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Polycondensation via Rh-catalyzed dehydrogenative direct
alkenylation was conducted. The introduction of a directing group,
such as a 2-pyrimidinyl substituent, to the pyrrole monomer
promoted a polycondensation reaction, giving rise to
corresponding poly(arylenevinylene)s with a trans-configuration in
good yields. The absorption and electronic properties of the

polymers were examined.

mn-Conjugated polymers have been studied extensively for
utilization in the fabrication of a variety of optoelectronic
devices such as organic photovoltaic cells, field effect
transistors (FETs), and light emitting diodes (LEDs).1? These
polymers been
polycondensation using transition metal-catalyzed

have synthesized predominantly by
cross-
coupling reactions, such as the Suzuki-Miyaura and Migita-
the

synthesis of m-conjugated polymers via a dehydrohalogenative

Kosugi-Stille cross-coupling reactions.® Alternatively,
cross-coupling reaction, also termed as direct arylation, has
been studied actively because the sp? C-H functionalization of
aromatic monomers via a direct arylation reaction does not
require organometallic monomers, thereby decreasing the
number of synthetic steps for generating organometallic
monomers and reducing the undesired waste originating from
the organometallic reagents.* As part of an ongoing study of the
direct sp? C-H functionalization strategies towards the synthesis
of m-conjugated polymers, we envisioned development of a
new polycondensation reaction via catalytic dehydrogenative
alkenylation of arenes, also termed as direct alkenylation (i.e.,
the oxidative Mizoroki-Heck reaction or Fujiwara-Moritani
reaction):> The reaction is the direct oxidative C-H/C-H cross-
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coupling reaction of with alkenes, allowing
straightforward access to alkenylated arenes.
Poly(arylenevinylene)s are an attractive family of mn-
conjugated polymers, and a large number of applications
especially in the area of LEDs and FETs have been reported.2 A
variety of poly(arylenevinylene)s have been prepared via the
polycondensation of p-quinodimethane intermediates (Gilch
polymerization),”8 olefin metathesis polymerization,”? Wittig
reaction (Wittig-Horner polycondensation),’”19 Knoevenagel
polycondensation,”.10¢11  Mizoroki-Heck reaction,”12 Suzuki-
Miyaura cross-coupling,”3 and Migita-Kosugi-Still
coupling.”71*  Accordingly, this study is first example of the
synthesis of poly(arylenevinylene)s via direct alkenylation.
However, the utilization of a direct alkenylation reaction in
polycondensation has been considered a challenge compared
to direct arylation polycondensation, because the substrate
scope of direct alkenylation is often restricted to alkenes
bearing electron-deficient substituents, such as acrylates,>
whereas the coupling reaction should proceed efficiently to give
high molecular weight polymers without regio-irregular
structures. Alternatively, the introduction of a directing group
to the aromatic substrate induces ortho-metalation and

arenes

Cross-

accelerates sp? C-H functionalization.>®® The regio-selective
direct alkenylation of 1-(2-pyrimidinyl)pyrrole (1) with alkenes
has also been examined.> Pyrrole derivative 1 was also reported
to be an efficient monomer for regio-selective direct arylation
polycondensation.’> After polymerization, the directing group
could be removed from the polymer. Pyrrole is an appropriate
choice as an aromatic monomer for the synthesis of m-
conjugated poly(arylenevinylene)s; a poly(arylenevinylene)
containing pyrrole units was used to construct efficient
supramolecular light-harvesting antennae with color-tunable
emission.’® Herein, this paper reports polycondensation via the
Rh-catalyzed direct alkenylation of 1 with diethenyl aromatic
compounds to produce the corresponding
poly(arylenevinylene)s with high regio-selectivity and a trans-
configuration. Polycondensation of the related aromatic
monomers was also conducted to highlight the usability of the
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Scheme 1 Model reaction of 1 with styrene.

synthetic protocol. The optical and FET properties of the
polymers were evaluated.

Miura et al. have reported 2,6-dialkenylation of 1-
phenylpyrazoles with styrenes through Rh-catalyzed direct
alkenylation.5" Consequently, the investigation began with the
model reaction of 1 with 2.0 equivalents of styrene in the
presence of [Cp*RhCl;], (4 mol%) and Cu(OAc),-H,0 (4.2 equiv.)
in DMF at 100 °C for 4 h. The reaction proceeded smoothly and
gave the dialkenylated compound (2) in a good yield (Scheme
1). The product was isolated as a dialkenylated product with the
E,E-isomer, and only a trace amount of mono-alkenylated
product was observed. To demonstrate the effects of the 2-
pyrimidinyl substituent on the reaction, 1-phenylpyrrole and 1-
methylpyrrole were tested under the same reaction conditions:
The control experiments did not give the corresponding
dialkenylated compound (Scheme S1t). The reaction of 1 was
also examined in the absence of styrene under the same
reaction conditions shown in Scheme 1: The reaction did not
give the corresponding dimer of 1 (Scheme S27). These results
show that the presence of the 2-pyrimidinyl substituent not
only induces ortho-metalation at the a-position of the pyrrole

4 mol% [Cp*RhCl,],
4.2 equiv. Cu(OAc),*H,0

moiety and accelerates the direct alkenylation reaction
smoothly, but also prevents homo-coupling of the pyrrole
moiety, presumably due to steric hindrance of the bulky
directing group.

Subsequently, to determine the appropriate polymerization
conditions, the reaction of 1 with 2,7-diethenyl-9,9-bis(2-
ethylhexyl)-9H-fluorene was carried out under a range of
conditions (Scheme 2). Removal of copper salts and the
rhodium catalyst was carried out with chelating agents (see
supplemental information). Table 1 lists the results of
polycondensation. The polycondensation reaction with
[Cp*RhCl3]; (4 mol%) and Cu(OAc),-H20 (4.2 equiv.) in DMF at
100 °C for 4 h yielded the corresponding polymer (Polymer 1)
with a molecular weight of 22,400 in 81% yield (entry 2). The
number average molecular weight of Polymer 1 did not increase
with a prolonged reaction time, because the polymer was partly
insolubilized in DMF (entry 3). The decrease in temperature
(60 °C) somewhat reduced the catalytic activity, but increasing
the reaction time to 24 h afforded the polymeric product (entry
4). The addition of large amounts of Cu(OAc),-H,0 (6.0 equiv.)
decreased reaction yield slightly, whereas AgOAc did not serve
as an oxidant in the reaction (entries 5,6). Aprotic solvents, such
as DMAc and NMP, were also available for the reaction (entries
7, 8). The increasing polydispersity in molecular weight could be
attributed to precipitation of the polymer from the reaction
mixture during the reaction.!> Other control experiments on the
effects of the catalyst and additive are summarizedin Table S1.+

The chemical structure of Polymer 1 was elucidated by
nuclear magnetic resonance (NMR) spectroscopy and matrix-
assisted laser desorption/ionisation-time of flight-mass
spectrometry (MALDI-TOF-MS). Figure 1 shows the H NMR

DMF (0.08 M)
N 100°C,4h
EH = 2-ethylhexyl

L)

Polymer 1

Scheme 2 Polycondensation of 1 with 2,7-diethenyl-9,9-bis(2-ethylhexyl)-9-H-fluorene.

Table 1. Direct alkenylation polycondensation of 1 with 2,7-diethenyl-9,9-bis(2-ethylhexyl)-9H-fluorene 2

Entry Solvent T/eTCp. Reactl/o: time Yl/eL/do ’ M, x 103¢ PDI ¢
1 DMF 100 2 65 8.3 2.4
2 DMF 100 4 81 22.4 5.6
3 DMF 100 6 71 22.6 7.9
4 DMF 60 24 79 14.8 2.3
5d DMF 100 4 64 16.7 6.8
6¢ DMF 100 4 No polymer - -
7 DMAc 100 4 71 17.8 4.7
8 NMP 100 4 70 20.2 5.4
9 Dioxane 100 4 No polymer - -

a Reactions were conducted using [Cp*RhCl3]z (4 mol%) and Cu(OAc),-H,0 (4.2 equiv.) in solvent (0.08 M).
b The products were obtained by reprecipitation from CHCl3-CH30H.

¢ Estimated by GPC calibrated on polystyrene standards.

d Cu(OAc),-H,0 (6.0 equiv.) was used. © Ag(OAc) (4.2 equiv.) was used instead of Cu(OAc),-H»0.
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Fig. 1 'H NMR spectrum of Polymer 1 (400 MHz, CDCl,).

spectrum of Polymer 1 (entry 2 in Table 1). Each signal was
assigned to the repeating unit; the integral ratios of the signals
agreed with the assignments and were consistent with the
alternating structure with high regio-selectivity and trans-
configuration. The minor signals at 6 5.22 and 5.75 ppm were
assigned to the terminal ethenyl unit. All 13C{*H} NMR signals

were also assigned to the carbons in the recurring unit (Fig. S37).

The MS spectrum exhibited peaks at regular intervals in the
measurable molecular weight range, corresponding to the
alternating structure (Fig. S4t).

The same reaction protocol made it possible to achieve the
polycondensation of other targeting aromatic monomers
bearing the directing groups and diethenyl monomer (Table 2):
The reactions with the appropriate reaction time and
temperature yielded the corresponding polymers (Polymers 2-
5) in good vyields. These results suggest that the 2-pyridinyl
substituent also served as a directing group, and other aromatic
moieties were available for the polycondensation reaction.
Polymers 2-5 were also characterized by NMR spectroscopy and
MALDI-TOF-MS (Figs. S5-167). The results are consistent with
the trend observed in the synthesis of Polymer 1.

Figure 2 presents the absorption spectra of the polymers in
the thin-film state. The absorption of Polymers 1, 2, and 3
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appears in long-wavelength regions compared with those of
Polymers 4 and 5. The wide band gap of Polymers 4 and 5 was
associated with the limited effective conjugation owing to meta
linkage. The optical bandgaps of Polymers 1, 2, and 3 were
determined to be 2.3, 2.3, and 2.0 eV, respectively. The highest
occupied molecular orbital (HOMO) levels of Polymers 1 and 2
were similar (~ -5.4 eV), as determined by photoelectron yield
spectroscopy (PSY) of the polymer films. To evaluate the carrier
mobility of the polymers, top-contact FETs were fabricated
using Polymers 1 and 2. Table 3 lists the results of the
measurements. The FETs with Polymers 1 and 2 exhibited p-
type semiconducting characteristics, showing a field-effect hole
mobility (i) of 7.5 £ 0.7 x 10> and 1.8 £ 0.4 x 10* cm? V-1 s,
respectively. The pn values were comparable to those of poly(p-
phenylenevinylene) type polymers, reported previously.l”
Polymers 1 and 2 showed high thermal stability; The
temperatures for 5% weight loss are higher than 370 °C (Table
S3+, Fig. S191).

In summary, polycondensation via Rh-catalyzed direct
alkenylation was demonstrated. The molecular design of the
pyrrole monomer bearing the directing groups induced efficient
ortho-metalation, and accelerated the direct alkenylation
smoothly, giving rise to corresponding poly(arylenevinylene)s
with regio-selectivity and trans-configuration in good vyields.

Table 2. Synthesis of Polymers 1 - 5 via direct alkenylation polycondensation 2

v EHO

A EH EH /\\ OE?
=

Polymer 2 Polymer 3 Polymer 4 Polymer 5
Entry Product Temp. / °C Reaction time / h Yield®/ % M,x 103¢ PDI¢
1 Polymer 2 60 10 85 55.8 4.2
2 Polymer 3 60 10 78 23.8 2.9
3 Polymer 4 100 4 79 10.1 1.9
4 Polymer 5 100 4 82 21.3 2.5

a Reactions were conducted using [Cp*RhCl3]z (4 mol%) and Cu(OAc),-H,0 (4.2 eq.) in DMF (0.08 M).

b The yields of CHCls-soluble and CH3OH-insoluble fraction.
¢ Estimated by GPC calibrated on polystyrene standards
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Table 3. OFET characteristics 2

Polymer Uh B on / off ratio Vin ©
[cm2Vv1sl] V]
Polymer 14 7.5+0.7x10° 1.6+0.3x10° -28%2
Polymer 2 1.8+0.4x 104 3+1x103 -31+3

2 The average value with standard error were calculated from the results of
four OFET samples. OFET configuration; Glass / Au gate electrode / Parylene-C
insulator / Polymer / Au source-drain electrodes.

b Field-effect hole mobility.

¢ Threshold voltage.

dEntry 4 in Table 1

Recently, the Pd- and Cu-catalyzed oxidative C-H/C-H
homocoupling polycondensation reactions of aromatic
monomers, such as thiophene and thiazole derivatives, have
been reported.18 On the other hand, the present work is the first
access to the polycondensation reaction via the direct oxidative
C-H/C-H cross-coupling of arene with alkenes.1220 Therefore,
this fundamental protocol provides new insights and expands
the direct sp? C-H functionalization strategies for the synthesis
of m-conjugated polymers. Further efforts to address the atom-
and step-economical protocol, such as reducing the amount of
Cu(OAc), using O, as the terminal oxidant are currently
underway.

Acknowledgements

The authors thank the Chemical Analysis Division and the
OPEN FACILITY, Research Facility Center for Science and
Technology, University of Tsukuba, for the measurements of
NMR, MALDI-TOF-MS, Elemental analyses, and
Thermogravimetric analysis.

Notes and references

1 (a)G.VYu,J.Gao,J.C. Hummelen, F. Wudl, A. J. Heeger, Science
1995, 270, 1789; (b) R. J. O. M. Hoofman, M. P. de Haas, L. D.
A. Siebbeles, J. M. Warman, Nature 1998, 392, 54; (c) A.
Facchetti, Chem. Mater. 2011, 23, 733; (d) Z. Zuo, Y. Li, Polym.
Bull. 2012, 68, 1425.

2 (a)J.H.Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks,
K. Mackay, R. H. Friend, P. L. Burns, A. B. Holmes, Nature 1990,
347, 539; (b) A. Kraft, A. C. Grimsdale, A. B. Holmes., Angew.
Chem. Int. Ed. 1998, 37, 402; (c) E. J. Meijer, D. M. De Leeuw,
S. Setayesh, E. van Veenendaal, B. H. Huisman, P. W. M. Blom,
J. C. Hummelen, U. Scherf, T. M. Klapwijk, Nat. Mater. 2003,
2,678; (d) A. C. Grimsdale, K. L. Chan, R. E. Martin, P. G. Jokisz,
A. B. Holmes, Chem. Rev. 2009, 109, 897; (e) J. Zaumseil, H.
Sirringhaus, Chem. Rev. 2007, 107, 1296.

3 (a)T. Yamamoto, Bull. Chem. Soc. Jpn. 2010, 83, 431; (b) B.
Carsten, F. He, H. J. Son, T. Xu, L. Yu, Chem. Rev. 2011, 111,
1493.

4 (a) A. Facchetti, L. Vaccaro, A. Marrocchi, Angew. Chem. Int.
Ed. 2012, 51, 3520; (b) L. G. Mercier, M. Leclerc, Acc. Chem.
Res. 2013, 46, 1597; (c) K. Okamoto, J. Zhang, J. B.
Housekeeper, S. R. Marder, C. K. Luscombe, Macromolecules
2013, 46, 8059; (d) S. Kowalski, S. Allard, K. Zilberberg, T.Ried|,
U. Scherf, Prog. Polym. Sci. 2013, 38, 1805; (e) J. Kuwabara, T.
Kanbara, J. Synth. Org. Chem., Jpn. 2014, 72, 1271, (f) A. E.
Rudenko, B. C. Thompson, J. Polym. Sci., Part A: Polym. Chem.
2015, 53, 135.

4| J. Name., 2012, 00, 1-3

10

11

12

13

14

15

16

17

18

19

20

(a) V. Ritleng, C. Sirlin, M. Pfeffer, Chem. Rev. 2002, 102, 1731;
(b) E. M. Beccalli, G. Broggini, M. Martinelli, S. Sottocornola,
Chem. Rev. 2007, 107, 5318; (c) J. Le Bras, J. Muzart, Chem.

Rev. 2011, 111, 1170; (d) C. S. Yeung, V. M. Dong, Chem. Rev.

2011, 111, 1215; (e) P. B. Arockiam, C. Bruneau, P. H. Dixneuf,

Chem. Rev. 2012, 112, 5879; (f) Y. Fujiwara, |. Moritani, S.
Danno, R. Asano, S. Teranishi, J. Am. Chem. Soc. 1969, 91,

7166; (g) I. Moritani, Y. Fujiwara, Tetrahedron Lett. 1967, 8,
1119; (h) N. Umeda, K. Hirano, T. Satoh, M. Miura, J. Org.

Chem. 2009, 74, 7094; (i) L. Yang, G. Zhang, H. Huang, Adv.

Synth. Catal. 2014, 356, 1509.

(a) L. Ackermann, Chem. Rev. 2011, 111, 1315; (b) F. W.
Patureau, J.Wencel-Delord, F. Glorius, Aldrichimica Acta 2012,
45, 31.

A. J. Blayney, I. F. Perepichka, F. Wudl, D. F. Perepichka, Isr. J.

Chem. 2014, 54, 674.

(a) H. G. Gilch, W. L. Wheelwright, J. Polym. Sci. A-1: Polym.

Chem. 1966, 4, 1337; (b) H. Becker, H. Spreitzer, K. Ilborom, W.

Kreuder, Macromolecules 1999, 32, 4925.

(a) A. Kumar, B. E. Eichinger, Makromol. Chem. Rapid Commun.
1992, 13, 311; (b) H. Weychardt, H. Plenio, Organometallics
2008, 27, 1479; (c) K. Nomura, T. Haque, T. Onuma, F. Hajjaj,

M. S. Asano, A. Inagaki, Macromolecules 2013, 46, 9563; (d)
M. S. Asano, D. Kagota, T. Haque, M. Koinuma, A. Inagaki, K.

Nomura, Macromolecules 2015, 48, 6233; (e) T. Haque, K.
Nomura, Catalysts 2015, 5, 500; (f) V. P. Conticello, D. L. Gin,
R. H. Grubbs, J. Am. Chem. Soc 1992, 114, 9708; (g) E. Thorn-
Csanyi, H.-D. Hoéhnk, J. Mol. Catal. 1992, 76, 101; (h) S.-W.
Chang, M. Horie, Chem. Commun. 2015, 51, 9113.

(a) R. N. McDonald, T.W. Campbell, J. Am. Chem. Soc. 1960,
82, 4669; (b) S. Pfeiffer, H.-H. Horhold, Synth. Met. 1999, 101,
109; (c) D. A. M. Egbe, H. Neugebauer, N. S. Sariciftci, J. Mater.

Chem. 2011, 21, 1338.

(a) R. W. Lengz, C. E. Handlovits, J. Org. Chem. 1960, 25, 813;
(b) J. Liao, Q. Wang, Macromolecules 2004, 37, 7061.

(a) A. Greiner, W. Heitz, Makromol. Chem. Rapid Commun.

1988, 9, 581; (b) H. N. Cho, J. K. Kim, C. Y. Kim,
Macromolecules 1999, 32, 1476; (c) J. Pei, S. Wen, Y. Zhou, Q.
Dong, Z. Liu, J. Zhang, W. Tian, New J. Chem. 2011, 35, 385; (d)
T. Zhang, J. Wang, M. Zhou, L. Ma, G. Yin, G. Chen, Q. Li,
Tetrahedron 2014, 70, 2478; (e) M. Nojima, R. Saito, Y. Ohta,
T. Yokozawa, J. Polym. Sci., Part A: Polym. Chem. 2015, 53, 543.
(a) F. Koch, W. Heitz, Macromol. Chem. Phys. 1997, 198, 1531;
(b) H. Katayama, M. Nagao, T. Nishimura, Y. Matsui, Y. Fukuse,
M. Wakioka, F. Ozawa, Macromolecules 2006, 39, 2039.

(a) M. Remmers, M. Schulze, G. Wegner, Macromol. Rapid
Commun. 1996, 17, 239; (b) J. Dhar, T. Mukhopadhay, N.
Yaacobi-Gross, T. D. Anthopoulos, U. Salzner, S. Swaraj, S. Patil,
J. Phys, Chem, B 2015, 119, 11307.

W. Lu, J. Kuwabara, T. Kanbara, Macromol. Rapid Commun.
2013, 34, 1151.

A. Ajayaghosh, V. K. Praveen, C. Vijayakumar, S. J. George,
Angew. Chem. Int. Ed. 2007, 46, 6260.

(a) M. Muratsubaki, Y. Furukawa, T. Noguchi, T. Ohnishi, E.

Fujiwara, H. Tada, Chem. Lett. 2004, 33, 1480; (b) J. N. de
Freitas, A. Pivrikas, B. F. Nowacki, L. C. Akcelrud, N. S. Sariciftci,

A. F. Nogueira, Synth. Met. 2010, 160, 1654.

(a) K. Tsuchiya, K. Ogino, Polym. J. 2013, 45, 281; (b) Q. Zhang,
X. Wan, Y. Ly, Y. Li, Y. Li, C. Li, H. Wu, Y. Chen, Chem. Commun.
2014, 50, 12497; (c) Q. Huang, X. Qin, B. Li, J. Lan, Q. Guo, J.
You, Chem. Commun. 2014, 50, 13739.

For polyaddition of arene with diethenyl compounds, see: (a)
H. Guo, M. A. Tapsak, W. P. Weber, Macromolecules 1995, 28,
4714; (b) H. Guo, G. Wang, M. A. Tapsak, W. P. Weber,
Macromolecules 1995, 28, 5686.

For polycondensation via oxidative annulation of arene with

alkynes, see: (a) Y. Tokoro, H. Sato, S. Fukuzawa, ACS Macro

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Journal Name COMMUNICATION

Lett. 2015, 4, 689; (b) Y. Zhang, J. W. Y. Lam, B. Z. Tang, Polym.
Chem. 2016, 7, 330.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




