Synthesis and characterization of poly(p-phenylenephosphine)s
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P-Substituted poly(p-phenylenephosphine)s were prepared
via palladium catalyzed carbon-phosphorus bond forma-
tion.

There has been substantial recent interest in the synthesis and
properties of m-conjugated polymers. These polymers have
found important uses for a variety of optoelectric applications
such as rechargeable battery electrodes, light-emitting diodes,
and chemical sensors.! While many conjugated polymers
contain only sp and sp? hybridized carbon atoms aong the
polymer backbone, two of the most important and widely
investigated conjugated polymers, polyaniline2 and poly-
thiophene,3 contain heteroatoms as a vital component of the
conjugation path (Scheme 1). Other interesting conjugated
polymers have been prepared which contain heteroatomsin the
backbone including poly(p-phenyleneborane)s,4 poly(p-phe-
nylenesel enide)s,> and poly(p-phenylenesulfide).6 The presence
and properties of the heteroatom have a profound impact on the
optoel ectronic properties of the polymer. A substantial increase
in the doped conductivity is observed upon moving from
poly(p-phenyl-eneoxide) to poly(p-phenylenesulfide).6 While
phosphorous containing polymers have found a variety of
important uses including flame retardants, ionic conduting
materials, and easily separable supportsfor metal catalysts,” the
incorporation of phosphorus into the backbone of a conjugated
polymer has been limited. The few cases include poly-
(ferrocenylphosphing),® oligophospholes,® and the trace in-
corporation of phosphorus into soluble poly(p-phenylene)s via
catalyst ligand decomposition.10

Palladium catalysis has been used extensively in organic
chemistry for the formation of new sp2—sp? and spsp
hybridized carbon—carbon bonds with high yields and is useful
for the preparation of m-conjugated polymers.lt Recent in-
vestigations by Buchwald12 and Hartwig!3 have expanded the
utility of palladium mediated cross coupling to include carbon—
nitrogen bond formation. The new synthetic method couples
arylhalides or aryltosylates with amines and has generated
considerable interest for the preparation of arylamine contain-
ing materials such as polyanilines, oligoanilines, and arylamine
dendrimers.14 Analogous nickell> and palladiuml® mediated
carbon—phosphorus bond forming reactions have been reported
and recently utilized for the synthesis of phosphorus containing
polymers.”e We report the synthesis and optoel ectric investiga-
tion of the phosphorus analog to N-substituted polyanilines, P-
substituted poly(p-phenylenephosphine)s, via palladium cata-
lyzed carbon—carbon phosphorus bond formation.

In this paper, we describe the palladium catalyzed condensa-
tion polymerization of monoakyl and monoaryl phosphines
with 1,4-diiodobenzene (Scheme 2). A typical experiment is
conducted as follows. Palladium tetrakis(triphenyl phosphine)
(0.310, 0.27 mmol) and diiodobenzene (1.77 g, 5.37 mmol)
weredissolvedin 1: 1 dry oxygen free THF—toluene (10 ml). To
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Scheme 1 Heteroatom containing conjugated polymers.
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this solution was added i sobutylphosphine (0.63 ml, 5.37 mmol)
followed by triethylamine (2.0 ml). Upon the addition of the
triethylamine a white precipitate was observed indicating the
formation of EtzN-HI. The reaction mixture was heated at 70 °C
for 72 h and turned burnt orange. The reaction mixture was
poured into rapidly stirring 5:1 MeOH-ag. NHz (500 ml) to
precipitate the polymer, which was collected by filtration. The
polymer was redissolved in THF, reprecipitated in MeOH,
filtered, washed with MeOH, and dried under high vacuum for
8 h to yield polymer la as a light pink solid (0.73 g, 83%
yield).
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1a R = CH,CH(CHg),
1b R = CgHs
1¢ R = CH,CH(CH3)CH,C(CHa)s

Scheme 2 Synthesis of poly(p-phenylenephosphine)s.
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The structures of polymers la—c are supported by 1H, 13C,
and 31P NMR and IR spectroscopy and the molecular weights
are estimated by gel permeation chromatography (Table 1).t
The *H NMR spectra of 1a contain four broad resonances with
appropriate chemical shifts and integrated intensities. The 31P
NMR spectra contain a single broad resonance at —19.81 ppm
suggesting that the environment is similar for most of the P
nuclei. The 13C NMR spectra contain five resonances each with
scalar coupling to 31P. The resonance at 132.66 ppm is coupled
to two different 31P nuclei characteristic of 2J (31P-13C, 19.1
Hz) and 3J(31P—3C, 6.1 Hz) as expected for the C nuclei not
directly bound to P.17 The IR spectra include absorptions
characteristic of aromatic ring stretches but contain no observ-
able P=0 absorptions. Polymers 1a and ¢ are entirely solublein
THF, toluene, and CHCI 3 while 1b is only partialy soluble.

The UV-visible spectra of polymers 1a—c in CHCl3 suggest
significant st-conjugation along the polymer backbone via the
lone pair on P. A red shift of the optical absorption upon
increasing the number of phenyl phosphine unitsis observed, as
evidenced by the shift of the absorbance maximum for the st—t*
transition for the following series of phosphines: triphenylphos-
phine (Amax = 263 nm), 1,4-bis(diphenylphosphino)benzene
(2) (Admax = 275 nm), and polymer 1b (Anax = 291 nm). In
addition, polymer 1b has a second small absorption maximum
at 434 nm (Fig. 1). We suspect that thislower energy absorption
results from an n—* transition. The absorption is observed due
to anincreasein intensity resulting from electron delocalization
in the polymer.

Table 1 Optical and molecular weight data for polymers 1a—

Polymer R Mp2 ne PDlI  Amax Abs
la Isobutyl 1,700 10 1.3 278, 415
1b Phenyl 1,300 7 1.4 291, 434
1c 2,4,4-Trimethylpentyl 3,100 14 15 276, 422

a Molecular weights were determined by GPC vs. polystyrene standardsin
THF. b The value n corresponds to the average number of repeat unit in the
polymer.
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Fig. 1 UV-visible spectra of the oxidation of polymer 1b with FeCl3 in
CHCl3.

Chemical oxidation provides additional support for the
electronic delocalization of poly(p-phenylenephosphine)s. Oxi-
dation of polymer 1b with FeCl; in the absence of O, and H,O
results in the formation of several new absorption bands and a
shift of the band edge past 800 nm (Fig. 1). The spectral
properties of these polymers are related to poly(N-arylani-
ling)s.142 The NMR spectra of polymers la—c are also altered
upon oxidation with FeCls. We are unable to observe 31P or 1H
NMR spectra for oxidized polymers 1la—. The lack or severe
broadening of NMR resonances is consistent with paramagnet-
ism resulting from declocalized electrons along the polymer
chain. The oxidized polymer is stable in solution for several
hours in the absence of O, and H,O. While we do not fully
understand the spectroscopic properties of these polymers, the
data support an extension of the conjugation path through P and
electronic delocalization aong the polymer chain.

Since phosphines are well known to undergo rapid oxidation
to phosphine oxides, we investigated the oxidation of the
polymers by hydrogen peroxide (Scheme 3). Addition of (30%)
H,0, to CHCI; solutions of 1b resulted in a color change to
deep red adong with a dramatic change of the UV-visible
spectroscopic properties, the primary absorption (291 nm) is
blue shifted while the low energy band (434 nm) is red shifted
to 550 nm and severely broadened. A change in the structure of
the polymer is supported by NMR and IR spectroscopy. The 31P
NMR absorption for polymer 1b cleanly shifts from —5.2 ppm
to 28.6 ppm suggesting near quantitative conversion of 3b.1 IR
spectra of polymer 3b contain two strong absorptions at 1120
and 1188 cm—1 characteristic of phosphine oxides.18 Polymers
la— are mildly sensitive to atmospheric oxygen and are
converted to 3a— over 4-6 days in solution (CHCIl3) and 46
months in the solid state.

We have described the synthesis and spectroscopic investiga-
tion of aseries of poly(p-phenylenephosphine)s. Polymers 1a—c
were synthesized via palladium catalyzed cross coupling of
diiodobenzene with primary phosphines. The investigations
suggest significant electronic del ocalization through P along the
backbone of the polymer. We are currently further evaluating
the properties of these interesting polymers and investigating
additional routes to incorporate P into conjugated polymers.
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Scheme 3 Oxidation of poly(p-phenylenephosphine).
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Notes and references

T Characterization datafor polymer 1a. 4(400 MHz, CDCl3) 1.01 (d, J 6.2,
6H, CH3), 1.63 (non, J 6.6, 1H, CH), 1.94 (d, J 7.0, 2H, CHy), 7.33 (s, 4H,
CeHa); 6c(100 MHz, CDCl3) 24.27 (d, Jcp 9.0, CHy), 26.22 (d, Jcp —14.5,
CHy), 38.43 (d, Jcp 13.3, CH), 139.53 (d, Jcp —17.2, CH,), 132.66 (dd,
chp 19.1 Jscp 61, C6H4), 5p(162 MHz, CDC|3) —19.81 (S), V(fllm, KBr)/
cm—1 2953, 2924, 2867, 2360, 1474, 1461, 1455, 1381, 1364, 1110, 1046,
1014, 1004, 814, 795, 758, 547; (Calc. for CioH13P: C, 73.13; H, 7.98.
Found: C, 64.08; H, 7.20%). While the absolute values of the elemental
analysisare afew percent low the calculated and found C: H ratios are 9.17
and 8.90 respectively; we suspect the difference in absolute values is the
result of polymer end-groups. Assuming the polymers are quantitatively
capped with p-iodophenyl substituents provides better correlation to
experimental elemental analysis. (Calc. for CioeH134P10l2; C, 64.56; H,
6.86%).

1 The chemical shift for the 3P NMR resonances of PhsP and PhsP=0 are
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