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ABSTRACT:

Palladium-catalyzed polymerization of 6,15-dibromo-2,11-dithia[3.3]metacyclophane 5 and 2,5-

dialkoxy-1,4-diethynylbenzenes 6a—b was carried out to give the corresponding polymers 7a—b having

dithia[3.3]Jmetacyclophane as a repeating unit. The structures of the polymers were supported by 'H, 3C NMR, and

IR spectra. The polymers obtained were soluble in common organic solvents such as tetrahydrofuran (THF), CH,Cl,,

CHCl;, and toluene. The polymer 7b showed an extension of n-delocalization via the through-space with m-m stacking

according to the UV-vis absorption spectrum in comparison with those of the model compounds 8 and 9. In the fluores-

cence emission spectrum of 7b in chloroform solution, an intense emission peak was observed at 439 nm (& = 0.51) in

the visible blue region. The monomer 5, polymers 7a—b, and the model compound 9 adopted the syn conformation of the

dithia[3.3]Jmetacyclophane moieties according to the 'H NMR spectra.
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Recently, attention has been paid to the structure, re-
activity, and physical properties of [n,nJmeta- or para-
cyclophanes, in which two aromatic rings are faced
one another in proximity.! Several cyclophane deriva-
tives have been prepared and their physical proper-
ties derived from the transannular interactions have
been investigated in detail? In addition, several poly-
mers having a paracyclophane unit in the main chain
(in the course of developing new processes for cross-
linking resins)® or in the side chain* have been stud-
ied to date. However, few m-conjugated polymers
using the longitudinal ;-;t interactions of cyclophane
as a repeating unit have been reported so far’~’
In 1985, Mizogami and Yoshimura reported that
the first synthesis of polymetacyclophane achieved
by a polycondensation reaction using an oxidative
dimer of 8,16-dihydroxy[2.2]metacyclophane, which
exhibited a conductivity of 0.25Scm™! by dop-
ing with H,SO4 vapor.® Recently, we reported the
synthesis and physical properties of the first well-
defined [2.2]paracyclophane-containing m-conjugated
polymers’ based on poly(p-phenylene-ethynylene)s
(PPEs) and poly(p-phenylenevinylene)s (PPVs). In
these study, we demonstrated that the polymer 1 was
capable of extended m-delocalization via the through-
space with st-m stacking of [2.2]paracyclophane.’?

In addition, dithia[3.3]cyclophanes have played an
important role in cyclophane chemistry as synthetic in-
termediates for [2.2]cyclophanes (through sulfur elim-
ination), and also for [2.2]cyclophane-dienes! Fur-
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Polymer 1

thermore, dithia[3.3]metacyclophane in solution in-
volves a syn/anti conversion of the aromatic rings
and a chair/boat conversion of the —CH,—S—CH,—
bridging framework, while as a crystal, it consti-
tutes both syn conformation and a chair/chair con-
formation."»>~!!" Although the conformational behav-
ior of [3.3]metacyclophane derivatives is not straight-
forward, dithia[3.3]metacyclophane appears to be a
promising candidate for the aryl unit of through-space
n-conjugated polymers. Changing the conformations
of the [3.3]metacyclophane moiety by varying the tem-
perature can fine-tune the optical and electrochemical
properties of the resulting polymers. This paper re-
ports the synthesis and properties of novel through-
space m-conjugated polymers based on PPEs having a
dithia[3.3]metacyclophane skeleton in the main chain
as a repeating unit.

EXPERIMENTAL

General
'H and '*C NMR spectra were recorded on a JEOL
JNM-EX270 instrument at 270 and 67.5 MHz, respec-
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tively. The chemical shift values were expressed rela-
tive to Me4Si as an internal standard. IR spectra were
obtained on a PerkinElmer 1600 spectrometer. UV-
vis spectra were obtained on a JASCO V-530 spec-
trophotometer, and samples were analyzed in CHCl; at
room temperature. Fluorescence emission spectra were
recorded on a PerkinElmer LS50B luminescence spec-
trometer, and samples were analyzed in CHCl; at room
temperature. Gel permeation chromatography was car-
ried out on a TOSOH UV-8020 and RI-8020 (TOSOH
TSK-GEL @-3000 column) using THF as an eluent af-
ter calibration with standard polystyrene. Analytical
thin-layer chromatography (TLC) was performed with
silica gel 60 Merck F,s4 plates. Column chromatogra-
phy was performed with Wakogel C-300 silica gel. El-
emental analysis was performed at the Microanalytical
Center of Kyoto University.

Materials

THF was distilled from sodium benzophenone ketyl.
NEt; was distilled from KOH. Toluene was dis-
tilled from CaH,. Methanol, ethanol, and benzene
were used without purification. NaBHs;, NaOH,
Cul, 5-bromo-m-xylene, thiourea, PACly(PPh3),, PPhj,
and Bu’4NF (1.0M in THF solution) were ob-
tained commercially, and used without further pu-
rification. Pd(PPhs)s was prepared as described in
the literature.'? 5-Bromo-m-xylene dibromide 413 25-
dialkoxy-1,4-diethynylbenzenes (6a and 6b)!* and
1,4-bis(phenylethynyl)-2,5-didodecyloxybenzene 842
were also prepared as described in the literature. 6,15-
Dibromo-2,11-dithia[3.3]metacyclophane 5 was pre-
pared as described in the literature with minor mod-
ification.’> All of the new products are characterized
below.

1,3-Bis(isothiouroniummethyl)-5-bromobenzene Di-
bromide 2. A mixture of 5-bromo-m-xylene dibro-
mide 4 (2.0 g, 5.8 mmol), thiourea (0.99 g, 13 mmol),
and ethanol (10 mL) was placed in a 100 mL Pyrex flask
equipped with a magnetic stirring bar under a flow of
nitrogen. The reaction mixture was refluxed for 2h
with stirring. After cooling, the white solid precipi-
tated. The product was separated by filtration, washed
with ethanol, and dried under vacuum to give 2 (2.7 g,
5.5mmol, 94%). A white solid; mp 254-255°C. 'H
NMR (270 MHz, DMSO-ds): ¢ 4.50 (s, 4 H), 7.45 (s,
1H), 7.63 (s, 2H), 9.05 (s, 4H), 9.20 (s, 4H); 13C
NMR (67.5 MHz, DMSO-dg): 633.2, 121.8, 128.5,
131.1, 138.5, 168.6. Anal. calcd for CigH 5Br;N4S,:
C 24.26; H 3.05; found: C 24.41; H 2.99.

6,15-Dibromo-2,11-dithia[3.3]metacyclophane 5.
To a solution of 2 (4.9g, 10mmol) in 100 mL of
methanol was added NaBH4 (1.5 g, 40 mmol) slowly
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with rapid stirring to generate thiol. This solution and
a solution of 4 (3.4 g, 10 mmol) in 100 mL of ethanol-
benzene (4:1) were added dropwise simultaneously
to a boiling solution of NaOH (0.79g, 20 mmol)
in 100 mL of ethanol. After the complete addition
(24 h), the solution was refluxed for additional 24 h.
The reaction mixture was allowed to cool to room
temperature and evaporated. The residue was dissolved
in CH,Cl,. The organic layer was washed with water
and dried over NaySO4. The solvent was removed
under vacuum and the crude product was subjected to
column chromatography on SiO, with CH,Cl, as an
eluent to give the compound 5 (1.8 g, 4.2 mmol, 42%).
A white solid; mp 187-189°C. '"H NMR (270 MHz,
CDCls): 6 3.73 (s, 8 H), 6.96 (s, 2 H), 7.05 (s, 4 H); 13C
NMR (67.5 MHz, CDCl3): 6 37.6, 122.3, 130.0, 130.2,
139.0. Anal. calcd for C4H14Br,S,: C 44.67; H 3.28,;
found: C 44.38; H 3.19.

Polymerization

A typical procedure is as follows. A 50mL Pyrex
flask was charged with 5 (126 mg, 0.29 mmol), 6
(0.29 mmol), Pd cat. (0.014 mmol), PPhs (16 mg,
0.060 mmol), Cul (3.9 mg, 0.020 mmol), toluene (3.0
mL), NEt; (3.0mL), and a magnetic stirring bar un-
der a flow of nitrogen. The reaction was carried out
at 80 °C for 48 h with stirring. After the reaction mix-
ture was cooled, the precipitated ammonium salts were
filtered off and washed with THF. The filtrate was con-
centrated and poured into methanol (50 mL) to precipi-
tate the polymer. The polymer was separated by filtra-
tion, washed with methanol, and dried in vacuo to give
the polymer 7 as an orange powder.

Polymer 7a. Yield: 107 mg, 62%. 'H NMR (CD-
Cls, 270 MHz): 6 0.92 (br, 6 H), 1.37 (br, 8 H), 1.52 (br,
4H), 1.82 (br, 4 H), 3.74 (brs, 8 H), 3.98 (br, 4 H), 6.85—
7.11 (m, 6 H),7.34-7.60 (m, 2 H); 3C NMR (CDCl;,
67.5MHz): ¢ 14.0, 22.6, 25.6, 29.0, 31.5, 37.3, 37.6,
69.7, 85.8, 95.1, 117.6, 122.4, 130.2, 130.4, 137.0,
139.0, 154.8. IR (KBr): 2203 cm™!. Anal. calcd for
C3gH420,S,: C 76.72, H 7.12; found: C 78.30, H 7.30.

Polymer 7b.  Yield: 128 mg, 58%. 'H NMR (CD-
Cls, 270 MHz): ¢ 0.85 (br, 6 H), 1.24 (br, 32 H), 1.52
(br, 4H), 1.82 (br, 4H), 3.72 (brs, 8 H), 3.98 (br, 4 H),
6.84-7.11 (m, 6H), 7.30-7.45 (br, 2H); 3C NMR
(CDCl3, 67.5 MHz): 6 14.1,22.7,25.9,26.1,29.4,29.7
(overlapping signals), 31.9, 37.3, 37.6, 69.6, 85.9, 94 4,
116.9, 122.4, 130.2, 130.4, 136.9, 139.0, 153.5. IR
(KBr): 2206cm™!. Anal. calcd for CsoHgg02S,: C
78.69, H 8.72; found: C 77.20, H 7.82.

Model Compound 9. A mixture of 5§ (152 mg,
0.35mmol), 1,4-didodecyloxy-2-ethynyl benzene'*
(333 mg, 0.71 mmol), Pd(PPh3)4 (46 mg, 0.040 mmol),
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Bu"4NF (1.0 mL, 1.0 M solution in THF), and THF
(7.0 mL) was placed in a 50 mL Pyrex flask equipped
with a magnetic stirring bar under a flow of nitrogen.
16 The reaction mixture was refluxed for 3d. After
cooling, the reaction mixture was diluted with CHCls,
washed with water, and the organic layer was dried over
Na;SO4. The solvent was evaporated and the crude
product was subjected to column chromatography on
SiO, with CH;Cly/hexane (1:1) as an eluent to give
the compound 9 (199 mg, 0.16 mmol, 47%). A yellow

Conjugated Polymers Having a Dithia[3.3]metacyclophane Unit

up-field (6 = 4~5ppm), and can be used to assign
the two conformers.! In addition, the bridge pro-
tons appeared as a singlet at § = 3.73ppm in 'H
NMR spectrum, indicating 5 likewise exists in three
rapidly interconverting isomeric forms, i.e., pseudo-
chair/chair, pseudo-boat/chair, pseudo-boat/boat, in so-
lution at 25°C (Scheme 2). Comonomers 6a—b were
prepared as described in the literature.*

The procedure for the synthesis of the polymer pro-
ceeded as follows (Scheme 3),!” and the results are

solid; mp 45-47°C. '"H NMR (CDCls, 270 MHz): §

0.88 (m, 12 H), 1.27 (br, 76 H), 1.

4H), 3.71 (s, 8H), 3.82 (t, J =

50 (br, 8 H), 1.82 (m,

6.5Hz, 4H), 3.95 (t, 5y, S
J = 6.2Hz, 4H), 6.65 (s, 2H), 6.77 (s, 4H), 6.93 (s, / -~ ii
S

2H), 7.20 (s, 4H); 3C NMR (CDCls, 67.5 MHz): §

14.1, 22.7, 26.0, 26.1, 29.3, 29.4, 29.5, 29.6 (overlap-

ping signals), 31.9, 36.9, 68.6, 69.9, 86.1, 93.0, 113.7, syrlorm anttform
114.2, 116.6, 118.1, 124.0, 130.4, 131.7, 137.0, 152.8,
154.1. Anal. Caled for CgoH12004S,: C 79.41; H @
10.00. Found: C 79.16; H 10.11.
CHClg H,0
RESULTS AND DISCUSSION He
The synthesis of 6,15-dibromo-2,11-dithia[3.3]meta- Hi l
cyclophane 5'° and polymers 7a-b is shown in s T
Scheme 1. The key monomer 5 was synthesized by ®)
direct coupling of 5-bromo-1,3-benzenedimethanethiol
3, generated by reduction of 5-bromo-1,3-bis(isothio-
uroniummethyl)benzene dibromide 2, with 5-bromo- ﬁ;“ oSG CHy|| CHa
1,3-bis(bromomethyl)benzene 4 in 42% yield. As- oo, M ooh e
signment of the syn conformation of 5 in solution e j\k
at 25°C was confirmed by the 'H NMR spectrum.10 (©)
The internal aromatic proton of 5 was not affected
by the transannular shielding and appeared at § =
6.96 ppm in the normal range (Figure 1A). In the case
of the anti-conformers, inner protons H; are shifted He J“L
CHClg I H; d\
Br i 8I.0 :0 6'.0 5|.o 4|.o 3|0 2|.o 1|.oppm
NaBH, ) . .
Figure 1. Schematic representation of the conformers of
MeOH the dithia[3.3]metacyclophane moiety, and 'HNMR spectra
{H2N),C=g* *S=C(NHy), HS SH (270 MHz) in CDCl; solution at 25 °C; (A) monomer 5, (B) poly-
Br Br mer 7b, and (C) model compound 9. H; and H, stand for the inter-
2 Br 3 nal and external aromatic protons of the dithia[3.3]metacyclophane
moieties, respectively.
Br P CPETs — —
Br 4 Br ‘@ ss o —
Etom?&t‘lzene BrQs BrBr Br Br
5
42% pseudo-chair/chair pseudo-boat/chair pseudo-boat/boat

Scheme 1.
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Table 1. Synthesis and Optical Properties of the Polymers 7a—b
entry R Pd cat. additive polym. yield/%* M M,° My /M° UV dpu/nm® &8 PL Apg/nmS¢
1 n-C¢Hj3(6a) PACL(PPh;), PPh;  7a 62 7600 4900 1.6 377 16000 440
2 n-Ci;Hs(6b) PACly(PPhs), PPhy;  7b 58 13500 7500 1.8 373 29900 439
3 n-CppHys(6b)  PdA(PPhj) none 7b 47 14000 7600 1.9 372 27500 438

solated yields after reprecipitation into MeOH. *GPC (THF), polystyrene standards. °Absorption and emission spectra

were recorded in dilute CHCl; solutions at room temperature. ‘Excited at 375 nm (1.0 x 107> M).

Pd cat. / Cul
- \—-< - toluene - NEt,
OR 80 T for48 h

R = a n-CgHq3; b n-CqoHops

Scheme 3.

summarized in Table I. Treatment of 5 with 6 in
the presence of a catalytic amount of PdChL(PPhj),
(2.5mol% to an acetylene unit), PPhs, and Cul in
toluene—NEt; (v/v = 1:1) at 80°C for 48 h under a ni-
trogen atmosphere gave dark fluorescent solutions. Af-
ter the reaction was complete, inorganic by-products
were filtered off and the filtrate was reprecipitated into
a large amount of MeOH to obtain the correspond-
ing titled polymers 7a—b in moderate yields as an
orange powder. The polymers obtained were read-
ily soluble in common organic solvents such as THEF,
CH,Cl,, CHCls, and toluene. A self-standing thin film
of the polymer was obtained easily by casting from
a CHCIl3 solution. All polymers were thermally sta-
ble as well as air stable, both in solution and the solid
state. The molecular weight measurements were per-
formed by gel permeation chromatography (GPC) in
THF eluent using a calibration curve of polystyrene as
the standard (Table I). The polymer 7b had a number-
average molecular weight (44,) of 7500, which cor-
responded to a degree of polymerization of 10 (Ta-
ble I, entry 2). The Pd(PPhs)4/Cul system showed al-
most the same catalytic activity for this polymeriza-
tion, giving 7b in a 47% isolated yield with M, =
7600 (Table I, entry 3). All polymers were charac-
terized by '"H NMR and IR spectra. For example, in
7b, the aryl protons of the alkoxybenzene and meta-
cyclophane units appeared broadly at 6 = 7.30~7.60
and 0= 6.75~7.15, respectively. The internal pro-
tons of dithia[3.3]metacyclophane in the polymer (6 =
6.75~7.15) were not shifted upfield (Figure 1B). It
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Compounds 8 and 9

is implied that the dithia[3.3]metacyclophane units in
the polymer backbone exist predominantly in the syn
conformation in solution at room temperature. The
acetylenic moiety of 7b was characterized by *C NMR
spectrum (6 85.9 and 94.4 ppm) and by IR spectrum
(ve=c = 2206 cm™!), respectively.

The optical properties of the polymers 7a—b ob-
tained above were examined, and the results are also
summarized in Table I. The UV-vis absorption spectra
of 7a-b in a dilute CHCI; solution at room tempera-
ture exhibited absorption maxima at around 310 and
375nm. The polymer 7b exhibited strong absorption
peaks at 311 and 373 nm, which agreed with the ab-
sorption of the PPEs backbone (Table I, entry 3). As
shown in Figure 2, the UV-vis spectrum of 7b was
compared with those of two model compounds 8 and
9. The internal proton H; of the compound 9 ap-
peared at 6 = 6.65 ppm (Figure 1C), indicating 9 like-
wise adopts the syn conformation in solution at room
temperature. The UV-vis spectrum of the compound 8
was already reported,'#* but we wish to show here our
own result. The spectra showed a red shift of 12 nm
for the absorption of 7b (An,x = 373 nm) relative to
8 (Amax = 361 nm) and 42 nm relative to 9 having a
dithia[3.3]metacyclophane core (Apax = 331 nm). Fur-
thermore, the absorption edges were also red-shifted
about 100 nm, as shown in Figure 2. These results

Polym. J., Vol. 35, No. 6, 2003
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Normalized Absorbance

250 300 350 400 450 500 550
Wavelength (nm)

Figure 2. Absorption spectra of the polymer 7b and the model
compounds 8 and 9 in CHCl;.

solution
film

Normalized Intensity

350 400 450 500 550 600 650
Wavelength (nm)

Figure 3. Fluorescence spectra of the polymer 7b in dilute
CHCI; solution and in the film state (excitation wavelength at
375 nm).

suggest the extension of m-delocalization length only
via the through-space based on the two benzene rings
of 2,11-dithia[3.3]metacyclophane. The lone pairs of
the two sulfur atoms in dithia[3.3]metacyclophane were
not involved in the m-conjugated system because they
were remote from the benzene rings. In addition, the
absorption spectra of 7a—b in the solid state were very
similar to those in solution.

In the fluorescence emission spectra of the polymers
7a-b in dilute CHCl; solution at room temperature on
excitation at 375 nm, the emission peaks were observed
near 440 nm in the visible blue region (Table I, Fig-
ure 3). The polymer solutions showed high quantum
efficiency; for example, 7b had an efficiency of 0.51 in
CHCI; solution at room temperature, as demonstrated
by using 9-anthracenecarboxylic acid in CH;Cl, as a
standard (& = 0.442).!% In the solid thin film of 7b,
the weak emission peak maximum at 502 nm was red-
shifted about 60 nm from that in solution. This re-
sult indicates relatively strong m-mt stacking, i.e., ex-

Polym. J., Vol. 35, No. 6, 2003

cimer formation.!® For polymers 7a and 7b, the phys-
ical properties were almost the same and independent
on the length of the alkoxy side chain.

CONCLUSION

Novel m-conjugated polymers having dithia[3.3]-
metacyclophane in the main chain have been de-
signed, synthesized, and characterized. The monomer,
polymers, and the model compound adopted the syn
conformation of dithia[3.3]metacyclophane units as
shown by the "H NMR spectra. The extension of -
conjugation via the through-space was observed ac-
cording to the UV-vis absorption spectral data in com-
parison with those of the model compounds. The
polymers emitted bright blue light (1 = 440nm, ®=
0.51) in solution. Further studies of the electronic
properties, thermal properties, and thermochromism
accompanying the syn/anti conformational changes
of dithia[3.3]metacyclophane moieties in the polymer
backbone are now underway.
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