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ABSTRACT: We studied ring-collapsed radical alternating copolymerization (RCRAC) of hexaphenylcyclo-
hexastibine €yclo-(PhSh)) and several acetylenic compounds in the presence of a catalytic amount-of 2,2
azobis(isobutyronitrile) (AIBN) in tetrahydrofuran at 7G. Although the monosubstituted acetylenic monomers,
phenylacetylenel@), 4-cyanophenylacetylendlf), and 4-methoxyphenylacetyleni&c], gave low molecular
weight poly(vinylene stibine)s, RCRAC of dimethyl acetylenedicarboxylat® &ndcyclo-(PhSb} provided a
corresponding poly(vinylene stibineRd) of which the number-average molecular weight was 4300 by gel
permeation chromatographic analysis. The structuBelefas supported byH and*3C NMR spectra and elemental
analysis. The structure and the molecular weighRdfwere insensitive to solvents and the feed ratio of the
monomers. When hexaphenylcyclohexaarspylp-(PhAs)) was used in RCRAC withd, no polymerization
proceeded. These results were derived from different reactivity of pnictogen radicals. When the results of RCRAC
of cyclo(PhAs) and that of2 are compared, the arsenic radicals had more reactivity to the ethynyl groups and
the antimony radicals had more reactivity toward the vinyl radicals.

Introduction Scheme 1

Synthesis of polymers having inorganic elements in polymer p,_ _,EA _Ph
backbones is of interest because they can offer interesting and A':‘ ) ;fs
useful properties such as electronic, photonic, biomedical, and " ‘:fh Ph Q
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inorganic elements into organic polymer main chains is currently or / benzene reflux s
of great interest and importanééiowever synthetic methodol- Me,  Me
ogy for incorporating a wide variety of inorganic elements in al
polymer main chain is limited. In particular, preparation of the Me™ “as" “Me
polymers having metallic or metalloid elements in the backbone Me
utilizes the classical methodologfe8 such as polyaddition cyclo-(MeAs)s
using a metallic dihydride as a comonomemdium coupling
of a metallic dihalid¢, or polycondensation of a dihydroxide
and a dihalidé. The simplest type of the polymers featuring
inorganic elements is heteroatom-including poly(vinylene)s.
However, ther_e was no report of the synthesis of such polymerspolymer except for polytphenylene triphenylantimon?)
except poly(vinylene sulfide)s. ) o whose degree of polymerization was 2. The antimony elements
Recently, we have developed radical copolymerization of i, those polymers were, however, all pentavalent because
homocyclic arsenic compounds such as hexaphenylcyclo- yig|kyl-ftriarylantimony dichloride/dinitrate were used as comono-
hexaarsinedyclo-(PhAs)) or pentamethylcyclopentaarsirey¢ mers in the previous polymerization. The resulting polymers in
clo-(MeAs)) and phenylacetylenel§)® (Scheme 1). Thisis @  this paper are first organic polymers which have trivalent
novel type of radical alternating copolymerization, in which the antimony in the backbones. Because of a lone pair of trivalent
arsenic ring compounds fell into pieces and the arsenic unit Wasgntimony, the polymer should possess coordination alitityd
incorporated into the polymer backbone with no arseaisenic  potential for introduction of substitution via oxidative addition
bonds. Therefore, we_ha\(e termeditas a rlng-cqllapsed radicalieactiont4 Each trivalent antimony atom in the poly(vinylene
alternating copolymerization (RCRAC). The obtained polymers  gtipine) is expected to have a less delocalized lone pair compared
were first examples of well-defined organoarsenic polymers. yyith an arsenic atom because of stronger s-character of the lone
The polymers showed fluorescent property attributable-ta' pair of the antimony atom. An array of radical cations with the
transition in the backbones. simple rigid spacer would be generated by oxidation of the
Cyclooligostibines are homocyclic compounds with rings built  antimony atoms of the polymer.
exclusively of antimony atoms, and have been well character-
ized?1° However, the reactivity of cyclooligostibines was Results and Discussion
reported in few papeiNo reactions of cyclooligostibines with The phenyl-substituted cyclooligostibine, hexaphenylcyclo-
unsaturated compounds have been reported. Here, we reporhexastibine ¢yclo(PhSh)), was synthesized by reduction of
RCRAC of a cyclooligostibine and acetylenic compounds o phenylantimony dichloride using bis(cyclopentadienyl)cobalt-
(1) according to the literature procedufeRCRAC of cyclo-
* Corresponding author. E-mail: ken@chujo.synchem.kyoto-u.ac.jp.  (PhSb} was studied with monosubstituted and disubstituted

organoantimony polymers, poly(vinylene stibine)s. Although
several polymers containing antimony element in the main chain
were reported! most of the polymers were synthesized by
polycondensation. Moreover, there was no organoantimony
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Figure 1. 1H NMR spectrum of polyme2d (M, = 4300,M,, = 6400)-
acetylenic compounds. At first, the radical reactioncyélo- in CDCl; at room temperature.
(PhSby and various kinds of monosubstituted acetylenic

compounds Ya—1c), which provided corresponding poly- MeOOC—H
(vinylene arsine)s by RCRAC of the cyclooligoarsifésjere C—COOMe
carried out (Scheme 2). A tetrahydrofuran (THF) solution of a

catalytic amount (3 mol %) of 22zobis(isobutyronitrile) Ph—Sb

(AIBN), cyclo(PhSby, and the monosubstituted acetylenic

compound was heated after deaeration in a sealed tube. After C—COOMe
stirring the reaction mixture for 15 h at AT, the reaction

mixture was filtered to remove a white precipitatdhe filtrate

was poured inta-hexane to precipitate a product, which was MeOOC—C

purified three times by reprecipitation. Althoudla—1c were Sh—Ph

all copolymerized withcyclo-(PhSby estimated by*H NMR

(as described later), yields of the corresponding products were
all less than 10%, and the number-average molecular weights MeOOC—C

of the products determined by GPC analysis were around 1500.

On the other hand, dimethyl acetylenedicarboxyldid) @s a C——COOMe
disubstituted electron-deficient acetylene gave poly2aewith

a moderate yield and higher molecular weight by RCRAC with Ph—5SbH
cyclo-(PhSh) (Scheme 3). The polymer was purified by repre- Figure 2. Trans isomer of a dimer model @t (left) and its optimized
cipitation into diethyl ether. After freeze-drying, the polymer 9geometry (right) calculated with the AM1 Hamiltonian.

2d was obtained as a bright-yellow powder. From GPC analysis . ] .

(DMF with 0.1 M LiBr, polystyrene standards), the number- assignable to the methyl protons of the cis configuration. The
average and weight-average molecular weigh@doiere 4300  **C NMR spectrum of the polymer showed a peak around 51
and 6300, respectively. The yield @fl (26%) was relatively ~ PPM attributed to the methyl group (Figure 3). A broad peak of
low due to removal of low molecular weight products by the vinyl carbon appeared at around 143 ppm in the spectrum,
reprecipitation and lower reactivity of stibine radical than an Which suggests the formation of the vinylene stibine units. The
arsenic radical. The polyméd was readily soluble in common elemental analysis &fd confirmed 1:1 structure of the antimony

organic solvents such as CHCTHF, DMF, and toluene. element and the vinylene unit (see Experimental Section). This
Structural characterization @fl was provided byH and3C also suggests that the antimony element2ih existed in a

NMR spectroscopies. ThtH NMR spectrum of2d showed trivalent state and no oxidated antimony was present.

broadening peaks ab 8.0-6.7 ppm ando 4.0-2.0 ppm The polymer2d was characterized by matrix-assisted laser

attributed to the aromatic protons and the methyl protons, desorption/ionization time-of-flight mass (MALBITOF—MS)
respectively (Figure 1). Considering the integral ratio of the measurement. Figure 4 shows the spectrun2afAlthough
methyl protons and the phenyl protons, the copolymer was found detected peaks attributed to the polymer with several repeating
to have 1:1 of the stibine and the vinylene unit. The peak of units, intervals between these peaks at high molecular weights
the methyl protons was located in upper field than thataf are all 341, which is consistent with the value of the vinylene
due to a ring current effect of the phenyl group on the antimony stibine unit. Moreover, the mass of the peaks corresponds to
element. Molecular orbital calculations for optimized geometries the weight of [(GHeOs)m(CeHsSb)ni1] + Na* including isotope

of a cis and a trans isomers of a dimer mode2dfvere carried  pattern for antimony. This result supports the premise that the
out (Figure 2). In the case of the cis isomer, calculation was polymer was terminated with the antimony units and not with
not succeeded due to a steric hindrance of the two adjacent Sidhe vinyl unit as well as the group from AIBN.

atoms. The result of calculations of the optimized geometry of  The polymer2d was air-stable in the solid state at room
the trans isomer showed that the methyl protons can be locateddemperature. No changes in the molecular weight and the
over the benzene ring. In the case of poly(vinylene arsine), the structure were observed in the GPC trace %htIMR spectrum
trans isomer was predominantly form&@ihese results indicate  after exposing2d to air for several days. The GPC analysis
that the trans configuration was the predominate structure of and the!H NMR spectrum showed no change after leav2ujg

2d. A small peak appeared at around 3.8 ppm might be under inert atmosphere for several months. CDV
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Figure 3. ¥C NMR spectrum of polyme2d (M, = 4300,M,, = 6400)in CDC} at room temperature.
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Figure 4. Matrix-assisted laser desorption/ionization time-of-flight

mass spectrum of polyméd (M, = 4300,M,, = 6400). The measure
peaks are labeled with their measured molecular weights.

The 'H NMR spectra of the polymer2a—2c prepared by
RCRAC of the monosubstituted acetylenic compourbs—(
1¢) andcyclo(PhSby showed broadening peaks in the aromatic
area. In the case dfc andcyclo-(PhShy, the'H NMR spectrum

Table 1. Solvent Effect of Copolymerization of 1d withcyclo-(PhSb)

rul  solvent x° My My¢ Mw/MyS  yield (%)
1 THF 6 6400 4300 1.5 26
2 THF 60 54068 330C¢ 1.6 N.Af
3 toluene 6 7300 4600 1.6 18
4 toluene 10 8100 4100 2.0 N.Af
5 DMF 6 4100 3000 1.4 20

a Copolymerizations were carried out at 70 for 14.5 h.b Molar ratio
of 1d to cyclo-(PhSh}. ¢ Determined by GPC (DMF with 0.1 M LiBr,
polystyrene standards)Isolated yield after reprecipitation from THF into
diethyl ether.¢ Polymer fraction of the GPC tracklsolation of the polymer
was not achieved due to contamination of large amouritdof

RCRAC ofcyclo-(PhAs) or cyclo-(MeAs) and1a8 Since the
vinyl radical reacts with the antimomantimony bond or
antimony radical immediately after production due to the
instability, almost all of the propagating radicals in the copo-
lymerization system are antimony radicals and the concentration
of the vinyl radical is extremely low. Thus, the vinyl radical
never reacts with another vinyl radical. Whentelitbutyl
acetylenedicarboxylate was applied to this polymerization as

of the polymer showed a broadening peak at 8.6 ppm-6.0 ppman acgtyle_nic comonomer, no polymer was obtained because
attributed to the aromatic protons and vinyl protons. Considering Of steric hindrance of théert-butyl group.

the integral ratio of the aromatic and vinyl protons and the

protons of the methoxy group at arourd 3.7 ppm, the

Although RCRAC ofcyclo-(PhSby and1d gave the polymer
2d, no polymerization proceeded when hexaphenylcyclohexaar-

copolymer composition was approved to be nearly 1:1 structure sine ¢yclo-(PhAs)) was used in RCRAC system wiffd. When

of the antimony element and the vinylene unit.
The copolymerization otyclo-(PhSby and 1d was carried

the phenylacetylene derivativelsa(-1c) were used, the resulting
arsenic polymers had larger number-average molecular weights

out in different solvents and feed ratios (Table 1). The polymer and higher yields than the corresponding antimony polymers.
obtained in toluene has almost the same number-averageThese differences between the casesyofo-(PhAs) andcyclo

molecular weight o2d as the polymer obtained in THF, and
the polymer obtained in DMF gave a slightly lower number-

(PhSby are derived from the reactivity of the corresponding
radicals. We proposed that RCRAC proceeds via the following

average molecular weight. Although radical chain transfer to pathways (Scheme &¥irst, AIBN cleaved antimonyantimony

the solvent affects to the molecular weight in DMF, this RCRAC bonds of the cyclic oligoarsine to produce antimony radicals
proceeds to produce the polymer with moderate yield and higher (eq 1). The homolytic cleavage of the other antimeaptimony
molecular weight. Although less radical chain transfer in toluene bonds proceeded spontaneously due to their instability by
is expected than in THF, the obtained polymer has almost the destruction of the quite stable six-membered ring structure (eq
same molecular weight. No obvious differences in the GPC and 2). In competition with this reaction, the antimony radical
NMR analysis of the obtained polymer were observed even if attacked the ethynyl group of the acetylenic compound to
changing the feed ratio ayclo-(PhSb} and1d. These results  produce a vinyl radical (eq 3). Next, the vinyl radical reacted
can be explained by the mechanism we proposed in the case ofvith the antimony-antimony bond or the antimony radical &)DV
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produce a vinylene stibine structure (eq 4). Even if the the s character of the lone pair is enhangeth the polymer
antimony-antimony bond was left in the main chain (part a), 2d, lone pairs are much more localized on the antimony element
antimony radicals are generated because of the easily cleavagbecause of the stronger s-character. We assume that the
of the antimony-antimony bond (eq 5). Then, generated interaction between the lone pair electron andsttedectron of
antimony radicals attack the ethynyl group (eq 3) or react with the vinylene unit decreases as compared with the case of the
the vinyl radical (eq 4). Repeating the cleavage of the poly(vinylene arsing)§16.20
antimony-antimony bond and addition to the ethynyl group  Although no oxidation peak was observed in the cyclic
results in the vinylene stibine structure with no antimeny  voltammetric measurement 8fl,22 this polymer was oxidized
antimony bond. We previously showed that the effects of py 2 3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). When
conjugation or electron-withdrawing of the substituent of DDQ was added to the CHECHsCN solution of the polymer
acetylenic monomer promoted RCRALThis result suggested  2d, the solution color turned dark red. The UV spectrum of the
that the arsenic radical preferred reacting with electron-acceptingsolution of2d and DDQ shows major maxima at 550 and 589
monomers due to the lone pair on the arsine atom. However,nm assignable to the anion radical of DDQ (Figure 6). The
an excessive conjugative or electrostatic effect of the substitutionintensities at 550 and 589 nm were saturated at the amount of
of an acetylenic monomer such ad decreased the reactivity  [DDQ]/[repeating unit of2d] = 0.4—0.5. This result showed
of the vinyl radicals formed from the acetylenic compounds that the half of the antimony atoms in the polymer can be
toward the arsenic radical due to increase stability of the vinyl oxidized under the present conditions. This may be due to an
radicals. electrostatic repulsion of the adjacent oxidized antimony unit.
The present results suggest that the arsenic radicals have more
reactivity to the ethynyl groups than the antimony radicals and Conclusion
the antimony radicals have more reactivity toward the vinyl
radicals. This reactivity difference is similar to that of group si
16 elements. Sulfur radicals add to unsaturated bonds faster than
selenic radical$ and the selenic radicals react with carbon 05
radicals than the sulfur radical®.In the case of RCRAC of
cyclo(PhSby with 1d, the vinyl radical can react with the 04
antimony radicals to proceed RCRAC. In the casecyglo
(PhAs) with 1d, the resulting vinyl radical is too stable to react 03
with the arsenic radicals. 8
The electronic structure of the polym2d was studied by
using UV—vis spectroscopy. The UWis absorption spectrum
of the polymer2d in chloroform showed a small absorption at
a visible region besides strong benzene-ring absorption at a UV . .
region (Figure 5). The lower energy absorption edge was located 39 400 500 600
around 440 nm. No emission was observed w2@was excited Wavelength [nm]

at 350 or 400 nm, while poly(vinylene arsine)s showed Figure 5. UV—vis absorption spectrum dfd (M, = 4300, M,, =
emissiorf1620As the atomic number of the pnictogen increases, 6400) in CHC} at room temperature.

Novel organoantimony polymers were successfully synthe-
ized by RCRAC of the cyclooligostibine with the electron-

02
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Figure 6. Dependence of the UWvis absorption spectrum on the DDQ
feed ratio against the antimony unit 28 (M, = 4300,M,, = 6400).
[DDQJ/[repeating unit of2d] = 0 (a), 0.1 (b), 0.3 (c), 0.5 (d) and 0.7
(e) at room temperature. [repeating unitau] = 2.34 mM

deficient acetylene derivative. In the case of dimethyl acetyl-
enedicarboxylateld), RCRAC provided the polymer whose
number-average molecular weight was 4300. Comparing the
results of RCRAC ofcyclo-(PhAs) and cyclo-(PhSby, the
arsenic radicals had more reactivity to the ethynyl groups and
the antimony radicals had more reactivity toward the vinyl

radicals. The present results demonstrate that RCRAC provides

general methodology to synthesize heteroatom-including poly-
(vinylene)s.

Experimental Section

Materials. Tetrahydrofuran (THF) and diethyl ether were dried
over Na and distilled before use. Dehydrated toluene Bnd
N-dimethylformamide (DMF) were used without further purifica-
tion. 2,2-Azobis(isobutyronitrile) (AIBN) was recrystallized from
methanol. Phenylacetylengd), and dimethyl acetylenedicarboxyl-
ate (Ld) were distilled before use. 4-Cyanophenylacetylehis) (
and 4-methoxyphenylacetylend.df were synthesized using a
literature proceduré® Hexaphenylcyclohexaarsineyclo-(PhAs))
was prepared according to ref 24.

Equipment. 'H and 3C NMR spectra were obtained using a
JEOL JNM-EX270 instrument (270 and 67.5 MHz, respectively)
for solutions in CDCJ and were referenced to SiMETMS). Gel

permeation chromatography (GPC) analysis was carried out on a

Tosoh 8020 instrument with a TSK-gel Alpha 3000 column for an
N, N-dimethylformamide solution containing 10 mM LiBr as an
eluent at 40C after calibration with standard polystyrene samples.
The optimized geometries of the dimer models were calculated by
Fujitsu WinMopac 3.0 with the AM1 Hamiltonians.

MALDI —TOF—MS was performed on a PerSeptive Biosystems
Voyager DE-STR equipped with 2-m linear and 3-m reflector flight
tubes and a 337 nm nitrogen laser (pulse width, 3 ns), along with
a delayed extraction capability. This experiment was carried out at
an accelerating potential of 20 kV in a linear mode. Mass spectra

from 128 laser shots were accumulated summed to produce a final

spectrum. Angiotensin | (human; M# 1296.5) (BACHEM) and
insulin (bovine pancreas 28.3; M# 5733.50) (Nakalai) were used

as internal standards to calibrate the mass scale. Sample for

MALDI —TOF—MS analysis was prepared by mixing the polymer,
a matrix (1,8-dihydroxy-9(18)-anthracenone; dithranol), and a
cationizing agent (sodium trifluoroacetate) in THF. The mixture
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cooled to—50 °C. After several days, 0.18 g af/clo-(PhSby was
formed as an orange solid (yield 17.7%). Anal. Found: C, 36.0;
H, 2.5. Calcd for GgH30Shs: C, 36.2; H, 2.5.

Polymerization. A typical experimental procedure is as follows.
After deaeration in a sealed tube, a THF solution of a catalytic
amount of 2,2azobis(isobutyronitrile) (AIBN) (3 mol %)¢yclo-
(PhShby and an acetylenic monomer was heated. In the casd,of
after stirring the reaction mixture for 15 h at 7C, the solution
was poured into diethyl ether under argon to yield poly(vinylene
stibine) @d).

2d. IH NMR (6 in CDClz, ppm): 8.0-6.5 (Ar-H), 4.0-2.0
(CO,CH3). 13C NMR (0 in CDClz, ppm): 171-168 (CO.CHy),
145-142 (Sb-C=C), 137-132 (Ca—Sh, mCx—Sb), 136-127
(0,p-Car—Sh), 53-50 (COCH3). Anal. Found: C, 41.2; H, 3.3.
Calcd for [GHeO4(CeHsSb) o Im: C, 42.3; H, 3.3.
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