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did not

In the direct arylation polycondensation of thiophene
derivatives, toluene was found to be a suitable solvent for
electron-deficient thiophenes, whereas dimethylacetamide
(DM AC) was suitable for electron-rich thiophenes.

Polycondensation via dehydrohalogenative crossicwupeactions,

5-(2-ethylhexyl)-thieno-[3,4]pyrrole-4,6-dione  (TPD)
afford a polymeric product (Scheme S1). In contrdlsé direct
arylation polycondensation of TPD derivatives wagcessfully
demonstrated by Ozawand Lecleret al. using THF or toluene as
solvents. These observations prompted us to asheseffect of
solvent in direct arylation polycondensation reasi we envisioned

so-called direct arylatioh,has recently been recognized as alfiat the optimal solvents and catalytic systemslavbe influenced
efficient synthetic protocol for the production afconjugated by the chemical nature of the thiophene monomessa/proof of
polymers>®® As opposed to conventional polycondensatiogoncept, we first focused on toluene as a solvest the
reactions carried out via cross coupling, this grot has advantagespolycondensation of TPD, and the polycondensatibrvarious
with respect to decreasing the number of reactiepssfor monomer thiophene monomers bearing electron-donating  orctrele-
preparation and reducing undesired waste from ematellic Withdrawing substituents was demonstrated under types of
monomers! The reduced amount of waste leads to high-purig@nditions, namely the newly established toluengetaconditions
polymers because of reducing potential inpufifyand the highly and the reported DMAc-based conditions. Herein, reggort the
pure polymer shows high performance in organicdfffect relationship between the reaction conditions ared rthture of the
transistors and organic photovoltaicslowever, direct arylation thiophene monomers, which allowed for the prepanatif a variety
polycondensation is being further developed asliabte synthetic of thiophene-based conjugated polymers via directlaton
method forn-conjugated polymer materials because its apptinati Polycondensation.

range is still limited in comparison to those ofneentional

methods:> Therefore, fundamental research regarding direct 8H17 CgH47
arylation polycondensation is required to produdarge variety of

n-conjugated polymers with high molecular weightsl guurities. H H +nBr Br
Notably, the discovery of efficient catalytic sysi®e and their \ /

optimization  play important roles in  metal-catalyse

polycondensation reactions. In the first reportarding direct
arylation polycondensation, Pd(OAcwith a large amount of
tetrabutylammonium bromide in dimethylformamide (BMwas
used for synthesis of poly(3-alkylthiophene-2,5bdfyHowever, this
catalytic system only afforded low-molecular-weigidglymers M,
= 3100). Takita, Ozawa, and co-workers reported ttea Herrmann
catalyst with P(gH4-0-NMey); in THF promoted efficient direct
arylation polycondensation, affording poly(3-hekydiphene-2,5-
diyl) with a high molecular weight\,, = 32600) in excellent yield.
The catalytic system was further developemhd applied in the Scheme 1 Direct arylation polycondensation in toluene.

preparation of organic photovoltaics materfa@@ur group examined

direct arylation polycondensation using Pd(CAcyithout a The reaction of TPD with 2,7-dibromo-9,9-dioctylfiene in
phosphine ligand in DMAE® The polycondensation reaction of 3,4toluene was conducted under the conditions repdnyeideclerc and
ethylenedioxythiophene (EDOT) with 2,7-dibromo-9,9eo0-workers (Scheme 13.The reaction was carried out using the
dioctylfluorene under the utilized reaction congfis afforded the Herrmann catalyst with P¢8,-0-OMe); in the presence of pivalic
correspondinca; polymer with a high molecular wei¢¥lt, = 39400) acid and Cg££0O,. Because the reaction temperature (120 °C) was
in 89% yield® However, under the same conditions, the reaction ligher than the boiling point of toluene, a pressight vessel was

Pd precatalyst

PivOH (30 mol%)
Cs,CO3 (2.0 eq.)
toluene, 24 h

EH = 2-ethylhexyl
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utilized in the reaction. The reaction affordedyp@-(2-ethylhexyl)- integral ratio of the signals agreed with the amsignts and was
thieno-[3,4€]pyrrole-4,6-dione-1,3-diyl)-(9,9-dioctylfluorene2 consistent with the alternating structure of thyper.
diyl)] (PTPDF) with a molecular weight of 20200 in 78% yield

(Table 1, Entry 1). The use of PECHBF, rather than P(gH4-0- CHCls
OMe); provided a polymer with a higher molecular weight a d ¢ b a
higher yield (Entry 2). The results from Entry 3daé revealed that CgHiz CH2CH(CH)sCHy
the Herrmann catalyst was not an essential presatahe reactions
with Pd(dbal or Pd(OAc) afforded polymers with somewhat 2
higher molecular weights in higher yields. In augit the b ™S
combination of Pd(OAg)and PCy-HBF, allowed for a decrease in o o
the reaction temperature (to 110 °C), which was than the boiling N i j
point of toluene and avoided high reaction pressuintry 5). h~J K
Comparable polymerization results were obtainechupducing the j i k )
Pd loading to 2 mol% (Entry 6 and 7). The reacti@s conducted at ¢ |
100 °C under the optimized catalytic conditionsdomparison with i
the reported exampl®sof direct arylation polycondensation in
DMAc at 100 °C. The reaction at 100 °C afforded cenparable h /d\.LJ
result (Entry 8), whereas the reaction at 80 °Cldgé only ‘ s
oligomeric products (Entry 9). Figure 1 shows the NMR T P S PR L P T = R
spectrum of PTPDF. Each signal can be assignetigtadpeating
unit, and the signal of the terminal unit was nbiserved. The Fig. 1'H NMR spectrum oPTPDF (400 MHz, CDC})).
Table 1 Polycondensation of thieno[3,4-c]pyrrole-4,6-diaviéh 2,7-dibromo-9,9-dioctylfluorene in toluene
Entry Pd precatalyst (mol%) Ligarid Temp./°C Yield / 98 M, ¢ My/M,, ©

1¢ Herrmann catalyst (8) P{B,-0-OMe); 120 78 20200 1.8

2¢ Herrmann catalyst (8) PGWHBF, 120 85 37000 2.4

3d Pdy(dba) (8) PCy HBF, 120 83 44600 25

44 Pd(OAC)(8) PCy HBF, 120 85 46400 2.6

5 Pd(OAc) (8) PCy-HBF, 110 96 44400 2.3

6 Pd(OAc) (4) PCy-HBF, 110 88 44300 2.0

7 Pd(OAc) (2) PCy-HBF, 110 85 45500 1.9

8 Pd(OAc) (2) PCy:-HBF, 100 93 46300 1.9

9 Pd(OAc) (2) PCy-HBF, 80 0 - -
3Equimolar amount of the phosphine ligand to a Rderevas addedThe products were obtained by reprecipitation fRCIyCH,OH. ¢
Estimated by GPC calibrated on polystyrene starsd&Average values of duplicated runs.

The optimization of the reaction conditions reveakbat dimethylthiophene and EDC¥! Therefore, thiophenes with
direct arylation polycondensation of TPD in toluesiéorded the substituents at the 3 and 4 positions were invagdyin the direct
corresponding polymer with a high molecular weighgood yield. arylation polycondensation reaction under the twpes of
The reaction of TPD in DMAc did not afford a polyrizeproduct conditions (Scheme 2). Table 2 summarizes the teesfl the
(Scheme S1), although DMAc promoted several dieggtation reactions carried out using the DMAc system (Coodif) and the
polycondensation reactions of thiophene derivatisesh as 2,3-  toluene system (Condition B).

Condition A

Pd(OAC); (2 mol%)

1-AdCOOH (30 mol%)
CgHq7. _CgHi7

KoCO3 (2.5 equiv.)
s . DMAcg, 100 °C, 24 h
e VL W W
Condition B

R R Pd(OAc), (2 mol%)
PCy3*HBF,4 (2 mol%)
PivOH (30 mol%)
Cs,CO3 (2 equiv.)
toluene, 100 °C, 24 h

Scheme 2 Direct arylation polycondensation of thiophene datives under conditions A and B.
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Table 2 Direct arylation polycondensation of thiophene moees with various substituents under Conditions4 @ondition B

Enir Monomer Condition A Condition B°
y vield / %° M MM Yield / %° M, ¢ M,,/M, ¢
S
A= " f f
1¢© 87 42700 2.7 0 - -
(o] 0]
__/
S
H H
2 \ / 98 11300 1.8 0 - -
CgH170  OCgHq7
S
3 e 79 13700 2.4 0 . -
HsC CH3
H—( >)—H
49 S\ /Z 72 7000 2.3 55 8300 4.7
Cl Cl
S
H \ / H
5 0 - - 93 46300 1.9
O N (0]
EH
S
. H— >y o ] ] i 76000 3.3
Q (32500 (5.99
NC CN

3pd(OAc) (2 mol%), 1-Adamantanecarboxylic acid (1-AdCOOH, rBol%), K.CO; (2.5 equiv.), DMAc, 100 °C, 24 K. Pd(OAc) (2
mol%), PCy- HBF, (2 mol%), Pivalic acid (PivOH, 30 mol%), £30; (2 equiv.), toluene, 100 °C, 24 hThe yields of the CHGIsoluble
and CHOH-insoluble fraction? Estimated by GPC calibrated on polystyrene starsdaith CHC} as eluent at 40 °CReaction time is 6 h.
"Reference 8cf Reaction time is 3 K. CHCly-insoluble fraction was also formedEstimated by GPC with-dichlorobenzene as eluent at

140 °C.

The reaction of EDOT under Condition A afforded the
corresponding polymer in a good yield (Table 2, rnt)®
whereas the reaction under Condition B affordedpotymeric
product. In the reactions with 3,4-dioctyloxythigme and 3,4-
dimethylthiophenéd® the reaction under Condition A only afforded
the corresponding polymers (Entry 2 and 3). Thetiea of 3,4-
dichlorothiophene afforded the polymer under Caadg A and B
(Entry 4). A low vyield (55%) under Condition B wasused by
formation of a CHGHinsoluble fraction, owing to the low
solubility of a high-molecular-weight component. gHi
temperature NMR spectroscopy of the polymers rexkébat the
structure of the CHGlinsoluble fraction was essentially the same
as that of the soluble fraction (Figure S9). On tiker hand,
similar to the reaction of TPD (Entry 5), the réawctof 3,4-
dicyanothiophene yielded a polymer under CondiBo(Entry 6).
The low yield (54%) was due to the formation of &,-
insoluble fraction. The molecular weight of the Qki€oluble
fraction (76000) was overestimated by the GPC nreasent at
40 °C presumably due to aggregation; high temperatBPC
measurement showed molecular weight of 32500. @rb#sis of
these results, it is clear that the optimal reactionditions strongly
depended on the structure of the thiophenes. Irticpkar,
thiophenes with electron-donating substituentsteghbetter under
Condition A, while thiophenes with electron-withdiag
substituents reacted more suitably under CondiiofTable S2).
These insights are valuable for the developmermtiretct arylation
polycondensation reactions because the optimatioeaconditions
can be rapidly estimated on the basis of the strast of the
monomers.

DMAc is typically used as the solvent in direct latipn
reactions of small moleculésHowever, the use of toluene was
reported in the reaction of thiophenes with electngthdrawing

This journal is © The Royal Society of Chemistry 2012

substituents, such as 2-cyanothiophene and 2-ftiophene' In
addition, the direct arylation of 3,4-dicyanothieple was
conducted in xylene, and resulted in a good yigRecently, Liu

et al. reported superior yields of the direct arylati@aations of
TPD derivatives in toluene than those conductedalar solvents
such as DMF and NM¥. These results were consistent with the
trend observed in this study. The absence or pcesef the
phosphine ligand as well as solvent were the diarit differences
between Conditions A and B. To determine if thegpine ligand
considerably affected the polycondensation or tia, reaction of
TPD under Condition A was conducted following thadiion of
PCysHBF, (Scheme S2). Because the reaction afforded no
polymeric product, the phosphine ligand did nottdbnte to the
large difference observed owing to the varying doomas. The
reactions in 1,4-dioxane were conducted to invagtighe effect of
solvent because 1,4-dioxane has similar polarity lamiting point

to toluene (Scheme S3). The reaction of TPD in dliggane
instead of toluene afforded no polymeric produttt@igh the other
conditions were same as Condition B. This resuttwshthat low
polarity of toluene is not a dominant factor for cmth
polymerization of TPD under Condition B. In additjca reaction
of EDOT in 1,4-dioxane afforded only oligomeric guzts
(Scheme S3). Arate-determining step in direct arylation is known
to depend on a substrdfeThe electronic nature of the substrate
may change the rate-determining step leading &cathe suitable
reaction conditions. Mechanistic studies are ctlyén progress to
clearly establish the dominant factor.

In summary, this research facilitated the synthesigigh-
molecular-weight polymers by direct arylation papdensation in
toluene, which possesses a high solubilizing gbildward n-
conjugated polymers, high boiling point, and gelitgra The
established conditions are suitable for thiophermmaomers with
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electron-withdrawing  substituents. In  contrast, opifiene
monomers with electron-donating substituents relactaore
favourably in DMAc. These insights are valuable development
of direct arylation polycondensation reactions lseathe optimal
reaction conditions can be rapidly estimated on lbsis of the
structures of the monomers. Because the relatipriséiiween the
thiophene structure and reaction conditions shbel@pplicable to
wide range of direct arylation reactions, includirmpupling
reactions of small molecules, the fundamental figdi described
here may provide essential insights regarding tlimegylation
reactions in general.
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Experimental Part

Synthesis of PTPDF (Table 1, Entry 8). A mixture of Pd(OAc)
(2.1 mg, 0.0050 mmol), PGWHBF, (1.8 mg, 0.0050 mmol),
pivalic acid (8.6uL, 0.075 mmol), C££0; (163 mg, 0.50 mmol),
2,7-dibromo-9,9-dioctylfluorene (137 mg, 0.25 mmolj-(2-
ethylhexyl)thieno[3,4]pyrrole-4,6-dione (66 mg, 0.25 mmol) was
stirred in anhydrous toluene (1.25 mL) for 24 h180 °C under
nitrogen atmosphere. After cooling to room tempemt the
mixture was poured into an aqueous
ethylenediaminetetraacetic acid disodium salt (pH8F The
suspension was stirred overnight at room temperatdihe
precipitate was separated by filtration and washigd 0.1 M HCI

solution, distilled water, C§#DH, and hexane. The precipitate was
dissolved in CHGl and the solution was filtered through a plug of

Celite to remove insoluble material. A reprecipiat from
CHCI/CH;OH gave PTPDF as yellow solid in 93% yieM,= 46
300, My/M, = 1.90. 'H NMR (400 MHz, CDC)): & 8.24
(overlapped, 4H), 7.86 (d,= 8.0 Hz, 2H), 3.66 (br, 2H), 2.17 (br,
4H), 1.93 (m, 1H), 1.35-1.45 (br, 8H), 1.12-1.18 @DH), 0.97 (t,
J=7.2 Hz, 3H), 0.95 (t) = 6.8 Hz, 3H), 0.79 (overlapped, 10H).
13C{*H} NMR (100 MHz, CDC}): & 163.3, 152.4, 145.2, 142.2,
130.5, 130.2, 127.5, 122.9, 120.6, 55.8, 42.6,,48813, 31.8, 30.6,
30.0, 29.2, 29.2, 28.5, 23.9, 23.1, 22.6, 14.11,1%0.5 (One signal
of the alkyl group was overlapped).
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