanol (4). 2-Bromo-3-
hexylthiophene (1 g, 4.05 mmol) was dissolved in anhydrous
THF (10 ml) in a Schlenk flask. The flask was cooled to -78 °C in
an acetone/liquid nitrogen bath. n-Butyl lithium (2.66 ml, 1.60
M, 4.25 mmol) was injected by syringe into the flask dropwise.
Then the mixture was stirred for 30 min and a solution of
benzophenone in THF (10 ml, 0.365 M, 3.65 mmol) was injected
by syringe slowly at -78 °C. The mixture was stirred for 1 h at -
78 °C and then allowed to warm up to room temperature
overnight with stirring. The mixture was neutralized by addition
of aqueous 1M HCI (5.0 ml). The organic layer was separated
and the aqueous layer was extracted with dichloromethane (3 x
10 ml). The dichloromethane fractions and the first organic
layer were combined and dried over anhydrous Na;S0,4, and
then concentrated under reduced pressure. The crude product
was purified by gravity chromatography (Si0O;, hexanes/ethyl
acetate 95:5) to give 4 as a viscous orange liquid (779 mg, 55%).
1H NMR (400 MHz, CDCls, Fig. S7) & 7.39 (dd, 4H, -Ph), 7.36 —
7.29 (m, 6H, -Ph), 7.11 (d, 1H, thienyl-4H), 6.96 (d, 1H, thienyl-
3H), 2.97 (s, 1H, -OH), 2.30 (t, 2H, thiophene-CH>-), 1.38 — 1.25
(m, 2H, thiophene-CH>-CH»-), 1.25 = 1.14 (m, 2H, -CH3-CH>-CH >
), 1.14 — 1.03 (m, 4H, -(CH2)>-CH3), 0.83 (t, 3H, -CH3); 13C NMR
(125 MHz, CDCls, Fig. S8) & 146.4, 144.6, 140.7, 130.152,
130.151, 127.9, 127.5, 123.3, 79.8, 31.6, 30.1, 29.6, 29.3, 22.6,
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14.2; ESI-MS HRMS (positive ion mode) (m/z) [M+H-H,0]* calcd.
for C23H260S+H-H-»0, 333.1671; found, 333.1674.

General Polymerization Procedure. Monomer (0.5 M),
palladium acetate (15 mM), tricyclohexylphosphine (30 mM]),
and cesium carbonate (1 M) in o-xylene were loaded in a
pressure tube with a magnetic stirbar in a nitrogen-filled
glovebox. The sealed pressure tubes were removed from the
glovebox and clamped in a preheated silicon oil bath. After
polymerization, the solution was allowed to cool to room
temperature and precipitated by addition to an excess of stirred
methanol. The precipitated polymer was collected by filtration
and purified by sequential Soxhlet extraction with hexanes, to
afford a low molecular weight fraction, and chloroform, to
afford the higher molecular weight fraction.
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Synthetic Procedures
S I\__s |
NIS (1) LDA S
/ll,\/) D (2) Acetone > :[HOH
Hexyl Hexyl Hexyl

777 %) 2-1 (34 %)

3-Hexyl-2-iodothiophene (7).! 3-Hexylthiophene (3.11 g, 18.5 mmol) was dissolved in AcOH
(25 ml) and CHCIs (25 ml) in a flask wrapped with aluminum foil at room temperature, then N-
1odosuccinimide (4.37 g, 19.4 mmol) was poured into the flask in 5 portions over 30 min. The
mixture was allowed to stir overnight at room temperature. The solution was neutralized by
cooling the flask in an ice bath and slowly adding aqueous 2M KOH (100 mL). The organic
layer was separated in a separatory funnel and the aqueous layer was extracted with
dichloromethane (3 x 50 ml), then the first organic fraction and dichloromethane fractions were
combined and washed with saturated NaHCOs(aq) (100 ml). The organic layer was dried over
with anhydrous Na2SO4 and filtered, then the collected solution was concentrated and purified
with chromatography (SiO2, hexanes) to afford 7 as a reddish transparent liquid (4.2 g, 77%). 'H
NMR (500 MHz, Chloroform-d) 6 7.38 (d, 1H, thienyl 4-H), 6.76 (d, 1H, thienyl 3-H), 2.57 (t,
2H, thiophene-CHz>), 1.57 (m, 2H, thiophene-CH2-CH>-), 1.33 (m, 4H, -(CH2)>-CHs), 0.91 (t, 3H,
-CH3).

2-(4-Hexyl-5-iodothiophen-2-yl)propan-2-ol (2-I). LDA solution (11.1 ml, 1.5M in THF,
16.7 mmol) was injected into anhydrous THF (20 ml) in a nitrogen-filled glovebox. The flask
containing LDA solution was removed from glovebox and cooled to -78 °C in an acetone/liquid
nitrogen bath. Compound 7 (4.2 g, 14.4 mmol) was dissolved in anhydrous THF (20 ml) in a
flask. The solution of 7 was slowly added to the LDA solution with a syringe pump (40 ml/h) at -
78 °C. Then the mixture was stirred for 15 min and a solution of acetone in THF (10 mL, 2.88
M, 28.8 mmol) was slowly injected by syringe at -78 °C. The mixture was stirred for 1 h at -78
°C and then allowed to warm up to room temperature overnight with stirring. The mixture was
neutralized by addition of aqueous 1M HCI (20 ml). The organic layer was separated and the
aqueous layer was extracted with dichloromethane (3 x 40 ml). The dichloromethane fractions
and the first organic layer were combined and dried over anhydrous Na:SOs, and then



concentrated under reduced pressure. The crude product was purified by gravity chromatography
(S102, hexanes/ethyl acetate 95:5 to 78:15 as a gradient) to give 2-I as a viscous orange liquid
(1.7 g, 34%). '"H NMR (500 MHz, Chloroform-d) § 6.60 (s, 1H, thienyl 3-H), 2.47 (t, 2H,
thiophene-CH>-), 1.62 — 1.57 (m, 6H, -COH(CHj3)>2), 1.54 (q, J = 7.4 Hz, 2H,-CH2-CH>-), 1.37 —
1.30 (m, 6H, -(CH2)3-CH3), 0.90 (t, 3H, -CH3) ; *C NMR (125 MHz, CDCl3) § 159.0, 147.1,
123.1, 72.6, 71.8, 32.8, 32.2, 31.9, 30.2, 29.2, 229, 14.4; ESI-MS HRMS (positive ion mode)
(m/z) [M+H-H20]" calcd. for C13H21I0S+H-H20, 335.0325; found, 335.0325.



Polymerization of dimethylcarbinol monomer 2. Monomer 2 was equipped with a
dimethylcarbinol group on the 5-position instead of a diphenylcarbinol group. Polymerization of
monomer 2 was examined with two different catalysts and several ligands in attempts to
optimize the polymerization: Pd(OAc): was paired with PCys, PPhs, #~BusP and Pd(CNPh):Cl2
was paired with (p-CF3Ph)sP.2 As was observed for the polymerization of monomer 1,
significantly higher molecular weights for the chloroform fraction were found with PCys as a
ligand than with other ligands (Table S1, but fraction yields were exceedingly low (< 3%),
indicating that mostly oligomers (Ma < 3 kg/mol) were afforded. As was found for the
polymerization of the diphenylcarbinol-functionalized monomer, increasing the polymerization
concentration from 0.1 M to 0.5 M led to an increase in the molecular weight and total yield of
oligomers, from 55 to 79% (Table S1: entry 1 vs entry 6).

The ipso-arylative coupling of triphenylmethanol and bromobenzene has been reported to
proceed to higher conversion than that between 2-phenylpropan-2-ol and phenyl bromide with
PCys3 or PPhs as the added ligand,® which is in agreement with the observed higher reactivity of
monomer 1 as compared to monomer 2. When polymerizations of monomer 2 with PCys were
conducted at lower temperatures (80 - 100 °C), polymer/oligomer precipitate was not observed in
the first precipitation into methanol. The dimethylcarbinol group of P3HT of hexanes fraction in
entry 1 was observed in "H NMR (peak h in Figure S9). This might be explained by the lower
reactivity of dimethylcarbinol as compared to diphenylcarbinol groups in coupling reaction.

Table S1 Polymerization of monomer 2

CHCl; fraction (Polymer) Hexanes Fraction (oligomers)
Entry  Pd/Ligand T M, Dl yield M, Pl yield
0 | (kg/mol) (%) (kg/mol)l! (%)
1 Pd(OAc),/PCy; 170 4.6 1.7 Trace 2.8 25 55
20 Pd(OAc)./PPhs 170 4.4 3.8 23 2.7 35 57
3 Pd(OAc)./t-PBu; 170 0.5 52 23 0.7 22 22
4] Pd(CNPh),CL/ 170 2 1.5 23 1.5 13 23
(p-CFsPh);P
5] Pd(OAc),/PCy; 140 5.7 1.3 trace 38 1.5 41
6] Pd(OAc)./PCys 170 5.3 2.0 trace 22 1.6 79
7H Pd(OAc)./PCys 170 6.6 25 25 24 4.4 28
8] Pd(OAc)./PCys 100 N/AlE N/A N/A N/A N/A  N/A
olel Pd(OAc)./PCys 80 N/ALE] N/A N/A N/A N/A  N/A

[a] Monomer 2 (0.1 M), Pd(OAc): (2 mM), Ligand (6mM), and Cs,COs (0.15 M) heated in o-xylene for 48 h; [b]
Monomer (0.5 M), Pd(OAc); (15 mM), PCy; (30 mM), and Cs,COs (0.75 M) heated in o-xylene: [c] number-
average molecular weight (M) and dispersity (P) of polymers in chloroform fraction were estimated by GPC in
THF with polystyrene standards: [d] yield of chloroform fraction based on 100 % conversion: [¢] No polymer was
collected in Soxhlet extraction with chloroform; [f] 2-I was used with conditions described in footnote [b]: [g]
oligomer/polymer was not observed after precipitation in methanol.
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Figure S12. MALDI-TOF mass spectrograms of P3HT resulting from ipso-arylative
polymerization of monomer 1 at A) 80 °C for 4 days (Table 2, entry 6), B) 100 °C for 2 days
(Table 2, entry 5), C) 120 °C for 2 days (Table 2, entry 4), D) 140 °C for 1 day (Table 2, entry
2). Major peaks (Mmajor) at each temperature correspond to series with either H-/-H or H-/-
C(Ph)2" endgroups (Fig. 3). The end-groups that give rise to the most abundant minor series of
peaks at lower temperatures (Mmajort44) have not yet been identified. They do not match to
expected masses for the expected Br-/-C(Ph):OH or Br-/C(Ph):OH endgroups or any other
expected species. It is plausible that this series results from either enchainment of monomer
through ortho-arylation, which would result in additional carbinol groups on each chain, or direct
arylation of ortho-xylene, but further study will be necessary to identify these species. The
second most abundant minor series (Mmajort16) is likely to arise from either H-/~-CPh.OH or
Ph2(HO)C-/-CPh2" end-groups.
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Figure S13. Comparison of 'H NMR of o-xylene, reaction B, and reaction C (from top to
bottom).
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