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Abstract: A new stereoselective method for the synthesis
of (E)-poly(vinylarenes) on the basis of the Ru-H catalyzed
trans-borylation reaction and sequential Suzuki coupling
is described. Two different strategies of Pd-catalyzed
polycondensation leading to unsaturated organic macro-
molecular compounds are discussed. Development of
a one-pot procedure reduces costs and time, needed for
the separation of intermediates, the amount of organic
solvents used for purification and therefore has a positive
influence on the process sustainability.
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1 Introduction

Modern industry and academia are intensively striving to
design and produce new electronic devices which could
be applied in solar cells [1, 2], electroluminescence devices
[3], novel transistors [4, 5], sensors [6—8] or photovoltaics
[9-11]. It is still a challenge to effectively replace silicon-
based conducting and optoelectronic materials with their
organic, macromolecular counterparts, which are generally
cheaper, flexible and easier for preparation. Poly(phenylene
vinylenes) (PPVs) are often used as a part (light emitting
polymer) of polymer light emitting diodes [12-16]. Organic
light emitting diodes and polymer light emitting diodes
have become an alternative to traditional light emitters
and their role in electronic industry is still increasing [17,
18]. The wide applications of poly(arylene vinylenes)
(PAVs) have stimulated the development of new synthetic
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protocols for the synthesis of these conjugated conducting
macromolecular compounds. The most common methods
used for the formation of PAVs via stoichiometric as well as
catalytic reactions are summarized in Figure 1.

Many research groups are engaged in the search for
new methods leading to linear and branched PAVs. The
conventional stoichiometric approaches providing PAVs
include, e.g. the Wittig-Horner polycondensation of oo/~
p-xylenediylbis(triphenylphosphonium chloride) with
terephthalaldehyde [19], dehydrogenative Gilch polycon-
densation of bis(halomethylbenzenes) [20], thermolysis
of sulfonium polymer precursors (Wessling route) [21],
or Knoevenagel condensation of aldehydes with phe-
nylmethylenes with electron accepting nitrile group in
terminal positions [22]. PPVs and other PAVs can be also
obtained by chemical vapor deposition using dichloro-
para[2.2]cyclophane or o,0/-dichloro-p-xylene as reagents
[23, 24]. High temperature of the process is responsible
for a low selectivity towards the products. The problem
with halogen removal is the additional drawback of this
process, making it useless in the synthesis of PAVs. These
stoichiometric methods are often non-selective and lead to
the macromolecular compounds with both possible geo-
metries of double C=C bonds, which is undesirable for the
final products applications; procedures are often syntheti-
cally complicated and demand application of reagents,
which are not commercially available.

Synthesis of PAVs is also possible by catalytic methods
as acyclic diene metathesis of 1,4-divinylsubstituted
arenes [25] or McMurry condensation of dialdehydes or
diketones catalyzed by titanium compounds at a low oxi-
dation state [26]. Pd-catalyzed coupling reactions leading
to formation of the new carbon-carbon bonds are by far
the most popular catalytic methods applied for the syn-
thesis of PAVs. Heck coupling of ethylene or divinylarenes
with dihaloarenes leads to PAV with interesting lumines-
cence properties [27-29]. This method was also used for
the preparation of copolymer of phenyl vinylene with flu-
orene, which is a rare example of the polymer emitting red
color light [30].

Marciniec et al. [31] described highly effective and
selective Hiyama coupling between bissilylethenes and
dihaloarenes (mainly dibromoarenes) as the efficient
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(A) — Pd catalyst, base, X=CI, Br, |
(B) — Pd catalyst, TBAF or other F-source, X = Cl, Br, |,
R = aryl, alkyl, alkynyl, alkenyl
(C) — Pd catalyst, base, X = Cl, Br, |
1 (D) — Schrock’s or Grubbs's catalyst
' (E) — Ti(0) catalyst, heat
(F) — 500-700°C; vacum, 100—200°C
(G) — t-BuOK/{-BuOH, reflux
1 (H) — t-BuOK
(1) — t-BuOK, X = Br or CI
' (J) — SR, where R = alkyl, base; vacum, heat

Figure 1: Methods used for the synthesis of poly(arylene vinylene) polymers.

method for the formation of PAVs. The availability of sub-
strates, as well as simplicity of the method, are favorable
features of this protocol. Another example of Hiyama cou-
pling leading to the synthesis of (E) or (Z)-oligo(arylene
vinylenes) is the Pd-coupling reaction of 1,4-diiodoben-
zenes with 1,4-bis(silylethenyl)benzenes [32].

The Suzuki coupling, which is the most commonly used
method for the formation of new carbon-carbon bonds, is
used also in the formation of PAVs. Oligo(arylene vinylenes)
or PAVs obtained according to the Suzuki coupling, due
to the retention of the configuration during the reaction,
have a high stereoregularity and the type of the reagents
determines the formation of macromolecular compounds
with E or Z geometry of the double bond. Wakioka et al.
have obtained (Z)-PPV by the Suzuki coupling catalyzed
by Pd(PPh,), of 2,5-dioctaoxy-1,4-phenyldiboronic acid with
(Z,2)-bis(2-bromoethenyl)benzene, which was further trans-
formed to (E)-PPV by photoisomerization [33].

In this study we would like to report an efficient
catalytic method for the synthesis of PPV with trans ste-
reoregularity from commercially available reagents: vinylb-
oronates, styrenes and dihaloarenes via one-pot strategies
based on the trans-borylation (borylative coupling) reac-
tion and Suzuki polycondensation. Two different strate-
gies will be discussed. The first one is based on borylative
coupling of vinylboronate with bromosubstituted styrenes
and further Suzuki polycondensation of obtained boryle-
thenylbromoarene to PPVs. The homocoupling of vinylbo-
ronates followed by the Suzuki coupling with dihaloarenes
is the second discussed method. Application of a one-pot
procedure has great impact on the processes sustainabil-
ity, since the separation of the intermediates obtained in

trans-borylation reaction is not necessary. Therefore, such
a protocol reduces the amount of organic solvents used for
the intermediate separation and saves time for their isola-
tion. The whole process is less time-consuming which has
a positive influence on its economy.

2 Materials and methods
2.1 Materials

Unless mentioned otherwise, all operations were performed under
argon atmosphere (5.0 class, Messer Polska Sp. z 0.0., Chorzow,
Poland) using the standard Schlenk line technique. Solvents were
purified by an mBraun MB SPS 800 purification system and stored
over molecular sieves type 4 A. All dihalogenoarenes, 3-bromo-
styrene, 4-bormostyrene, 4,4,5,5-tetramethyl-2-vinyl-1,3,2-dioxab-
orolane, [Pd(PPh,),], [Pd(PCy,),], acetone, hexane, THF and toluene
were purchased from Sigma-Aldrich, Poznan, Poland. Deuterated
solvents were obtained from Dr. Glaser AG Basel, Basel, Switzerland.
Potassium carbonate (K,CO,), cesium carbonate (Cs,CO,), sodium
hydroxide (NaOH) and potassium hydroxide (KOH) were purchased
from P.O.Ch., Gliwice, Poland, Gliwice. Reagents were used as sup-
plied without further purification. Vinylboronates: 2-Vinyl-1,3-diox-
aborolane [34] and 2-vinyl-1,3-dioxaborinane [35] were synthesized
according to literature methods with some modifications. The
ruthenium - [Ru(CO)CI(H)(PCy,), [36] — and palladium catalyst —
[PdBr(PCy,),Ph] [37] [Pd(dba)(PCy,),] [38] were synthesized according
to the references.

2.2 Analytical methods

'H NMR (300 MHz) and “C NMR (75 MHz) spectra were recorded on
Varian XL 300 MHz and Varian Gemini 300 MHz spectrometers in
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chloroform-d,, benzene-d,, DMSO-d, and THF-d, solution. Chemical
shifts are reported (in ppm) with reference to the residue solvent.
FT-IR spectra were measured on a Nicolet iS50 FT-IR spectrometer
(Thermo Scientific, Waltham, MA, USA) equipped with a built-in ATR
accessory with ATR diamond unit. In all experiments, 16 scans at a
resolution of 2 cm~! were used to record the spectra. Gas chromato-
graphic (GC) analyses were performed on a Varian Star 3400CX with
a DB-5 fused silica capillary column (30 mx0.15 mm) and thermal
conductivity detector (TCD). Mass spectra of the substrates and prod-
ucts were obtained by GC-MS analysis on a Bruker Scion 436-GC with
a 30 m Varian DB-5 0.25 mm capillary column and a Scion SQ-MS
mass spectrometry detector. Thermogravimetric (TG) analysis and
differential TG analysis (DTG) were carried out using Netzsch TG 209
F1 Libra-Thermo-Microbalance apparatus. All experiments were per-
formed in nitrogen atmosphere at temperatures from the range 30—
850°C at the heating rate 10°C/min. Molecular weights and molecular
weight distributions were determined by gel permeation chromatog-
raphy (GPC) using an Alliance 135 GPCV 2000 apparatus.

2.3 Borylative coupling procedures

The [Ru(CO)CI(H)(PCy,),] catalyst (2% mmol) was evacuated in the
Schlenk vessel for 20 min, then refilled with argon. Subsequently,
toluene, vinylboronate (1.0 mmol) and olefin (1.0 mmol) were added.
The concentration of reagents in toluene was approximately 0.5 M.
The reaction was carried out for 18 h at 80°C under argon atmosphere.
The progress of the reaction was monitored by GC-MS analyses. The
solvent was evaporated and the crude product was isolated from the
residue of catalyst on silica gel using column chromatography with
hexane/ethyl acetate (8/1) as eluent. The product was analyzed on
the basis of GC-MS, 'H NMR and 2C NMR. The E or Z isomer was only
formed during the process.

(E)-1,2-di(1,3,2-dioxaborinan-2-yl)ethene (1a): Isolated vyield:
94%; 'H NMR (300 MHz, CDCIS, 25°C): 6=1.26 (4H, m, CHZCHZO),
3.42 (8H, br, OCHZ), 6.42 (2H, br, BCH=CHB) ppm. 2C NMR (75 MHz,
CDCL,, 25°C): §=28.2 (OCH,CH,CH,0), 68.9 (OCH,CH,CH,0) ppm. C, to
boron atom is not observed. MS (EI) (m/z [%]): 196(M*, 23), 138(94),
129(100), 111(7), 67(23), 53(31).

(E)-1,2-di(1,3,2-dioxaborolan-2-yl)ethene (1b): Isolated vyield:
80%; 'H NMR (300 MHz, CDCL,, 25°C): §=3.42 (8H, m, OCH,CH,0 ),
6.37 (2H, br, BCH=CHB) ppm. ®C NMR (75 MHz, CDCL, 25°C): 6=66.6
(OCH,CH,0) ppm. C_ to boron atom is not observed. MS (EI) (m/z [%]):
168(M+, 31), 139(87), 111(100), 97(9), 68(41), 53(18).

(E)-1,2-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethene
(1c): Isolated yield: 97%; 'H NMR (300 MHz, CDCL,, 25°C): §=1.22
(244, s, CH,), 6.54 (2H, br, BHC=CHB) ppm. “C NMR (75 MHz, CDCL,
25°C): $=23.7 (CH,), 84.0 B(OCCH,) ppm. C_ to boron atom is not
observed. MS (EI) (m/z [%]): 280(M*, 4), 265(100), 193(20), 152(85),
137(37), 83(95), 55(73).

(E)-2-(4-bromostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(1d): Isolated yield: 92%; 'H NMR (300 MHz, CDCl, 25°C): 6=1.11
(12H, s, CH,), 6.06 (1H, d, =CHB, ], ,=19.1 Hz), 700 (1H, d, =CH-Ph,
J.,=18.8 Hz), 7.36-7.42 (2H, C,H,Br), 749-7.53 (2H, m, C_H Br) ppm.
5C NMR (75 MHz, CDCL, 25°C): §=24.0 (CH,), 83.4 B(OCCH,), 123.0
128.9, 131.6, 135.4 (C,H,Br) 146.7 (=CHC H,Br) ppm. C_ to boron atom is
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not observed. MS (EI) (m/z [%]): 308(M*, 58), 293(24), 264(11), 251(13),
224(80), 209(7), 143(100), 77(5).

(E)-2-(4-bromostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(1e): Isolated yield: 90%; 'H NMR (300 MHz, CDCl,, 25°C): 6=1.16
(12H, s, CH,), 6.1 (1H, d, =CHB, ], ,=19.0 Hz), 6.98 (1H, d, =CH-Ph,
J,.,=19.0 Hz), 7.27 (1H, m, C H,Br), 744-7.57 (3H, m,C H, Br) ppm. C
NMR (75 MHz, CDCL,, 25°C): §=24.2 (CH,), 84.1 B(OCCH,), 122.6 127.2,
130.1, 130.9, 131.6. 134.9 (C H,Br) 148.4 (=CHC H,Br) ppm. C_ to boron
atom is not observed. MS (EI) (m/z [%]): 308(M*, 4), 293(15), 264(11),
251(9), 223(37), 209(51), 143(100), 77(32).

2.4 Suzuki polycondensation

2.4.1 Homopolycondensation of boryl(boromostyryl)ethenes: A
50 ml Schlenk vessel was charged with [PdBr(PCy,),Ph] (5% mmol),
evacuated for 20 min and refilled with argon. Subsequently (E)-2-
(4-bromostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.0 mmol)
or (E)-2-(4-bromostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(1.0 mmol), 2 M aqueous solution of K,CO, (20 mmol) and THF (0.1 m)
were added. The reaction was carried out for 24 h at 50°C. The yellow-
orange product was filtered, washed with hexane and acetone, dried
under vacuum and analyzed by 'H NMR, FT-IR and TG/DTG analysis.

Poly(p-phenylene vinylene) (2a): Isolated yield: 86%; 'H NMR
(300 MHz, DMSO-dG, 25°C): 8=5.77-6.01 (br, =CH), 6.09-6.33 (br
=CH), 744-7.63 (br m, Ar) ppm; FT-IR (ATR, cm~!): 783.0, 8370,
965.6, 1010.4, 1109.0. 1173.2, 1521.2, 1587.2, 1706.2, 2961.4, 3022.0; TG:
t,=160.2, t,°=178.1; char yield: 21.05%.

Poly(m-phenylene vinylene) (2b): Isolated yield: 79%; 'H NMR
(300 MHz, DMSO-d,, 25°C): §=5.88 (d, =CH, J,,=15.2 Hz), 6.16 (d
=CH, J,, ,=15.4Hz), 7.39-751 (br m, Ar) ppm.; FT-IR (ATR, cm'): 792.0,
963.8, i011.2, 1109.2, 1177.0, 1210.0, 1336.0, 1562.0, 2964.0, 3022.9; TG:
t=235.2, t,°=252.1; char yield: 49.19%.

2.4.2 Polycondensation of bisborylethenes with dihalogeno-
arenes: A 50 ml Schlenk vessel was charged with [Pd(Br)(Ph)
(PCy,),] (5% mmol), evacuated for 20 min and refilled with argon.
Subsequently, bisborylethene (1.0 mmol), dihalogenoarene
(1.0 mmol), 2 M aqueous solution of Cs,CO, (20 mmol) and THF
(0.1 m) were added. The reaction was carried out for 24 h at 50°C. The
product was filtered, washed with hexane and acetone, dried under
vacuum and analyzed by 'H NMR, FT-IR and TG/DTG analysis.

Poly(p-phenylene vinylene) (3a): Isolated yield: 83%; 'H NMR
(300 MHz, DMSO-d,, 25°C): =596 (d, =CH, J, =191 Hz), 6.12 (d,
=CH, J,,,=19.1 Hz), 7.31-7.56 (br m, Ar) ppm; FT-IR (ATR, cm): 781.0,
835.0, 966.6, 1013.4, 1106.0. 1175.2, 1519.2, 1594.2, 1703.2, 2961.8,
3023.6.; TG: t,*=167.0, t °=184.7, char yield: 31.03%.

Poly(m-phenylene vinylene) (3b): Isolated yield: 74%; 'H NMR
(300 MHz, DMSO-d,, 25 °C): =578 (d, =CH, J,,,=15.2 Hz), 6.06 (d
=CH, J,,,=15.4 Hz), 730-755 (br m, Ar) ppm; FT-IR (ATR, cm~"): 791.0,
965.0, 1009.6, 1111.8, 1179.0, 1215.0, 1332.0, 1565.0, 2968.0, 3024.8; TG:
t,°=239.0, t,'°=257.5; char yield: 50.28%.

Poly(anthracene-9,10-vinylene) (3c): Isolated yield: 69%; FT-IR
(ATR, cm"): 602.0, 726.0, 906.0, 964.0, 1011.2, 1125.2, 1131.0, 1167.0,
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1272.0, 1620.0, 2954.0, 3020.9, 3048.2; TG: td5=285.2, td1°:341.1; char
yield: 47.05%.

Poly(fluorene-2,7-vinylene) (3d): Isolated yield: 74%; FT-IR (ATR,
cm™): 723.2, 754.0, 820.6, 888.2, 969.0, 1088.2, 1246.8, 1376.4, 1466.2,
1602.0, 2952.2, 3030.0; TG: t,*=240.2, t '°=182.0; char yield: 44.82%.

Poly(pyridine vinylene) (3e): Isolated yield: 66%; FT-IR (ATR, cm ):
743.4, 960.0, 1028.2, 1397.4, 1485.2, 1599.0, 1625.8, 2830.4, 3029.0; TG:
t;°=260.2, t,°=278.1; char yield: 36.18%.

Poly(benzophenone-4,4’-vinylene) (3f): Isolated yield: 58%; FT-IR
(ATR, cm™"): 699.2, 705.0, 814.0, 966.2, 1020.0, 1076.6, 1177.2, 1206.4,
1281.4, 1690.8, 2966.2, 3018.0; TG: td5=190.2, td1°=221.1; char yield:
42.76%.

Poly(2,5-bis(dodecyloxy)-p-phenylene vinylene) (3g): Isolated
yield: 70%; 'H NMR (300 MHz, THF-d,, 25 °C): 8=091 (m, CHS),
121-1.42 (m, C,H,), 3.92 (s, OCH,) 5.53 (br, =CH), 6.74 (br =CH), 7.12 (s,
Ar) ppm; FT-IR (ATR, cm'): 722.2, 866.0, 966.2, 865.8, 1041.4, 1218.2,
1391.0, 1420.2, 1470.6, 1504.4, 1607.0, 1677.0, 2204.8, 2852.2, 2925.0,

3033.0 TG: t°=263.7, t°=289.5; char yield: 19.08%.

2.5 One-pot procedure for the synthesis of PAV

2.5.1 Synthesis of PPV via trans-borylation of vinylboronate with
bromosubstituted styrene and Suzuki coupling: The [Ru(CO)CI(H)
(PCy,),] catalyst (2% mmol) was evacuated in the Schlenk vessel for
20 min, then refilled with argon. Subsequently toluene, vinylboronate
(1.0 mmol) and bromosubstituted styrene (1.0 mmol) were added. The
concentration of reagents in toluene was approximately 0.5 M. The
reaction was carried out for 18 h at 80°C under argon atmosphere.
The solvent was evaporated and [PdBr(PCy,),Ph] (5% mmol), 2 M
aqueous solution of K,CO, (20 mmol) and THF (0.1 M) were added.
The reaction was carried out from 5 min to 24 h at 50°C. The product
was filtered, washed with hexane and acetone, dried under vacuum
to give the corresponding compounds.

2.5.2 Synthesis of PAV via homocoupling of vinylboronates and
Suzuki coupling: The [Ru(CO)CI(H)(PCy,),] catalyst (2% mmol) was
evacuated in the Schlenk vessel for 20 min, then refilled with argon.
Subsequently, toluene and vinylboronate (2.0 mmol) were added. The
concentration of reagents in toluene was approximately 0.5 m. The
reaction was carried out for 18 h at 80°C under argon atmosphere.
The solvent was evaporated and the [PdBr(PCy,),Ph] (5% mmol),
dihalogenoarene (1.0 mmol), 2M aqueous solution of Cs,CO, (20 mmol)
and THF (0.1 M) were added. The reaction was carried out from 18 h
to 24 h at 50°C. The product was filtered, washed with hexane and
acetone, dried under vacuum to give the corresponding compounds.

3 Results and discussion

Our general idea was to develop a new, simple, highly
effective and stereoselective method for the synthesis of
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PAVs on the basis of commercially available reagents,
taking into account the process time, economy and sus-
tainability. For our studies, we chose two catalytic reac-
tions (trans-borylation and Suzuki coupling), which are
characterized with really high selectivity towards specific
isomers or give the product with the total retention of the
configuration.

Developed by Marciniec, borylative coupling (trans-
borylation) of olefins with vinylboronates or their homo-
coupling yielded the products that can be a source of
vinylene fragment for PAVs synthesis in Suzuki polycon-
densation. The reaction occurs via activation of the C-B
bond in vinylboronate and the C-H bond in olefin (or the
second vinylboronate molecule).

This mode of reactivity seems to be general also for
other vinylmetalloids as well as alkynes and reagents
with the heteroatom-hydrogen bonds (alcohols, silanols,
boronic acids and amines). In the case of the borylative
coupling reaction, only E isomers are formed in the reac-
tion with olefin. Homocoupling of vinylboronates is less
selective, but when 4,4,5,5-tetramethyl-2-vinyl-1,3,2-diox-
aborolane is used as a reagent, the E isomer is exclusively
formed (see Figure 2).

Borylative coupling reactions are catalyzed by ruthe-
nium complexes, which comprise or generate during the
process the Ru-H or Ru-B bonds. The most active complex
of this transformation is so far [Ru(CO)CI(H)(PCy,),] (D).
The process occurred with the evolution of ethylene as
a by-product, immediately removed from the reaction
system.

Our first strategy for the synthesis of vinylene arylene
polymers was based on the formation of monomer for
Suzuki polycondensation in the borylative coupling of bro-
mosubstituted styrenes with vinylboronates. The products
were obtained with quantitative yield. No homocoupling
of vinylboronate was observed, even if an equimolar ratio
of reagents was used. The product synthesized within
the trans-borylation process was a proper monomer for
further polymerization, due to the fact that boron as well
as halogen atoms were directly attached to Cspz, and both
required functions were present in the same molecule.
Moreover, the exclusive formation of the (E) isomer in the
borylative coupling reaction has a high impact on the ste-
reoregularity of PAVs, because the Suzuki coupling occurs
with the retention of configuration. The trans-borylation
was carried out under argon atmosphere at 80°C with 2%
mol of catalyst (I) in toluene. The conversion of reagents
was monitored by GC and GC-MS analyses, while the for-
mation of (E) isomer was evidenced by '"H NMR.

Isolated borylsubstituted bromostyrenes (1d, 1e) were
tested as monomers in Suzuki polycondensation using



DE GRUYTER

J. Szyling and ). Walkowiak: One pot synthesis of E-PAVs == 305

R\/:"H R\%\ER’
n
R—==1H R—==—ER/, e
R’nE\“:\""’% + RsSIO--H [RU_'H] R4Si0 —ER/, ER’, = BRy, SiR3, GeR;
R4CO--H T , ! [Ru-H] = Ru(CO)(CI)H)(PCys), '
RsCO—ER’, ; 32
: ¢ 5 Ru(CO)(CI)(H)(PPh3);
RoN--H R,N—ER’, Lo e m e memcemcmccaaoaaoold
B [T
G @m s G G- :
A |

c
\ N , [Ru-H]
C'BW\ /FBD =

C?BW\WBD

Mixture of isomers is formed

o
o o [Ru-H] i B o
e _Refl B\
ioﬁ_\\ //_B‘ojg T © ‘oj;

Exclusive formation of E isomer

Figure 2: General protocol for: (A) activation of C-H, N-H and O-H bonds by vinylmetalloids, (B) borylative coupling of vinylboronates with

olefins, (C) homocoupling of vinylboronates.

different Pd catalysts, solvents (THF, toluene), reaction
temperatures and bases (KZCO3, Cs,CO, NaOH, KOH).

We tested several Pd(0) and Pd(II) complexes:
[Pd(PPh,),] (II), [PdBr(PCy,),Ph] (III) [Pd(PCy,),] (IV) and
[Pd(dba)(PCy,),] (V) in the polymerization of both rea-
gents. We used 5 mol% of the catalyst in all procedures.
The best results were obtained when the Pd(II) — complex
(IIT) was used in the Suzuki coupling. Complete consump-
tion of the reagent was observed after 5 min in the case of
borylsubstituted 4-bromostyrene. When borylsubstituted
3-bromostyrene was used as a reagent, its total conversion
was observed after 24 h under the same process condi-
tions. The structure of reagents has a surprisingly strong
influence on the reaction rate, and when bromine is in the
meta position to the vinyl substituent, the reaction is much
longer. This means that the formation of linear PPVs is
much more favorable. The lowest conversion and reaction
rates were observer for the most popular catalyst (II) used
in the Suzuki transformation. Using this Pd(0) complex
deborylation, dehalogenation as well as other coupling
by-products were observed in the mixture of products.
We also checked the influence of the base on the Suzuki
coupling for the processes carried out in the presence of
catalyst (II) and the most active one [PdBr(PCy,),Ph] (III).

When Cs,CO, and K,CO, were used, comparable results
were observed. For 2 M solution of NaOH or KOH, the
yields were a bit lower. Because of a lower price of K,CO,,
relative to that of the cesium analog, its 2 M solution was
employed in the reaction procedure. The reaction was
much faster in THF then in toluene because of a better
solution of the reagents in a more polar tetrahydrofurane.
We also noticed the temperature influence on the reagents
conversion and the best results were observed when the
reaction took place at elevated temperatures. Table 1 pre-
sents the optimization of the Suzuki polycondensation for
both substrates which differ in the position of bromine
atom in the phenyl ring.

On the basis of optimization experiments, the follow-
ing conditions were chosen for the polycondensation pro-
cedure: 5 mol% of catalyst (III), 2 m aq. K,CO,, THF and
50°C.

Based on the borylative coupling reaction as well as
Suzuki polycondensation we proposed a one-pot proto-
col, which saves time and costs, usually spent for isola-
tion of intermediates. The proposed protocol permits a
reduction in the amount of expensive and toxic organic
solvents used for separation whereby the whole process
has a positive impact on the environment (Figure 3). After
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Table 1: Optimization of Suzuki polycondensation procedure for (E)-2-(4’-bromostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1d) and (E)-

2-(3’-bromostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (le).

1 [Pd] [ -
~-o j_Om Base, solvent _//_<\:,:>—“
. n

Br
| [Pd) =\r
;tO.BJ;’f < 5 Base, solvent Vﬂ \\/)
o

B
o (1d) (2a) (1e) (2b)
No. Reagent [Pd] Base Solvent Temperature (°C) Time Conversion/(isol. yield) (%)°
12 (1d) Pd(PPh.), K,CO, THF 50 24h 37
2 Cs,CO, THF 50 24h 36
3 KOH THF 50 24 h 30
4 NaOH THF 50 24 h 27
5 K,CO, Toluene 50 24h 32
6 K,CO, THF 80 24h 55
7 PdBr(PCy,),Ph K,CO, THF 50 5 min 100 (86)
8 Cs,CO, THF 50 5 min 100
9 KOH THF 50 5 min 87
10 NaOH THF 50 5 min 83
11 KZCO3 THF 20 4h 100
12 K,CO, Toluene 50 45 min 100
13 Pd(PCy,), K,CO, THF 50 3h 100
14 K,CO, Toluene 50 3h 78
15 Pd(dba)(PCy.), K,Co, THF 50 3h 94
16 K,CO, Toluene 50 3h 87
17 (1e) Pd(PPh,), K,CO, THF 50 24h 27
18 PdBr(PCya)ZPh K2C03 THF 50 24 h 100 (79)
19 Pd(PCy,), K,CO, THF 50 24h 78
20 Pd(dba)(PCy,), K,CO, THF 50 24h 75

2[Pd]:[(1d) or (1e)]:[base] =5x10-2:1: 20, base (2 m) aqg. solution.
"Determined by GC-MS.

Borylative coupling

iotB —// +//_<\:’/>"Br (A)

o

(A): |Ru{COYCIHYPCy 3)11: B[R] = 2x10-2:1: 1.1
B0°C, 24 h, toluene (0L5 M), argon

o. 0
[vs)

Br: (B)

Iy

n

—_—

(B): [PABr(PCy 3),Ph:[BJ:[K,CO4] = 5107211 20,
THF (0.1 M), 50°C, 5 min.—24 h, 2 M K,CO5/H,0, argon

Figure 3: One-pot synthesis of poly(phenylene vinylenes) (PPVs) via trans-borylation of vinylboronate with bromosubstituted styrene and

Suzuki coupling.

the trans-borylation reaction, THF, the catalyst and K,CO,
were added to the vessel and the reaction mixture was
heated up to 50°C. The total conversion of reagents, moni-
tored by GC, was observed after a few minutes from the
beginning of the process.

The polymer that precipitated during the reaction was
filtered off, washed with hexane and acetone to remove
low condensed products and the residues of the cata-
lyst and dried under vacuum. The high stereoselectivity
as well as linearity of the obtained PPVs polymer are the
reasons for the really low solubility of these macromo-
lecular compounds in typical organic solvents. Therefore,

their spectroscopic analysis as well as their average mole-
cular weight and polydispersity were difficult to estimate.

The second approach to PAVs, which offers a possibil-
ity to incorporate other arenes in the polymer chain, was
based on the sequential reaction of vinylboronate homo-
coupling and Suzuki polycondensation. Homocoupling
of vinylboronates leads to bisborylethene, which can be
applied as a monomer for the Suzuki polycondensation
with dihalogenoarenes.

Table 2 presents the results of homocoupling of dif-
ferent vinylboronates in the presence of catalyst (I). For
further investigation, bisborylethene obtained from the
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Table 2:

Ru[GOJCItH}(PCya)
|oluena 24h 80°C

G PR
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Influence of vinylboronate on selectivity and productivity of homocoupling reaction.

G

o] o A
b
ooy & @ o) ©...
No. Vinylboronate Product Yield® (%) Selectivity® £/Z
(@ (1a) 100 8/1
(b) (1b) 88 6/1
3 © (10) 100 1/0

Reaction yields were calculated on the basis of gas chromatographic (GC) analysis.

®GC-MS and *H NMR were used for selectivity determination.

pinacolborane vinyl derivative was chosen, as no (2)
isomer was formed in the reaction. A small amount of this
undesirable isomer was observed when other vinylbor-
nanes (2-vinyl-1,3,2,-dioxaborolane and 2-vinyl-1,3,2-diox-
aborinane) were used as substrates.

The equimolar ratio of both reagents, bisborylethene
and dihalogenoarenes, under the Suzuki polycondensa-
tion reaction conditions leads to the formation of macro-
molecular compounds with vinylene arylene mers. Several
dihalogenoarenes, with different functional groups as
well heteroatoms in the arene ring, were applied in the
polymerization reaction. Two catalysts (III) and (IV) were
used for the polymerization, as their use was the most
effective in the first method.

According to the above described one-pot procedure
for the synthesis of PPVs, a new protocol of polymerization
from commercially available reagents was also developed.
Bisborylethene — a homocoupling product was directly
used, without any isolation, in the Suzuki polycondensa-
tion. After borylative homocoupling of vinylboronic acid
pinacol ester, THF, dihalogenoarene, the catalyst and base
Cs,CO, were added and the reaction was carried out for
18-24 h, until the total consumption of reagents, which was
monitored by GC analysis (see Table 3). We preliminarily
checked that Cs,CO, gave better results than K,CO, for the
coupling of bishorylethenes with dihalogenoarenes.

The macromolecular compounds precipitated during
the polymerization process due to the fact that PAVs are
really poorly soluble in traditional organic solvents.
The solubility of PAVs is still the main problem for their
potential application in electronic industry, which has
been tackled by many research groups. Functionalization
of the starting reagents with long alkoxy chains slightly
improved the solubility of the synthesized polymers, but
still was insufficient to calculate their average molecular
weight.

The GPC analyses of the obtained polymers were not
representative since only the oligomers with short chains

Table 3: Synthesis of poly(arylene vinylenes) (PAVs) via homo-
coupling of vinylboranes and Suzuki coupling.

i Suzuki polycondensation

=>w s ;L Vol o,

(A): [Ru z(‘o»(l(u)(y(y;ns\ =2x107:11 m [Pd]:[B]: [x-Ar-AJ:[Cs,CO,] = 5102 :1:1:20, THE (0.1 m)
80°C, 24 h, toluene (0.5 M), argo 50°C, 18- Cs,COJH,0, argor

Isolated

No. [Pd] X~ Ar —X Product yield

(%)
PdBr(PCy.),Ph l/_©+

S |_©_| J - (3a) 83
PdBr(PCy,),Ph ! A

2 T (3b) 74

3 PdBr(PCya)zPh Br*Br "_/_‘—{» (3c) 69
PA(PCy,),

4 3d) 74
V] O 7 O (@d)
Pd(PCys,). N =

S \@L. M (3e) 66

o o
PdBr(PCy,),Ph

6 () 58
i
T YO, KO0

10H21 OCTOH2|
; Pd(PCy3)2 @9} 70

C|0H21§

(a few mers) were dissolved in THF used for the analysis.
Therefore, we are still thinking about another method for
polymers analysis. In the near future, we plan to deter-
mine the polymer length (the number of mers in the
polymer chain) by the elemental analysis of products, and
calculate the residue of halogen (bromine or iodide) in the
product.

As m-conjugated polymers are really poorly soluble
in organic solvents, it was difficult to accomplish their

CioHas
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full spectroscopic characterization. The resonance lines
characteristic of protons attached to the C=C sp? bonds
with the coupling constants in the range 15-19 Hz were
observed in the 'H NMR spectra recorded mostly in THF-
d,or DMSO-d,. Such coupling constants are typical of the
compounds with trans-stereoregularity. The presence of
(E)-vinylene functionality was also confirmed by the FT-IR
analysis. The CH bending of trans-vinylene was visible
in all products in the range of 960-969 cm~!, which are
characteristic of these groups. The signals assigned to
the functional groups attached to arene as well as from
heteroarenes were also detected by FT-IR spectroscopy.
It is worth emphasizing that Suzuki polycondensation
is tolerant to many functional groups attached to arene
in monomer and leads to the synthesis of miscellaneous
interesting polymers with various electronic and con-
ducting properties. The electronic and electrochemical
characteristics of PAVs obtained by the described proce-
dures will be the subject of a separate article in the near
future.

The application of arylene vinylene oligomers and
polymers in solar and photovoltaic cells, or in optoelec-
tronics, demands determination of their thermal stability
because the devices with PAVs work often in high temper-
atures. The TG analysis and differential thermal analysis
were carried out for selected macromolecular compounds
(Figure 4). The comparison of thermal properties of PPVs
obtained via both one-pot procedures did not show any
significant difference in their properties. This means that
both methods can be interchangeably used for the syn-
thesis of PAVs. The temperatures after which there is 5%
or 10% loss in mass are similar for both samples (Figure
4A and B). Increased values of these parameters were
observed when alkoxy substituents were attached to the
phenyl ring (Figure 4C). Not only the solubility of poly-
mers is slightly better, but also their thermal resistance is
higher. TG analyses were carried out for most of the syn-
thesized macromolecular compounds. The properties are
in agreement with the literature data.

As follows from a comparison of the one-pot proce-
dures developed within this research with the previously
described synthesis of PAVs from bissilylethenes and
dihalogenoarenes by Hiyama coupling, the Suzuki poly-
condensation occurs at a higher rate than the analogous
Pd-coupling of silicon compounds. Necessity of the acti-
vation of the C-Si bond (increase in the bond nucleophi-
licity) by TBAF is essential for obtaining high conversion
of bissilylethene. This initial step affects the reaction rate.
Such an activation is not necessary in the Suzuki coupling
and in the applied catalytic condition, the polycondensa-
tion occurred immediately.
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Figure 4: Comparison of thermogravimetric (TG)/differential TG
(DTG) analysis of polymers: 2a (A), 3a (B) and 3g ().
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4 Conclusions

Within this study, we developed two highly selective
one-pot procedures based on trans-borylation/Suzuki
polycondensation for the synthesis of (E)-PPVs and (E)-
PAVs. The first method was based on the borylative cou-
pling of vinylboronates with bromosubstituted styrenes
and the polymerization of obtained products via Suzuki
coupling. Homocoupling of vinylboronates followed by
Suzuki polycondensation with dihalogenoarenes are the
reactions used in the second synthetic protocol. In both
procedures, the reactions occurred at high reaction rates
and the products were obtained with high stereoselec-
tivity towards (E)-configuration of all double C=C bonds.
The use of commercially available reagents, simplicity of
the procedures, and their high effectiveness are the main
advantages of these methods. Moreover, the reduction in
large amounts of organic solvents used for the separa-
tion of intermediate trans-borylation products, as well as
shortening of the process time and lowering costs of the
processes make the process more sustainable and greener.
Several PAVs with different arene cores were synthesized
according to the developed protocols. Their electronic and
electrochemical properties will be a subject of a separate
publication.
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