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Silole — Thiophene Alternating Copolymers
with Narrow Band Gaps**

Shigehiro Yamaguchi, Tomoyuki Goto, and
Kohei Tamao*

In the chemistry of m-conjugated polymers, the control of
the band gap, which is necessary to obtain specific electrical
and photophysical properties, is a fundamental goal.l'! Suc-
cessful stratergies for creating a narrow band gap involve the
construction of donor-acceptor type polymers,? planar
ladder-type conjugated systems,B’! polymers based on fused-
ring systems,* and copolymers with a specific combination of
monomer units such as poly(thienylene —vinylene)s.’) A new
alternative to these approaches would be the modification of
carbon m-conjugated systems with main group elements such
as boron, silicon, and phosphorus.[®]

In this context, the silole —thiophene 1/1 alternating co-
polymer is an interesting target compound,”! in which the ring
silicon atoms fix the labile s-cis butadiene skeleton of the
poly(thienylene —butadienylene) chain. In addition, the sili-
con atoms in the ring are expected to affect the electronic
structure through unique orbital interactions such as o* —m*
conjugation.l’!  Although its narrow band gap has been
predicted theoretically 'l and experimentally,[’l its synthesis
has been hampered by the limited availability of suitable 2,5-
difunctionalized silole precursors.'! These precursors should
be isolable but sufficiently reactive towards coupling reactions
for high molecular weight polymers to be obtained. We now
report the preparation of silole-2,5-diboronic acid 1, a suitable
monomer,?l and its use in a Suzuki-Miyaura coupling!'! for
the first synthesis of silole — thiophene alternating copolymers.

The preparation of 1 is based on the intramolecular
reductive cyclization of bis(phenylethynyl)silane 2,04
(Scheme 1). Reaction of the diyne 2 with four equivalents of

QO
N Z 1) SN 2)
si — | v Li | —
I

i
Bu Bu e Bu
2 3
(EtoN)B /S\ B(NEt), (HO),B /S\ B(OH),
i i
Bul TBu Bul :Bu
4 1 98%

Scheme 1. Synthesis of 1: 1) LiNaph (4 equiv), THF, room temperature
(RT); 2) (Et,N),BCl (4 equiv), —78°C ~RT; 3) 1N HCL
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lithium naphthalenide yielded 2,5-dilithiosilole 3 quantita-
tively. Treatment of 3 with four equivalents of (Et,N),BCl
gave 2,5-diborylsilole 4 (not isolated), which was hydrolyzed
to afford 1in 98 % yield. The use of (Et,N),BCl was essential
because the typical procedure to obtain boronic acids, the
direct reaction of the dilithiosilole with B(OiPr); followed by
hydrolysis,'*] did not produce the desired product.

As the counterpart for the Suzuki—Miyaura coupling, we
chose 2,5-bis(5-bromo-2-thienyl)silole 5 a, readily obtained by
the bromination of 2,5-dithienylsilole 5bl'® (Scheme 2). The

7\
(HO),B SI
Bu/ Bu

1 5a (X =Br, R = Hex)
j 2), 70%

5b (X =H, R = Hex)
5C (X = H, R = Me)

B(OH), +

6 98% (n=20)

Scheme 2. Synthesis of 6: 1) [Pd,(dba);]-CHCl; (0.025 equiv), PPh,
(0.1 equiv), Na,CO; (2 equiv), THF/H,0 =4/1, reflux, 72h. 2) N-bromo-
succinimide (NBS)(2.1 equiv), DMF, RT. Hex = n-hexyl.

Suzuki-Miyaura coupling of the 1 with the dibromide Sa was
carried out under basic conditions with the catalyst system
[Pd,(dba);] - CHCl/4 PPh; (Scheme 2) and afforded the alter-
nating copolymer 6 in 98 % yield; molecular weights of 6 were
determined by GPC analysis with polystyrene standards
M,=48700 and M,=18400 (n=~20 (~80 five-membered
rings in total)). The use of the tri-ring dibromide 5a was
important in obtaining high molecular weight polymer, for
example, the coupling of 1 with 2,5-dibromothiophene yielded
a lower molecular weight polymer 6’ (M, =9000, M, =4600,
n=11 (~22 five-membered rings in total)) in 52 % yield. The
structure of 6 was verified by 'H and 3*C NMR spectroscopy.
The 'H NMR spectrum shows only one singlet at 6 =6.19,
assignable to the thienylene protons, demonstrating the highly
ordered structure of 6. The polymer is remarkably stable and
no decomposition was observed even after one year in air.

Polymer 6 is a bronze powder, but affords an ink-blue
solution in THF or chloroform. The UV/Vis absorption
spectrum of 6 in chloroform has A, at 648 nm, 230 nm
longer than that of the methyl derivative 2,5-dithienylsilole S¢
(Amax 418 nm)I1%) and, moreover, 8 nm longer than that of ¢
(Amax =640 nm). This suggests that the m-conjugation is
effectively extended over more than 22 rings, this being the
average number of silole and thiophene rings in 6’. The A,,,,
value of 6 is also 110 nm longer than that of the poly(thie-
nylene —butadienylene) 7 (1,,,, =538 nm), recently prepared
by Tilley and Lucht.l'] The large difference between 6 and 7

1696 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

clearly demonstrates the significant structural and electronic
effects the ring silicon atoms have on the electronic structure
of the m-conjugated main chain.

RO OR

7N S
HH L

7 (R =n-hexyl)

8a (m=2)
8b (m=3)
8c (m=4)

(R = tBuMe,Si)

The absorption spectrum of polymer 6 is highly temper-
ature dependent (Figure 1). As the temperature decreases,
the vibronic fine structure of the absorption band of 6

T T T T N
400 500 600 700 800 900

Alnm —

Figure 1. Variable temperature UV/Vis absorption spectra of 6 in
2-MeTHF in the range 293-183 K.

becomes obvious, and at 183 K, the 4, band shifts to 727 nm.
The band gap, determined from the 1y, band edge, is 1.55 eV,
is small for linear m-conjugated polymers consisting of five-
membered heteroaryls,!! but coincides well with the theoret-
ical value predicted by Hong etal. (E,q.=1.55eV).l A
comparison of this value with those of the silole —thiophene
copolymers 8a—c previously prepared by usl’s shows a good
linear correlation between the silole/thiophene ratio and the
band gap (E,=1.97-0.419(silole/thiophene), r=0.995), (Fig-
ure 2). The different substitution modes of the silole rings!'®!
mean that some caution is required interpreting this compar-
ison but the linear correlation suggests that narrower band
gaps may be achieved by increasing the silole content.

The successful preparation of silole-2,5-diboronic acids has
opened the door to a new chemistry of alternating silole—
arene copolymers. This has been demonstrated by the present
synthesis of silole —thiophene alternating copolymers and by
the unique properties that these polymers display.
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Figure 2. Plot of the band gaps (E,) determined from absorption edge
versus silole/thiophene ratios for a series of silole —thiophene copolymers.

Experimental Section

1: A mixture of granular lithium (139 mg, 20 mmol) and naphthalene
(2.56 g, 20 mmol) in THF (12 mL) was stirred at room temperature under
argon for 4 h before a solution of 2 (1.72 g, 5 mmol) in THF (11 mL) was
added. The mixture was cooled to —78°C and a solution of (Et,N),BCl
(3.81 g, 20 mmol) in THF (10 mL) was added dropwise over 25 min. The
resulting mixture was allowed to warm to room temperature over 6 h. After
removal of solvents, Et,O was added to the residue, and the insoluble
materials were removed by filtration. 1N hydrochloric acid (60 mL) was
added to the filtrate and the mixture was extracted several times with Et,O.
The combined organic layer was washed with brine, dried over Na,SO,,
filtered, and concentrated. The residue was dissolved in a small amount of
Et,O and reprecipitated with hexane (ca. 200 mL) to give 1 (2.13 g,
4.9 mmol) in 98 % yield as a white, spectroscopically pure solid: m.p. 82°C
(decomp.); 'H NMR (270 MHz, CDCl;): 6 =0.99 (t,J =7.0 Hz, 6H), 0.96 -
1.06 (m, 4H), 1.28-1.47 (m, 8H), 3.94 (s, 4H), 6.86-6.97 (m, 4H), 7.10-
720 (m, 6H); 3C NMR (678 MHz, CDCL): 6=11.50, 13.80, 26.42,
26.45, 12746, 12798, 128.21, 140.95, 169.61. A satisfactory elemental
analysis was not obtained probably due to contamination by a trace amount
of water.

6: A mixture of 1 (868.5mg, 2.0 mmol), 5a (1.450g, 2.0 mmol),
[Pd,(dba);] - CHCl; (104 mg, 0.10 mmol), PPh; (105 mg, 0.40 mmol), and
Na,CO; (424 mg, 4.0 mmol) in a THF/H,O (4/1, 20 mL) mixture was
refluxed for 72 h. The reaction mixture was poured into vigorously stirred
hexane (400 mL) and the insoluble material collected by filtration. The
residue was suspended in methanol/H,O (1/1; 120 mL) and sonicated for
10 min. The mixture was then filtered, and the insoluble part collected and
washed with methanol (80 mL) then hexane (80 mL). Soxhlet extraction
from the residue with THF gave the soluble polymer 6 (1.78 g) in 98 % yield
as a bronze solid: 'H NMR (270 MHz, CDCl;): 6 =0.70-0.90 (brm, 20H),
1.05-1.43 (brm, 24H), 6.19 (brs, 4H), 6.70-6.93 (brm, 8H), 6.98-7.19
(brm, 12H); BC NMR (67.8 MHz, CDCl;): 6 =13.66, 14.11, 22.59, 23.34,
25.54, 25.93, 31.36, 32.44, 126.40, 126.81, 128.19, 129.33, 130.26, 139.80,
142.84, 153.55; UV/Vis (CHCl;, 293 K): A, (Ig € per recurring unit) = 648
(4.73), 685 (sh, 4.70); elemental analysis, caled (%) for (CgHgsS,S1,),: C
79.24, H 7.54; found: C 77.13, H 7.33.
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